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Abstract: The permanent ice covers of the McMurdo Dry Valley lakes, Antarctica, are colonized by a
diverse microbial assemblage. We collected ice cores from Lakes Fryxell, Hoare and Bonney. Propidium
monoazide (PMA) was used in combination with quantitative PCR (qPCR) and denaturing gradient gel
electrophoresis (DGGE) to examine membrane integrity of prokaryotes in these extreme environments.
PMA selectively penetrates cells with compromised membranes and modifies their DNA resulting in the
suppression of PCR amplification. Our results based on analysis of 16S rRNA genes demonstrate that
despite the hostile conditions of the Dry Valleys, the permanent ice covers of the lakes support a
‘potentially viable’ microbial community. The level of membrane integrity, as well as diversity, was higher
in samples where sediment was entrapped in the ice cover. Pronounced differences in the fraction of cells
with intact and compromised cell membranes were found for Lake Fryxell and east lobe of Lake Bonney,
both expressed in differences in DGGE banding patterns and qPCR signal reductions. Limitations in the
ability to distinguish between intact or compromised cells occurred in samples from Lake Hoare and west

lobe of Lake Bonney due to low DNA template concentrations recovered from the samples.
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Introduction

Permanently ice covered lakes are a prominent feature of
the McMurdo Dry Valleys, Antarctica, which represents the
coldest and driest desert on our planet. Diverse microbial
consortia and microplankton dynamics have not only been
described in the liquid water columns beneath the ice cover
(Goldman et al. 1967, Takacs & Priscu 1998, Roberts ef al.
2000, 2004, Van Trappen et al. 2002, Glatz et al. 2006), but
also embedded within the ice cover of these lakes (Fritsen
& Priscu 1998, Olson et al. 1998, Paerl & Priscu 1998,
Priscu et al. 1998, Gordon et al. 2000, Mosier ef al. 2007).
The primary mode of introducing bacteria and nutrients
into the ice cover of these lakes is acolian transport and
deposition from surrounding soils (Psenner & Sattler 1998,
Gordon et al. 2000). It has been demonstrated that soil
particles and organic matter serve as water-forming
microzones supporting diverse microbial life within the ice
covers (Paerl & Priscu 1998, Priscu ef al. 1998, Gordon ef al.
2000). Fritsen & Priscu (1998) reported that cyanobacterial
biomass was absent in sediment-free ice covers from lakes
Vanda and Morning, stressing the association of bacterial
activity with wind-seeded soil particles. Gordon et al. (2000)
have shown that the lake ice microbial communities are not
exclusively restricted to their icy ecosystem, but are also
associated with epilithic and endolithic particles originating
from the surrounding terrestrial regions. This seeding
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mechanism of microorganisms by windblown particles is
characteristic of icy habitats and has also been well
documented for cryoconites on glaciers in the McMurdo
Dry Valleys (e.g. Christner et al. 2003, Porazinska et al.
2004, Foreman et al. 2007).

Once microorganisms are incorporated into the ice,
they experience a unique environment characterized by a
multitude of seasonally occurring freeze/thaw cycles. These
environmental conditions naturally raise questions about
the ability of these cells to survive and to maintain
membrane integrity as a prerequisite of metabolic activity.
While it is known that bacteria play a key role in nutrient
cycles and transformation of organic matter in icy systems
(Paerl & Priscu 1998), little is currently known about the
viability of these ice-entrapped populations. Previous
studies investigated activities associated with aggregates
in the permanent ice cover (Olson et al. 1998, Paerl &
Priscu 1998, Priscu ef al. 1998). These observed metabolic
activities can be assumed to be linked to cells with intact
membranes. Although the presence of an intact cell envelope
is only an indirect indicator of viability, it implies that
the cells have the physiological ability to withstand the harsh
environment and the potential for biogeochemical activities,
even if they spend considerable time in a dormant or
senescent state.

The objective of this study was to gain insight into the
extent of membrane damage among microorganisms that
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colonize the ice layers of these perennially ice covered
lakes. A relatively new sample pretreatment technology
was utilized based on exposure of cells to the chemical
propidium monoazide (PMA) prior to subsequent
molecular analysis of extracted DNA (Nocker et al. 2006,
2007b). PMA has been reported to only penetrate cells with
compromised membranes (Nocker et al. 2006) and once
inside the cell, PMA intercalates into the DNA to which it
can be covalently cross-linked upon exposure to light. This
irreversible DNA modification results in suppression of
PCR amplification. In other words, PMA sample treatment
allows for selective analysis of the microorganisms with
intact membranes in a mixture of live and dead cells. The
exposure of cells to challenging environmental conditions
present in the ice cover of the McMurdo Dry Valley lakes
over extended time periods could induce membrane
damage and associated loss of viability. PMA was used
in this study both in combination with quantitative PCR
(qPCR) and end point PCR-denaturing gradient gel
electrophoresis (DGGE) as two distinct downstream DNA
analysis methods (Nocker ef al. 2006, 2007b) to assess the
different membrane conditions.

Materials and methods
Sample collection and processing

Five ice core samples were collected in January 2008 from
the upper 1.2 m of Lakes Fryxell (FRX), Hoare (HOR), east
lobe of Lake Bonney (ELB), and west lobe of Lake Bonney
(WLB), using a 10cm diameter SIPRE ice corer. All
collections were made near the centres of the lake basins,
well away from seasonal moat ice. With the exception of
ELB, none of the ice cores collected from the lakes showed
visible sediment pockets. Because the bottom cores from
ELB contained larger sediment enclosures (1-2 cm across),
cores from ELB were further divided into top and bottom
sections (each c. 60cm). Before processing, the ice cores
were mechanically cleaned by removing approximately 1cm
of the outer surface using a sterile blade. Cleaned core
sections were melted at 4°C in acid rinsed and autoclaved
glass containers. One litre of ice core meltwater was
concentrated via centrifugation (5000 rpm for 20 min) to a
final volume of 50 ml. Six ml of sub-sample were removed
from each concentrated ice core melt for use in the PMA
experiments described below. The remainder of the sample
was dried for 48 hrs at 100°C to obtain a dry weight. The
particulate matter was then combusted at 450°C for 5 hrs in a
muffle furnace to determine the organic matter (OM) fraction.

PMA Treatment

For each lake ice sample triplicate assays were prepared in
sterile micro-centrifuge tubes. Each replicate consisted of
duplicate 1ml aliquots where one tube was subjected to

PMA treatment following the protocol of Nocker et al.
(2007b); the other tube was left untreated. The treated
sample (volume of 1 ml) received 2.5 pl of a 20mM PMA
stock solution (phenanthridium, 3-amino-8-azido-5-[(3-
diethylmethylammonio)propyl]-6-phenyl dichloride, dissolved
in 20% DMSO; PMA from Biotium, Inc., Hayward, CA;
final concentration, 50 wM). Samples were incubated in the
dark for 5min with occasional gentle mixing. After PMA
treatment the tubes were placed horizontally on ice and
exposed to bright light (650W halogen; sealed beam lamp,
FCW 120V, 3200 K; GE Lighting, General Electric Co.,
Cleveland, OH) for 2min. The light source was placed
c. 20 cm from the sample tubes and the samples were gently
shaken during light exposure by tilting the icebox to ensure
optimal light penetration. Cells were pelleted at 5000 rpm
for 5min followed by DNA extraction.

A mixture of Antarctic isolates from the Cotton Glacier
(Foreman ef al. unpublished) was used as a control sample
to demonstrate the efficiency of the PMA treatment. Frozen
stock samples of the isolates were transferred to 50 ml tubes
and grown to log phase in 10ml of R2A broth at 4°C.
A 250ml aliquot was collected from each enrichment,
combined, and killed by heating for 15 min at 72°C followed
by the addition of isopropanol (final concentration 70%) for
10min. Cells were harvested by centrifugation (5000 rcf
for 5 min), and the isopropanol supernatant discarded. Pellets
were resuspended in 1ml 1X phosphate buffered saline
(PBS). The PMA treatment described above was then
performed on the control sample.

DNA extraction and DGGE

DNA was extracted using an Ultra Clean Soil DNA Kit
(MoBio). Primers 341F (5'-CCTACGGGAGGCAGCAG-3")
and 534R (5-AATACCGCGGCTGCTGG-3') were used
for partial amplification of 16S rRNA genes (Muyzer et al.
1996). A 40 base pair GC clamp was added to the 5' end of
the 341F primer (CGCCCGCCGCGCGCGGCGGGCGGG
GCGGGGGCACGGGGGQE). PCR reactions were performed
in a total volume of 50 wl containing 2 pl of extracted DNA,
MgCl, buffer (final concentration 1X), Taq Master (final
conc. 1X), PCR nucleotide mix (final conc. 800 uM), and
Taq DNA polymerase (final concentration 0.025upl™) (all
components from 5 Prime, Eppendorf), upstream and
downstream primer (final conc. 0.5 uM), and nuclease free
water (Promega). The cycling parameters for endpoint PCR
included a hot start (94°C for 4min) and a touchdown
program. During the touchdown phase, the initial annealing
temperature of 65°C was decreased by 1°C in each of the first
eight cycles. For the following 22 cycles the annealing
temperature was kept at 58°C and a final elongation step was
performed at 72°C for 10min. PCR amplifications were
carried out in an automated thermal cycler (Mastercycler ep,
Eppendorf). In order to achieve sufficient PCR products for
DGGE analysis, three PCR reactions for Lakes Hoare and
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west Bonney were conducted and pooled via ethanol
precipitation. DGGE was performed with a BioRad D
Code™ system as described by Murray et al. (1996). PCR
products were loaded onto 8-12% polyacrylamide gels.
The gel contained a 40-70% denaturing gradient. The gels
ran in 1X TAE at 60V for 17 hr. Gels were stained with
SYBR Gold (Invitrogen) for 15min and viewed with an
Alpha Innotech FluorChem™ 8800 system.

Quantitative PCR

To amplify the prokaryotic 16S rRNA genes we used
primers 1070F (5'-ATGGCTGTCGTCAGCT-3'") and 1392R
(5'-ACGGGCGGTGTGTAC-3") following the protocol
described by Nocker et al. (2007b). Each 25ul qPCR
reaction mixture contained 1 pl of extracted genomic DNA,
12.5 pl of 1X Power SYBR Green PCR Mastermix (Applied
Biosystems, Foster City, CA), 1pl of each primer
(10 pmol wl™), and 9.5 pl molecular grade water (Ambion).
The cycling protocol included an initial enzyme activation
step of 9min at 95°C, followed by 45 cycles of 30 sec at
95°C, 20 sec at 56°C, and 25 sec at 72°C. The analysis was
performed using a SmartCycler II (Cepheid, Sunnyvale, CA).
The cycle threshold (Cr) values were calculated by the
SmartCycler II software using a 30-fluorescence unit threshold.

Statistical analysis of DGGE banding patterns

The structural diversity of the microbial community in the
non-PMA treated samples was examined using the Shannon
index. Bands were visually detected and scored based upon
presence or absence (Gafan et al. 2005). The presence of bands
in each sample was denoted by a value of 1, while a value of
zero was assigned when bands were not shared in common.
The index was calculated using the following Eq. (1):

S

Shannon index (H') = — Z ()* (logp:) (D

i=1

where s is the number of species in the sample and p; is the
proportion of species i in the sample.

Table I. Ice core characteristics from McMurdo Dry Valley lakes
collected January 2008. Ice cores represent the top 120 cm of the ice
cover. Cores collected from east lobe Bonney were divided into top and
bottom 60 cm sections. Lake Fryxell (FRX), Lake Hoare (HOR), east
lobe Lake Bonney (ELB), west lobe Lake Bonney (WLB), and organic
matter (OM).

Lake Sampling date Ice thickness  Matrix ~ Sediment OM
2008 (m) &) (nelh
FRX 20 Jan. 4.66 clear ice 0.12 3.0
HOR 22 Jan. 3.34 clear ice 0.15 0.7
ELB (top) 27 Jan. 3.40 ice and slush  1.21 6.0
ELB (bottom) 27 Jan. 3.40 ice and slush ~ 5.26 259
WLB 30 Jan. 3.54 ice and slush  0.46 22

Control FRX | HO

Fig. 1. Differences in DGGE profiles between the microbial
communities from McMurdo Dry Valley lake ice core
samples (top 120 cm) based on 16S rRNA gene amplification.
Image colours were inverted, but no other modifications were
made to the gels. The control sample consisted of a mixture
of cultured Antarctic isolates and served as an indicator for
PMA treatment efficiency. For each profile, minus signs (-)
indicate samples without PMA treatment; and plus signs (+)
indicate PMA treatment. Circles highlight bands that show a
difference in intensity caused by the elimination of cells with
compromised cell membranes due to the PMA treatment. The
comparison of profiles from PMA-treated vs. non-PMA
treated samples shows that the ice covers of lakes Fryxell and
east lobe Bonney (top 60 cm) are comprised of a large
fraction of cells with compromised cell walls. Lake Fryxell
(FRX), Lake Hoare (HOR), east lobe Bonney (ELB top and
bottom), and west lobe Bonney (WLB).

Results

Ice cover characteristics from each lake are summarized in
Table I. Cores from FRX and HOR consisted of solid, clear
ice with a few scattered particles. In contrast, cores from
ELB and WLB contained large amounts of interstitial water
and were composed of c¢. 60% slush. Fine grained sediments
were dispersed throughout the cores; however clearly visible
soil aggregates (1-2 cm across) were only found in the bottom
60cm core section from ELB. Sediment load and organic
matter content within the ice cover of the lakes ranged
between 0.12 to 5.26gl" and between 0.7 to 25.9 ugl’
respectively (Table I). Highest concentrations of both fractions
were found in the bottom core section of ELB.

DGGE profiles (Fig. 1) revealed distinct banding patterns
between the individual lakes, with the exception of the
HOR and WLB profiles, which were similar. Eleven similar
bands were found in each lake profile based upon migration



MICROBES IN ICE 473

a 1.6
14
1.2 1
1.0 {
0.8 1
0.6 1
0.4 1
0.2 {
0.0 -

Shannon index [H']

FRX HOR ELB ELB WLB
TOP BOT

o
o

ACT [no PMA - with PMA]
ro

4

Fig. 2. a. Structural diversity of the microbial community within
the ice covers of McMurdo Dry Valley lakes using the
Shannon index. b. Calculated qPCR signal reduction for
McMurdo Dry Valley lakes. The illustrated signal reduction
is the average of three qPCR runs. Signal reduction is a result
of the inhibition of DNA amplification from cells with
compromised membranes. Higher values indicate a more
pronounced difference between intact cells and cells with
compromised membranes. Lake Fryxell (FRX), Lake Hoare
(HOR), east lobe Lake Bonney (ELB top and bottom), and
west lobe Lake Bonney (WLB).

length in the gel. The greatest number of unique bands
occurred in the ice core samples from ELB (bottom 60 cm),
which contained the largest amount of sediment. A
pronounced difference in the total number of bands as
well as in the banding pattern was apparent between the top
and bottom 60 cm sections from ELB. The elimination of
cells with compromised cell membranes due to the PMA
treatment resulted in a loss of, or weakened intensity of
bands (Fig. 1). Most noticeably, PMA-induced shifts in
banding patterns were seen in samples from FRX and ELB
Top. Smaller differences between intact and compromised
cells were observed for ELB bottom and WLB, while no
visible effects were apparent in the community profiles
from HOR. The addition of PMA to the killed control
sample validated the successful removal of cells with
compromised cell membranes.

Differences between DGGE profiles with and without
PMA treatment agree well with the data obtained from PMA-
gPCR. Calculated threshold cycle (Ct) values from PMA
treated samples were subtracted from the corresponding Cr
values from the non-PMA treated samples. The greatest
signal reduction was seen for ELB (top 60cm) with a
difference of 3.23 + 0.11 cycles between PMA-treated and
untreated aliquots (Fig. 2b). The signal reduction for FRX,
which showed the second largest PMA-caused differences in
the DGGE profiles, was 1.12 £ 0.09 cycles. There was less
than one cycle difference between the PMA-treated and non-
treated samples for HOR and ELB (bottom 60cm). PMA
treatment in the WLB sample resulted in a signal decrease of
1.5 £ 0.15 cycles. For the WLB and HOR samples it should
be noted that the obtained Crt values were above 30 cycles,
and close to or even larger than the threshold values in the
qPCR blank sample (sample with no DNA template). For this
reason qPCR signals for HOR and WLB were deemed to be
unreliable for further interpretation.

Discussion

Knowledge of the ratio of live:dead cells provides
important information about microbial assemblages in icy
environments where the majority of organisms are probably
present because of physical processes rather than in situ
growth. These subzero environments can preserve cells for
millions of years making it difficult to tell if cells are
growing slowly in ice grain boundaries (Price 2000) or are
simply “freeloaders” passing through the ice as discussed
by Priscu et al. (2005). PMA treatment, prior to the DNA
extraction and amplification steps, has been suggested to
be beneficial in the field of microbial ecology for samples
that show substantial differences in the viability of
microorganisms (Nocker et al. 2007b); although most
applications employing PMA treatment assess disinfection
efficacy, where an active killing treatment is applied
(Nocker et al. 2007a, Rieder et al. 2008, Lee & Levin
2009, Wahman et al. 2009) and the difference between
living and dead cells can be expected to be significant.
Studies utilizing PMA treatment on untreated environmental
samples are rare. Nocker et al. (2007b) profiled the microbial
community of three environmental samples (municipal
wastewater, estuarine benthic mud, and marine sediment)
using PMA-DGGE. Only the estuarine samples showed a
PMA -caused difference in intensity for one prominent band,
while the patterns were identical for municipal wastewater
and marine sediment. These finding are similar to the DGGE
profiles obtained from HOR and WLB in this study. The
effect of PMA treatment on these samples was either not
visible or in the case of WLB very small (difference in
intensity for two bands). Nocker et al. (2007b) argue that this
finding may be explained by the nature of endpoint PCR, as
the probability that no significant numbers of membrane-
compromised cells were contained in those samples is low.
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Whereas Ct values in qPCR correlate well with initial
DNA template concentrations, the quantitative aspect is lost
with increasing cycle numbers in endpoint PCR (Suzuki &
Giovannoni 1996). Higher cycle numbers increasingly
favour the amplification of low-abundance templates
whose amplification products tend to catch up and finally
reach the same (or even higher) levels as amplification
products from templates with higher initial abundance. This
phenomenon can be seen for many qPCR amplification
curves. Thus, different from qPCR, endpoint PCR may not
or only partly represent the initial amount of starting
templates due to its dependence on the final number of
cycles. In order to minimize PCR artefacts and biases,
endpoint PCR was carried out for only 30 cycles in this
study. The use of fewer cycles proved difficult due to the
very low template concentrations typically encountered in
these samples. Ct values for HOR and WLB were above
30 cycles; hence endpoint PCR amplification products (three
sets of 30 cycles for these lakes) had to be pooled in order to
obtain sufficient product for DGGE analysis.

Aside from these technical considerations, the effect
of DNA damage on PCR amplification might minimize
differences in PMA-treated and untreated samples. This is
particularly important since PMA specifically addresses
membrane integrity. Sikorskya ef al. (2004) tested the
hypothesis that single lesions in the DNA would be
sufficient to block polymerase progression on synthetic
90 base oligonucleotides containing normal or modified
DNA bases. They concluded that the reduction in
polymerase progression depends on the type of DNA
damage and the relative position of lesions within the
template. Microorganisms that exist in icy environments
have endured desiccation, high solar irradiation (especially
in surface layers), freezing and thawing, potentially long
periods of dormancy, and/or reduced nutrient availability,
with all of these being environmental factors that increase
the chance of DNA damage. Considering that single lesions
in the DNA could already reduce polymerase progression,
this could clearly have an impact on DNA amplification.
Conversely, significant DNA damage is more likely in dead
cells that have lost the ability to repair damaged nucleic
acids. In the case of DNA damage in the amplified region,
PMA modification might not lead to a further inhibition if
the DNA damage per se already impacted the amplification
potential. In the case of HOR and WLB samples the initial
DNA extracts were most likely insufficient to accurately
differentiate between ‘viable’ and dead cells via endpoint
PCR, as emphasized by the need to pool multiple PCR
samples for DGGE analysis and the fact that high cycle
numbers were required for obtaining sufficient PCR
product as indicated by Ct values. Both low initial DNA
concentration and DNA damage lower the probability
of seeing PMA-induced differences in profiles for the
reasons mentioned before. In contrast to HOR and WLB, a
pronounced PMA-caused difference was seen in the DGGE

profiles from FRX and ELB (top 60 cm) (Fig. 1) suggesting
that there existed a significant proportion of membrane-
compromised cells in these samples. Due to the
environmental stresses on bacteria inhabiting the ice
covers of the dry valley lakes, this decrease in membrane
integrity should not be surprising. From a wide variety of
aquatic habitats it is recognized that only a small portion
(< 30%) of the bacteria are viable (Choi ef al. 1996, Luna
et al. 2002, Davidson et al. 2004).

Despite separation of several kilometres between these
lakes, eleven identical DGGE bands were present in all lake
ice covers. This accounted for 50% of the bands identified
in DGGE profiles from lakes HOR and WLB. Previous
studies have described phylogenetically and metabolically
diverse microbial assemblages within regions of the ice
covers associated with sediment particles where liquid
water inclusions were shown to exist (Fritsen & Priscu
1998, Paerl & Priscu 1998, Priscu et al. 1998, Olson et al.
1998, Mosier et al. 2007). It is believed that these particles
are of terrestrial origin (Paerl & Priscu 1998, Priscu et al.
1998, Gordon et al. 2000) and that the strong katabatic
winds in the valleys may act as the major dispersal
mechanism (Lancaster 2002). This mechanism could lead
to phylogenetic commonality among the lake ice covers.
However, phylogenetic surveys of different Antarctic soil
samples uncovered highly diverse prokaryotic communities
(e.g. Smith et al. 2006, Niederberger et al. 2008). Studies
on soil samples from the dry valleys showed a high level of
species heterogeneity between distinct soil biotopes and
altitudes (Smith et al. 2006). Due to the spatial distance
between the three lakes studied it seems unlikely that the
wind seeded microbial community was solely of the same
origin. Although the similarity in banding patterns between
WLB and HOR may suggest a homogeneous origin of
organisms, banding patterns from FRX and ELB corroborate
the assumption of heterogeneous sources. Thus, the
occurrence of identical bands more probably indicates the
selective mechanism of these environments. Once soil
particles melt into the lake ice they are isolated from
atmospheric inputs. Since the ice cover could provide more
favourable growth conditions (e.g. seasonal liquid water
associated with soil particles) compared to the highly
saline, arid, and exposed soils, the development of a
unique, specialized community could be induced. For
instance, little biologically available nitrogen enters these
lake ice systems and nitrogen has been found to be the
limiting nutrient (Fritsen et al. 1998, Psenner & Sattler
1998), so microorganisms capable of nitrogen fixation
may have a selective advantage (Olson et al. 1998, Paerl &
Priscu 1998). It appears that a less diverse microbial
community exists within the ice when larger soil aggregates
are absent while diversity flourishes in the presence
of larger sediment enclosures as in the case of ELB
(bottom 60 cm). Calculated diversity indices support this
assumption (Fig. 2a). With the exception of the bottom
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section of ELB (H'=1.35), diversity indices in the ice
cores were < 1. A moderate positive correlation was found
between the organic matter content and the Shannon index
(Spearman’s p = 0.4). Soil aggregates embedded in the ice
create a source of liquid water and nutrients (Paerl & Priscu
1998). Fritsen et al. (1998) calculated that liquid water
associated with these soil aggregates exists for ¢. 150 days
per year, all within the summer months when continuous
sunlight persists. Since nutrient availability and the
presence of liquid water are key factors for microbial
survival, these aggregates provide an “oasis” for life within
the ice cover (Priscu et al. 1998). Although the ice covers
on ELB and WLB contained interstitial water and consisted
of a slushy matrix, only ELB (bottom 60cm) displayed
increased microbial diversity; thus, providing evidence for
the stimulating effect of soil aggregates on microbial
communities. Presumably the extended presence of liquid
water associated with sediments would favour a longer
growth season that would allow more cells to propagate.
This may result in higher genome copies, which would
translate into increased diversity. Fritsen & Priscu (1998)
discovered in ice cores from nine dry valley lakes that more
than 98% of the microalgal biomass was associated with ice
core sections that contained sediments. Similarly, results
obtained by Paerl & Priscu (1998) demonstrated that the
vast majority (> 95%) of prokaryotic cells in the ice cover
of ELB were confined to sediment aggregates and
metabolite exchange between microbial consortia has
been implicated (Paerl & Pinckney 1996, Paerl & Priscu
1998, Olson et al. 1998). During the summer months when
liquid water inclusions exist within the ice this mutually
beneficial coexistence would provide a hospitable refuge
for growth in what would otherwise appear to be an
inhospitable environment. In this coexistence, phototrophs,
like cyanobacteria, may fix N, and provide reduced carbon
to the environment. Conversely, heterotrophic bacteria may
mineralize potentially limiting nutrients (e.g. P and Fe) and
contribute to localized oxygen consumption, which is
essential for oxygen sensitive processes such as nitrogen
fixation (Paerl & Priscu 1998, Priscu ef al. 1998, Olson et al.
1998). Although we detected a strong correlation between
sediment load and the organic matter content (Spearman’s
p =0.7), organic matter concentrations were generally low
(c. 0.5% relative to dry weight). However, this is a typical
feature of dry valley soils where the organic matter content is
generally less than 0.1% (Campbell et al. 1998). Only the
percentage of organic matter found within the ice core
meltwater from Lake Fryxell was higher (2.5%), but
still within the range of those reported within cryoconites
from Canada Glacier, Antarctica (Foreman et al. 2007). The
low atmospheric input of organic matter emphasizes the
importance of photosynthetically derived carbon as a source
to the heterotrophic microfauna. Thus, the consortial
interactions within the ice cover between producers and
consumers associated with soil particles appear to be the

fundamental life sustaining mechanism which promotes
biogeochemical processes and nutrient cycling.

Summary

Assuming that the DNA amplification in all membrane-
compromised cells is suppressed by the PMA treatment and
that cells with intact membranes are potentially viable, our
results provide further support for the existence of viable
microbial populations in the ice covers. Life in the ultra-
oligotrophic ice covers of these lakes is controlled and
constrained by annual variations in local climate conditions
(e.g. light, temperature) and suitable habitats for
microorganisms are driven by internal melt processes in
close vicinity to sediments (Priscu et al. 1998). Our results
substantiate that there is increased diversity and survivability
of organisms found in association with sediment aggregates
within the ice covers. However, determining phenotypic
characteristics of microorganisms or their role in ecosystem
processes are challenging tasks especially in the case of
uncultured microbial species. Alternatively, gene clone
libraries are used to interpret biogeochemical dynamics
thereby applying the phenotypical description of close
relatives. Consequently, limiting the molecular fingerprint
to the living microbial fraction will greatly help to address
important ecological questions (e.g. linking phylogenetic
characterizations to biogeochemical processes) more
precisely and will provide new insights into ecosystem
function in these extreme environments.
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