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Abstract Victoria Land permafrost harbours a potentially
large pool of cold-affected microorganisms whose metabolic
potential still remains underestimated. Three cores (BC-1,
BC-2 and BC-3) drilled at different depths in Boulder Clay
(Northern Victoria Land) and one sample (DY) collected from
a core in the Dry Valleys (Upper Victoria Valley) were
analysed to assess the prokaryotic abundance, viability, phys-
iological profiles and potential metabolic rates. The cores
drilled at Boulder Clay were a template of different ecological
conditions (different temperature regime, ice content, ex-
changes with atmosphere and with liquid water) in the same
small basin while the Dry Valleys site was very similar to BC-
2 conditions but with a complete different geological history
and ground ice type. Image analysis was adopted to determine
cell abundance, size and shape as well as to quantify the po-
tential viable and respiring cells by live/dead and 5-cyano-2,3-
ditolyl-tetrazolium chloride staining, respectively.
Subpopulation recognition by apparent nucleic acid contents
was obtained by flow cytometry. Moreover, the physiological
profiles at community level by Biolog-Ecoplate™ as well as
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the ectoenzymatic potential rates on proteinaceous (leucine-
aminopeptidase) and glucidic (B-glucosidase) organic matter
and on organic phosphates (alkaline-phosphatase) by
fluorogenic substrates were tested. The adopted methodolog-
ical approach gave useful information regarding viability and
metabolic performances of microbial community in perma-
frost. The occurrence of a multifaceted prokaryotic communi-
ty in the Victoria Land permafrost and a large number of
potentially viable and respiring cells (in the order of 10*—
10%) were recognised. Subpopulations with a different appar-
ent DNA content within the different samples were observed.
The physiological profiles stressed various potential metabol-
ic pathways among the samples and intense utilisation rates of
polymeric carbon compounds and carbohydrates, mainly in
deep samples. The measured enzymatic activity rates sug-
gested the potential capability of the microbial community to
decompose proteins and polysaccharides. The microbial com-
munity seems to be appropriate to contribute to biogeochem-
ical cycling in this extreme environment.

Keywords Permafrost - Microbial community - Microbial
activity - Physiological profiles - Antarctica

Introduction

Permafrost represents an extreme environment that covers
more than 25% of the Earth’s surface. It is extremely sensitive
to global climate warming, and speculative research on this
ecosystem leads to suppose that climate changes (i.e. increas-
ing temperature and consequent permafrost thaw) will proba-
bly result in the release of considerable amounts of carbon and
nutrients [6, 48] as well as greenhouse gases [27].
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Permafrost hosts a potentially large pool of cold-affected
microorganisms, composed by eukaryotes (fungi, mosses, al-
gae) and prokaryotes (bacteria and archaea), which are sup-
posed to be the only life forms known which have retained
viability over geological time [17]. Permafrost microorgan-
isms have developed physiological adaptations, which made
them able to colonise and survive in extremely cold environ-
ments 53]. Thawing renews their physiological activity and
exposes ancient life to modern ecosystems [19]. Microbial
survival in permafrost raises the question of what constitutes
the limit for microbial life. In fact, their adaptation—at species
or population level—and physiological flexibility allow them
to survive to very low temperatures, cycles of freezing and
thawing, high radiation exposure, drying and starvation on
geological time scales [47, 52].

Bacterial strains isolated from permafrost are believed to have
developed forms of resilience/resistance [47] as a survival strat-
egy. Other studies theorise that their survival is possible thanks
to low metabolic rates or stages of anabiosis [41] or dormancy
[48], and that their physiological activities are restored during
defrosting [19]. A close relationship has been found between the
expression of active cellular metabolic activity and long-term
survival in 500,000-year-old permafrost samples [28, 30].

Recent studies show that microorganisms isolated from per-
mafrost are psychrotolerant rather than psychrophiles and intro-
duce the eco-physiological concept of eutectophiles, i.e. organ-
isms living at the critical interface inherent to the phase change
of water to ice [9, 40]. Metabolic biomarkers, used to under-
stand the ecology and evolution of both permafrost and over-
lying active layer, showed microbial enzymatic and respiratory
activities in permafrost samples [3, 40] stimulating new ques-
tions about the nature of the source and sink of CO, in such
environments. Extracellular enzymes of psychrophilic bacteria,
which are involved in the decomposition of dissolved and par-
ticulate organic carbon, seem to have a higher specific activity
at lower temperatures [36]. However, the mechanisms regulat-
ing the degradation of the dissolved organic matter, including
permafrost-derived organic carbon, remain still unclear [34].

Direct counts by epifluorescence microscopy of prokaryot-
ic cells in Antarctic permafrost are in the order of 10°-10°
cells g~' [18], pointing out cell abundances two orders lower
than in Arctic permafrost [53].

Although significant advances have been made in the last
years, gaps exist to date in the knowledge of ecological and
physiological properties of microorganisms in the permafrost of
the Victoria Land, region that has poorly been surveyed [1, 35].

Avoiding the use of bacterial isolates whom reactivation/
cultivation raises some bias [37], our study aims at providing
novel insights on the distribution and metabolic potential of
the prokaryotic community in the permafrost of the Northern
Victoria Land, a large ice-free area in Continental Antarctica.
In particular, Boulder Clay, where the soils are glacic
haplorthels and not sufficiently wet for the development of

thick organic layers at the surface, was studied. In comparison,
another permafrost sample, collected from the Dry Valleys—
so called because of their extremely low humidity, where the
soils are typic haploturbels and lack of snow or ice cover in the
Upper Victoria Valley—was studied.

This paper focused on the following research questions: (1)
how much prokaryotic cells inhabited the studied permafrost,
(2) how much were alive and respiring, (3) which metabolic
activities they could potentially carry out and (4) whether the
different nature of soil could influence the microbial colonisa-
tion and behaviour and if there were differences among the sites.

Materials and Methods
Site Description and Characteristics of Permafrost

Permafrost samples were collected from one site in the
Northern Victoria Land (i.e. Boulder Clay), close to the
Italian Antarctic research station “Mario Zucchelli” (MZS),
and one site in the Upper Victoria Valley within the
McMurdo Dry Valleys (Fig. 1).

The two selected sites were chosen because they have sim-
ilar climatic and permafrost conditions (e.g. ice-cemented per-
mafrost in a very cold and dry environment), but they differ
according to the nature and amount of ice along the cores.

Boulder Clay Site

The Boulder Clay site is a debris-covered glacier with several
perennially frozen lakes on its surface [18, 19]. The soils here
are mainly glacic haplorthels where no evidence of
cryoturbation has been observed and scattered mosses and
epilithic lichens constitute the vegetation types according to
Cannone et al. [5]. The mean annual air temperature (MAAT)
is around —14 °C. Permafrost is ice cemented, and the mean
annual permafrost temperature (MAPT; at the permafrost table
around 30 cm of depth) is around —16.5 °C, although in con-
tinuous warming in the last decade [21, 25]. Active layer,
monitored in the adjacent circumarctic active layer monitoring
(CALM) grid, ranges between 0 and around 90 cm and is
continuously thickening [25].

Upper Victoria Valley

The borehole 11 m deep was drilled close to the border of a
large polygon within the Packard unit not far from the eastern
shore of the Upper Victoria Valley. The soils here are mainly
typic haploturbels or typic haplorthels according to Bockheim
and McLeod [4]. MAAT is around —18 °C while in the closest
borehole monitored to this site, in Wright Valley, MAPT is
—18.8 °C [24]. Permafrost in the site of the analysed borehole
is ice cemented with an active layer of ca. 30 cm.
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Fig. 1 a Location of the sampling sites: Boulder Clay (BC), Upper
Victoria Valley (DY); b main core characteristics: A Lake ice, B frozen
sediments that in BC-3 have some intrusive ice lenses while in the others
contain only interstitial or segregated ice, C glacier ice rich in debris, D
pure glacier ice, E hypersaline brine and F, sample depth

Collection and Preliminary Treatment of Samples

With the aim of studying the microbial distribution with depth,
in November 2003, samples were obtained from three perma-
frost cores (coordinates, 74° 4404500 S—-164° 0101700 E)
drilled at the Boulder Clay (BC) site at different depths, i.e.
BC-Lake (sample BC-1, 60—74 cm), BC-2 (sample BC-2,
265-275 cm) and BC-Frost Mound (sample BC-3, 533—
543 cm bottom). The three different cores (diameter,
100 mm) were drilled in three different positions (not far from
20 m from each other) in the same catchment basin in order to
understand possible connections between the frozen lake, the
surrounding permafrost terrain and the frost mound in the
middle of the lake. BC-1 was formed by frozen lacustrine silt
sediments on the bottom of the lake. Here, gas exchanges with
atmosphere were still possible, as well as infiltration of liquid
water. BC-2 was drilled immediately outside of the frozen
lake, and this core revealed an upper part (94 cm thick)
characterised by glacial frozen sediments overlying 296 cm
of' massive buried glacier ice quite rich in debris, followed by a
massive pure glacier ice unit. It is a sample of the debris-rich
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glacier ice and virtually had no gas exchanges. BC-3 core was
drilled on the side of a frost mound [1, 22, 23], located in the
same frozen lake of the BC-1 core. The BC-3 core had a more
complex permafrost stratigraphy, underlying below 42 cm of
lake ice. Below that lake ice, 158 cm of permafrost constituted
mainly by silty-sand with intrusive ice lenses occurred follow-
ed by 125 cm of the same unit of buried glacier ice rich in
debris of the BC-2 sample. Below there is a talik with some
hypersaline brines - thick 50 cm - overlaid almost 2 m of pure
glacier ice. The sample from Upper Victoria Valley (DY; co-
ordinates, 77° 2000300 S—161° 3702300 E) was collected
from an 11-m-deep permafrost core achieved in November
2003. The core was characterised by quite homogeneous fro-
zen sediments mainly composed by sand and silty-sand sedi-
ments with little fresh-water ice and water [24, 57].

The main characteristics of the permafrost samples are re-
ported in Table 1. Except for BC-1 that is clearly more recent,
the surfaces where these cores were carried out possibly had
the same age, although the ages available were not totally
conformable (especially for DY) according to Zucconi et al.
[57] and Bockheim and McLeod [4].

At lab, the frozen core samples were fractured in a hood
with sterile knife and only internal fragments were taken by
sterile forceps and placed in sterile containers to be processed
according to standard techniques developed for sediments.
They were thawed and homogenised and then, to extract the
associated microflora, two different protocols were adopted
accordingly with the best result performances and replicabili-
ty. In protocol A, 0.5 g of each permafrost sample were asep-
tically treated in triplicate with the addition of 5 pl of Tween
80 (10%) and then of tetrasodium pyrophosphate (10 mM),
following sonication with a Branson sonifier (at 75% of ultra-
sounds frequency = 58 W, three times for 1 min, with a break
of 30 s every minute), and finally, centrifugation at 800 rpm
for 1 min [8, 12]. In protocol B, 1 g of permafrost sample (in
triplicate) was diluted in 9 ml of phosphate buffer saline (PBS)
and homogenised by vortexing for 3 min. The best perfor-
mances for the prokaryotic abundances by image analysis
(IA) and flow cytometry (FC), the morphmetrical analyses
of cells (VOL) and the counts of live/dead cells (L/D) were
obtained using protocol A, while for the respiring cell abun-
dance (CTC+), the assessment of the physiological profiles by
Biolog-Ecoplate™ and of the potential rates of ectoenzymatic
activities (EEA), protocol B was chosen.

Prokaryotic Cell Abundances

Estimation of Total Prokaryotic Cell Abundance, Cell Volume
and Morphotypes by Image Analysis

Prokaryotic cell abundance, size and shape were quantified by
IA. The three replicated samples, after treatment with the
above-reported protocol A, were immediately fixed with
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Table 1  Antarctic permafrost samples analysed in this study

Sample Depth horizon Age T amplitude (°C)

Trange (°C) Possible modern interconnections Ice

Ice content (%)

BC-1 60-74 <1020 £ 70 BP [1] 32.6 -31.1/-1.5  Surface water Lake ice 97
atmosphere
BC-2  265-275 >17,000 [39] 18.2 —249/-6.7 No Relict buried 35
glacier ice
BC-3  533-543 >17,000 [57] 9.6 —21.5/~12.1 Saline brine Relict buried 89
glacier ice
DY 355-380 >15-20,000 [57]; 14.5 —26.5/-11.5 No Segregated ice <10 [4]

113-120 Ka [4]

Abramovich et al. [1], Orombelli [39], Zucconi et al. [57], Bockheim and McLeod [4]

filter-sterilised formaldehyde (0.22 pwm porosity; final concen-
tration 2%) and stored at 4 °C in the dark. Thereafter, they
were filtered through polycarbonate black membranes (poros-
ity 0.22 um; GE Water & Process Technologies) and stained
for 10-20 min with 4',6-diamidino-2-phenylindole (DAPI,;
Sigma, final concentration 10 pug ml™") according to Porter
and Feig [42]. A Zeiss AXIOPLAN 2 Imaging (magnifica-
tion: Plan-Neofluar x100 objective and x10 ocular; HBO
100 W lamp; filter sets: G365 excitation filter, FT395 chro-
matic beam splitter, LP420 barrier filter) equipped with the
digital camera AXIOCAMHR (Zeiss) and AXIOVISION
3.1 software for the subsequent morphometric analysis was
used. Details of the technical features and calibration were
reported in La Ferla et al. [32] and references herein. The
volume of individual cells was derived from two manually
obtained linear dimensions (width (W) and length (L)).
Curved objects were drawn by curve spline. VOL of a single
cell was calculated according to the geometrical formula
adopted by La Ferla et al. [31] and references herein, i.e.
VOL (um?) = (77/4) x W2 x (L — W/3) (for coccal forms,
W = L), assuming that the cells are cylindrical straight rods
with hemispherical or, in the case of coccoid forms, spherical
caps. The mean cell VOL was calculated by averaging all the
cell VOL and the total biovolume by multiplying the mean
cell VOL to TA abundances of each sample. The cell shape
was operationally defined as cocci if their length and width
differed by less than 0.10 um, coccobacilli if their length and
width differed by more than 0.10 pm, and rods if their length
was at least double their width; V-shaped, C-shaped and S-
shaped cells were defined as vibrios, curved rods and spirillae,
respectively.

Estimation of Prokaryotic Cell Abundance and Subpopulation
by Flow Cytometry

The three replicates, treated according to protocol A, were
fixed with sterile paraformaldehyde at 2% (final concentra-
tion), incubated for 30 min at 4 °C and then frozen at
=20 °C. After thawing, they were centrifuged and each

supernatant was diluted 10x and then stained with Sybr
Green I (at a final concentration of 5 x 10~* of the commercial
stock solution; Molecular Probes). The samples were then
analysed using a FACSCalibur flow cytometer (BD
Biociences) equipped with 488 nm argon laser [2, 16].

Quantification of Viable and Respiring Cells
Live/Dead

The viability of prokaryotic cells—in terms of membrane in-
tegrity—was analysed using the Molecular Probes Live/Dead
Bac Light Bacterial Viability Kit™ that utilises two separate
solutions of SYTO® 9 (green-fluorescent nucleic acid stain)
and propidium iodide (red-fluorescent nucleic acid stain).
Stock solutions were prepared for each dye using 5 ml of the
sample subjected to protocol A, and the final concentration of
each dye was 6 pM SYTO 9 stain and 30 pM propidium
iodide. The two solutions were mixed thoroughly and incu-
bated at 4 °C in the dark for 1 h. After filtration of 1 ml through
polycarbonate black membranes, the above-referred proce-
dure for DAPI staining was performed on the replicates per
each sample. Cell microscope counts were done with the spe-
cific sets for fluoresceine (BP450-490; FT510; LP520) and
rhodamine (BP546/12; FT580; LP590). All the measurements
were done under aerobic conditions.

CTC+

The Bac Light Redox Sensor CTC Vitality Kit™ (Molecular
Probes) was adopted to quantify the prokaryotic respiring
cells. In this case, protocol B was adopted and 1 ml of the
pretreated sample was added to 0.1 ml of 5-cyano-2,3-ditolyl-
tetrazolium chloride (CTC; final concentration 5 mM) in three
replicates per each sample. The solution was incubated at 4 °C
in the dark for 5 h—that resulted to be the optimum incubation
time chosen among trials of 5, 10 and 18 h. Healthy cells
respiring via the electron transport chain absorbed and re-
duced CTC into a water-insoluble, red-fluorescent formazan
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product. Incubation was stopped with filter-sterilised
(0.22 um porosity) formalin (final concentration 2%). For
each sample, a killed control was prepared by injecting for-
malin before CTC addition. Slides were prepared in two rep-
licates according to the DAPI procedure earlier described
using the rhodamine specific filter set (BP546/12; FT580;
LP590). All the measurements were done under aerobic
conditions.

Metabolic Profiles and Activities
Physiological Profiles

Following the standard procedure of Garland [14] and Garland
and Mills [15], Biolog-Ecoplate™ microplates were used to
determine the functional diversity of permafrost samples and
the physiological profiles of microbial assemblage by differ-
ences in the metabolic potential. Ninety-six-well microtiter
plates containing 31 carbon sources and a control in triplicate
together with the redox dye tetrazolium violet were inoculated
with 150 pl of sample pretreated by protocol B. Each plate was
incubated at 4 °C in the dark under aerobic conditions. The
oxidation of the carbon sources produced formazan whose ab-
sorbance was quantified at 590 nm using a microplate-reader
spectrophotometer (MICROTITER ELX-808, Bio Whittaker,
Inc.) equipped with an Automatic Microplate Reader and the
specific software (WIN KQCL) for data processing. Optical
density (OD) was measured immediately after inoculation (at
time T0), after 1 day (T1) and then once a week (T7, T14, T21)
until OD values showed a saturation of the utilisation rate in all
samples.

The colour development for each plate was expressed as
averaged substrate colour development (ASCD) according to
Sala et al. [43], i.e. ASCD = X ((R — C)/31) where R is the
averaged absorbance of the three wells with substrate and C'is
the averaged absorbance of the control wells (without sub-
strate). The absorbance percentages of each substrate were
determined according to Sala et al. [44], and 2% absorbance
of the total absorbance per plate was used as threshold for
substrate utilisation.

Potential Rates of Ectoenzymatic Activities

Microbial ectoenzymatic activities on proteinaceous (leucine-
aminopeptidase (LAP)) and glucidic (B-glucosidase (B-GLU))
organic matter and on organic phosphates (alkaline-phospha-
tase (AP)) were estimated on samples subjected to protocol B,
in order to quantify the whole (both particulate and dissolved)
enzymatic contents. Enzyme assays were performed using
specific fluorogenic substrates, which are methylcoumarine
(MCA) or methylumbelliferone (MUF) derivates and are an-
alogues to natural compounds, according to the Hoppe’s [26]
method. Particularly, L-leucine-4-methylcoumarinylamide
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hydrochloride, 4-methylumbelliferyl B-p-glucopyranoside
and 4-methylumbelliferyl phosphate (Sigma) were used for
LAP, B-GLU and AP measurements. According to a multi-
concentration protocol used to reach enzyme saturation, in-
creasing amounts of each substrate were added to triplicate
5-ml subvolumes of each sample and the fluorescence re-
leased by substrate hydrolysis was measured with a Turner
TD-700 model fluorimeter, at 0 time (initial time) and 3 h after
incubation at 4 °C. Calibration curves with the standards 7-
amino-4-methylcoumarin (MCA) or 4-methylumbelliferone
(MUF) were performed for LAP or for 3-GLU and AP, re-
spectively. Data were reported in terms of maximum reaction
velocity (Vmax) of hydrolysis of the substrates, namely as
nanomoles of leucine, glucoside and PO, potentially released
per gramme and per hour, by LAP, B-GLU and AP, respec-
tively, taking into account the initial dilution of each sample.

Statistical Analyses

Statistical analyses of datasets were performed using the
Sigma-Stat software version 3.1 (SYSTAT Software, Inc.).
Pearson correlation analysis was used to explore the correla-
tions among the assayed microbial variables, and particularly,
whether the prokaryotic abundance (IA and FC counts), cell
size (VOL) as well as microbial activity data (LAP, B8-GLU,
AP), were significantly related to cell physiological properties
(live, dead, CTC cells) or cell morphology (vibrios, spirillae,
rods, curved rods, cocci, coccobacilli).

Prior to the analysis, the normal distribution of the data set
was assessed by normality test; data that did not meet this
assumption was logarithmically transformed, in order to sat-
isfy the criteria of normality and homogeneity of variances.

Results
Cell Abundances, Volumes and Morphotypes

The prokaryotic cell abundances detected with 1A, FC, CTC+
and L/D are reported in Table 2. IA total counts were in the
order of 10° cells g ' (min and max in DY and BC-1, respec-
tively). FC analyses estimated abundances one order higher
than IA; cytograms showed four subpopulations with different
apparent DNA content in BC-1, two in BC-2 and BC-3, and
only one in DY (Fig. 2).

In the BC samples, cell lengths increased with increasing
depth, while cell widths, mean cell VOL and total biovolume
decreased. In DY, mean cell VOL was similar to that of BC-2
(Table 3) but total biovolume was smaller. As concerns the
size frequency, the size 0.110-0.190 um® was prevalent in
BC-1; 0.020-0.049 um3 in BC-2 and BC-3; and 0.05—
0.079 um? in DY. The cell length was mostly represented by
the size classes 0.4-0.8 um in BC-1, BC-2 and DY (cell
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Table 2 Prokaryotic cell abundances detected by image analysis (IA), flow cytometer (FC), live and dead cells by L/D kit and CTC+

BC-3

DY

Sample BC-1 BC-2

1A 9.03E+05 + 2.45E+04 7.08E+05 + 1.15E+04
FC 3.83E+06 + 7.45E+05 5.40E+06 + 2.24E+05
Live 2.95E+05 + 8.33E+04 3.48E+05 + 6.41E+04
Dead 1.24E+05 + 4.42E+04 9.84E+04 + 8.46E+03
CTC+ 3.58E+05 + 9.56E+04 4.64E+05 + 7.12E+04

6.71E+05 + 3.81E+04
1.92E+06 + 1.27E+05
6.29E+05 + 1.14E+04
9.84E+04 + 2.27E+03
5.27E+405 + 3.04E+04

3.29E+05 + 7.40E+04
1.66E+06 + 1.12E+05
2.78E+05 + 1.11E+04
9.09E+04 + 1.44E+03
3.78E+04 + 9.55E+03

Abundances are expressed as cells per gramme

percentages 29, 28 and 26% of the total cells, respectively)
and 0.8-1.16 um in BC-3 (63% of the total cells; data not
shown). Various cell morphologies were overall observed.
Rods, cocci and curved rods showed abundances higher than
those of vibrios, coccobacilli and spirillae in the BC samples.
Differently, vibrios prevailed over curved rods in DY (data not
shown). Spirillae, coccobacilli and curved rods accounted for
the greatest VOL (Table 4) followed by rods and vibrios,
while the smallest sizes featured cocci.

Quantification of potentially Viable and Respiring Cells

The results of L/D analysis are reported in Table 2. The sum of
both alive and dead cells in all samples fell in the order of 10°
cells g ', and dead cells were always lower than potentially
live cells. These cells contributed for the 70, 78 and 86% of
the total L/D counts in BC-1, BC-2 and BC-3, respectively. In
DY, the lowest values of both alive and dead cells were found
and potential living cells accounted for the 75% of the total L/
D count, similarly to BC-2. Comparing potentially live cells to
IA total counts, the proportion of recorded viable cells was
again the highest in the BC-3 (94% of total A counts) follow-
ed by DY (84%). The BC-2 and BC-1 samples were
characterised by lower amounts of living cells (48 and 32%
of the total IA).

Respiring cells (CTC+) in the BC samples were in the order
of 10° cells g~'(Table 2) with the highest count again in BC-3
(79% of the total IA count). In BC-1 and BC-2, CTC+ cells
accounted for the 40 and 66% of the total IA counts, respec-
tively. In DY, CTC+ resulted in the order of 10% cells gfl,
accounting for only the 11% of the total IA count.

Physiological Profiles of Community

The kinetic profiles of the ASCD showed increases over time,
from the day of inoculation (T0) to the 21st day of reading
(Fig. 3). The overall plate response stressed different patterns
in each sample, with high substrate utilisation rates in DY and
BC-2, intermediate in BC-3 and low in BC-1.

In Table 5, the utilisation of sole carbon sources by the
prokaryotic assemblage of each sample in terms of percentage
absorbance of the total absorbance of the plate at the 21st day

of reading are reported. The number of utilised substrates
(with absorbance >2%) was 9, 13, 21 and 23 in BC-2, DY,
BC-3 and BC-1, respectively. High mean absorbance (>10%
of the total absorbance of the plate) was detected in all sam-
ples, and the number of utilised substrates was 1, 2, 3 and 5 in
BC-1, BC-3, DY and BC-2, respectively. Sharing the percent
utilisation of the carbon sources into the main source catego-
ries, the 69% of the total complex carbon compounds was
utilised, particularly Tween 80, Tween 40, and «-cyclodex-
trin. The 57% of total carbohydrates was used but only D-
cellobiose in BC-2 and DY, and D-mannitol in BC-1 were
intensely used. A similar percentage of carboxylic acids was
largely (55%) but not intensely used, with the exception of the
4-hydroxy benzoic acid, mainly in BC-2 and DY. The 54% of
amino acids were used but quite weakly like as happens for
the 25% of both phosphate-carbon sources and amines.
Finally, six carbon sources (x-D-lactose, [3-methyl-glucoside,
D,L--glicerol phosphate, D-galactonic acid y-lactone, D-ma-
lic acid and L-arginine) were not utilised at all. Differences
among samples were recorded: BC-2 was characterised by
high utilisation of polymers, amino acids, phenolic com-
pounds and low of carboxylic acids, unlike BC-1 and BC-3,
which were also similar in carbohydrates utilisation. DY
showed a trend similar to BC-2 with respect to amino acids
and phenolic compounds.

Potential Rates of Ectoenzymatic Activities

Enzymatic activities were on average in the order B-
GLU > AP > LAP (Fig. 4), although in the examined samples
a different relative importance of the three activities was ob-
served. Higher LAP activity was measured in samples BC-1
and BC-2, and the vertical distribution of enzymatic profiles
depicted a decreasing pattern with depth within the BC sam-
ples. B-GLU activity was expressed mostly in the samples BC-
1 and DY, while AP showed peaks of activity in the samples
BC-1 and BC-3. Within sample DY, B-GLU activity was twice
that of LAP, while AP showed activity rates about one order of
magnitude lower than the other enzymes.

No clear relationship among the enzymatic rates and the
fraction of both living and actively respiring cells was found.
However, in samples BC-1 and DY, the highest enzymatic
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<« Fig. 2 Flow cytometric cytogram of the prokaryotic community in the
samples BC-3 (a), BC-1 (b) and DY (¢) samples. The different
subpopulations were discriminated by the intensity of their green
fluorescence after staining with the nucleic acid-specific dye SYBR
Green I and the side-scatter signal

activity was associated with a lower abundance of live and
respiring cells (Table 2).

Statistical Analyses

Pearson correlation analysis yielded the outputs shown in
Table 6; only the significant Pearson correlation coefficients
(7) are reported, together with their level of significance (P).
IA counts were significantly correlated to FC and CTC ones.
Significant relationships were observed also between FC
counts and VOL, as well as between IA and dead cell counts.
All the microbial activities (LAP, B-GLU, AP) correlated sig-
nificantly to IA counts and to the fraction of dead cells; in
addition, there were significant relationships between LAP
and FC abundances as well as between LAP and cell VOL.

Among the organic substrates assayed by Biolog metabolic
profiles, complex carbon sources such as Tween 40 and
Tween 80 were correlated to live and CTC cell abundances.
Significant correlations were found also between complex
carbon sources (glycogen), carbohydrates (D-mannitol), car-
boxylic acids (D-glucosamic acid), aminoacids (phenylala-
nine), amines (putresceine) and both IA and dead cell counts.

With respect to cell morphological types, a significant rela-
tionship linked FC abundances to the vibrios morphotype, which
correlated also to different organic polymers. The coccobacilli
fraction correlated significantly to live and CTC cells, whereas
the dead fraction was correlated to the rods component. VOL,
LAP and GLU activity rates were significantly related to the
vibrios, cocci and curved rods fraction, AP to rods.

The utilisation profiles of carbohydrates (xylose and manni-
tol), carboxylic acids (D-glucosamic and D-galactonic acids) and
amino acids (L-serine and L-threonine) were significantly associ-
ated to the spirillae and rod morphotypes, putrescine to cocci.

Discussion

The present study aims at establishing the amount of prokary-
otic cells inhabiting the studied permafrost, and the percentage
of those cells that were alive and respiring. To date, the pro-
karyotic communities inhabiting permafrost in the Victoria
Valley have mainly been investigated by the isolation and
characterisation of the microbiota [1, 6, 38]. Differently, this
study refers for the first time on the living and metabolic
properties of the microbial community associated to perma-
frost samples from Victoria Land and Victoria Valley. The
characterisation of the studied samples pointed out differences
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Table 3 Morphometrical and
morphological data of the BC-1 BC-2 BC-3 DY
prokaryotic cells of the
permafrost samples Cell length (pum) Mean+SD  1.053+0.521  1.093+0.612  1.154+0.504  1.123 £ 0.642
Min 0.32 0.32 0.32 0.32
Max 291 3.96 2.48 3.92
Cell width (pm) Mean+SD  0.389+0.125 0369+0.129 0326+0.123  0.352+0.129
Min 0.21 0.15 0.21 0.21
Max 0.95 0.74 0.68 0.85
Mean cell VOL (um®)  Mean+SD  0.103+0.069  0.099 +0.075  0.081 £0.070  0.093 + 0.079
Total biovollume Mean+SD  0.931+0.432 0.686+0.422 05480483  0.307 +£0.258
m
Vit()ruios (gum)3) Mean+SD  0.104 £0.051  0.122+0.089  0.057 +£0.038  0.092 + 0.055
Spirillae (um?) Mean+SD  0.138 £0.062  0.135+0.092 n.d. n.d.
Coccobacilli (um®) Mean+SD  0.117+0.058  0.145+0.112  0.164 £0.057  0.094 + 0.039
Cocci (um) Mean+SD  0.079+0.074  0.071 £0.056  0.057 +£0.040  0.072 + 0.080
Rods (um®) Mean+SD  0.103+0.068  0.090 +0.053  0.098 £0.091  0.097 + 0.099
Curved rods (um?) Mean+SD  0.129+0.072  0.116+0.092  0.082+0.048  0.123 +0.052

or similarities among them. The sample BC-1 is clearly a more
recent permafrost than the others, while the samples BC-2,
BC-3 and DY are presumed to be of the same age.
Nevertheless, BC-1 and BC-3 undergo to external exchanges
since BC-1 is interconnected with the active layer and period-
ically can suffer infiltration of liquid water from the surface;
BC-3 instead suffers the flow of saline brine from the under-
ground talik. Conversely, BC-2 and DY permafrost have in
common the lack of exchange with external input of liquid
water because the samples are more than 2 m deeper than the
maximum active layer depth and the ice content is much low-
er(<35% ) and are further characterised by a substantial ab-
sence of exchanges with atmosphere. Moreover, the yearly
temperature variations result to be similar in the BC-2 and
DY samples, high in BC-1 and much smaller in BC-3.
Essentially, BC-2 and DY are more stable than BC-1 and
BC-3. It is very interesting that BC-2 and DY are very similar,
but they have a very different geological history because DY
was above the grounding line during the Last Glacial
Maximum and therefore the sediments occurred there did

not have any contamination with the sea that, on the contrary,
occurred at Boulder Clay site. Therefore, the DY sample is
very important to understand if the sea contamination during
the Last Glacial Maximum and, probably, also in the Late
Pleistocene at Boulder Clay influenced the microbial commu-
nities. This different geological history is also reflected by the
occurrence of relict glacier ice partially of marine origin at
Boulder Clay and its absence at DY where only segregated
ice occurs.

Comparing our data on prokaryotic abundance with
existing direct counts is difficult due to the different analytical
methods often used. The prokaryotic abundance, determined
by IA direct counts and ranging in the order of 10° cells g ' is
similar to that found by epifluorescence microscopy with
DAPI stain in the Antarctic Dry Valleys permafrost [18].
Other indirect estimates by adenosine tri phosphate (ATP)
measurements [7] in the Antarctic Dry Valleys soils as well
as by phospholipid fatty acids (PLFA) and DNA-based bio-
mass by PCR in the McMurdo Dry Valleys [50] gave similar
results. In our study, IA highlights similar counts among the

Table 4 Length, width and mean cell volumes of the different morphotypes

Cell length (um) Cell width (um) VOL (um3 )

Mean + SD Min Max Mean + SD Min Max Mean + SD Min Max
Total cells 1.09 +£0.56 0.32 3.96 0.37+0.13 0.15 0.95 0.097 £ 0.073 0.0159 0.5234
Vibrios 1.58 £0.54 0.86 3.96 0.28 £ 0.06 0.15 0.42 0.097 £0.176 0.0171 0.3097
Spirillae 2.10 £0.09 2.01 2.18 0.29 +£0.05 0.24 0.34 0.137 £ 0.044 0.0949 0.182
Coccobacilli 0.76 £0.14 0.53 1.06 0.48 £0.09 0.32 0.74 0.121 £ 0.068 0.0340 0.3496
Cocci 048 £0.14 0.32 0.95 048 £0.14 0.32 0.95 0.073 +£0.068 0.0171 0.4486
Rods 1.12+0.37 0.53 3.92 0.33 £0.09 0.21 0.68 0.098 +0.077 0.0159 0.5234
Curved rods 1.64 £0.40 0.85 2.62 026 +0.07 0.21 0.47 0.116 £0.074 0.0332 0.3768
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Fig. 3 Kinetic curves of
averaged substrate colour

development (ASCD) over time

(days) in the different samples

Table 5 Averaged substrate

colour development (ASCD) of
substrates in permafrost samples

and percentages of the main
source categories utilised
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Substrates BC-1 BC-2 BC-3 DY-1 C source categories Per cent
Tween 40 3.49 11.42 11.10 2.61 Complex carbon souces 69
Tween 80 591 10.62 11.81 522
«-Cyclodextrin 1.43 16.63 1.12 14.06
Glycogen 348 1.49 1.79 1.71
p-Cellobiose 243 15.04 2.67 12.49  Carbohydrates 57
«-D-Lactose 0.00 0.00 0.00 0.00
{3-Methyl-D-glucoside 0.00 0.00 0.00 0.00
p-Xylose 445 0.15 8.14 2.16
i-Erythritol 3.00 0.17 6.29 1.91
D-Mannitol 12.47 0.23 8.56 2.14
N-Acetyl-D-glucosamine 3.00 3.01 2.55 6.74
Glucose-l-phosphste 3.00 0.48 3.06 1.72 Phosphate carbon 25
D,L-&-Glycerol phosphate 0.00 0.00 0.00 0.00
Pyruvic acid méthyl ester 8.75 7.63 291 4.71 Carboxylic acid 55
D-Glucosamic acid 5.00 0.42 3.06 1.41
D-Galactonic acid y-lactone 0.00 0.00 0.00 0.00
D-Galactonic acid 3.59 0.55 2.80 292
2-Hydroxy benzoic acid 4.00 0.00 2.51 1.79
4-Hydroxy benzoic acid 5.00 12.00 3.12 11.53
v-Hydroxy butyric acid 2.63 0.34 2.36 1.80
Itaconic acid 4.00 0.29 3.53 1.85
«-Ketobutyric acid 3.00 0.27 343 2.03
p-Malic acid 0.00 0.00 0.00 0.00
L-Arginine 0.00 0.00 0.00 0.00  Amino acids 54
L-Asparagine 2.00 9.99 4.83 7.15
1-Phenylalanine 391 1.77 3.22 1.25
L-Serine 3.57 0.28 3.95 1.39
L-Threonine 2.62 0.00 1.55 1.13
Glycyl-L-glutamic acid 2.76 7.10 2.92 8.39
Phenylethyl-amine 4.92 0.12 2.71 1.87 Amines 25
Putrescine 1.16 0.00 0.00 0.00
Mean 321 3.23 3.23 3.23
SD 2.64 5.14 3.09 3.82
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Fig. 4 Ectoenzymatic activity 3000 -

rates on proteic (LAP), glucidic
(f-GLU) and organic phosphates 2500 -
(AP) in the different samples

2000 4

1500

umoles g h'!

1000 -

BC samples and a low value in DY. In any case, the Antarctic
permafrost always gave a lower prokaryotic abundance than
the Arctic permafrost [S1-53].

The quantitative discrepancy between IA and FC counts in
a similar sample has often been reported in aquatic environ-
ments (lake, estuaries and seawater); this has been assumed to
depend on technical constrains of each method [16]. However,
the absolute comparison between different counting methods
is beyond the scope of this research. Although the side scatter
(SSC; x-axis; Fig. 2) of the entire population is similar, the
bidirectional plot of scatter x green fluorescence allows the
separation of different bacterial subpopulations. Instead, the
finding by FC of different microbial subpopulations
inhabiting the different samples suggests a range from a ho-
mogenous sample with only one population (DY) to a heter-
ogenous one with up to four different groups (BC-1).

In all the samples, mean cell VOL results in very small
sizes, 1.e. <0.1 um3, with the only exception of BC-1. The
BC samples show decreasing cell sizes with increasing
depths; in DY, cell VOL is comparable with that of BC-
2.The occurrence of various cell morphotypes—including cell
attached to detritus or in chain or clustered or free—has been
observed. Spirillae are only lacking in both BC-3 and DY.
Observing each morphotype (Table 4), the small size of cells
is particularly noticeable not only in cocci but also in vibrios
and rods, raising the question whether they are
ultramicrobacteria (UMB) and name species which maintain
their size and volume regardless of their growth condition, if
they proliferate and possess small genomes [11], or if they
ultramicrocells, i.e. cells which reduce their size and volume
as a consequence of life cycle changes or of extreme environ-
mental factors and increase in size and volume when cultivat-
ed [30]. Temporary size reduction has been observed in viable
but non-culturable state cells [51, 56] and in stressed, starved,
dormant or under osmotic pressure cells as strategies to main-
tain cell integrity and function in extremely cold and salty
environments [33, 41]. A study of permafrost permanently
remained between —10 and —12 °C showed long-term survival

ol 1 el

BC-1

@ LAP oGLU oAP

of native UMC cells that accounted for 40-46% of the micro-
bial population [10]. To gain further insights in the species
affiliation of ultramicrobacteria, both molecular systematics
and microscopic analysis would be advocated.

As regards prokaryotic viability, viable and respiring cells
inhabit all the analysed permafrost samples. In the BC samples,
the potentially alive cells—determined by L/D procedure—
show an increasing trend with increasing depth and also the
DY sample highlights high amount of viable cells. In all BC
samples, CTC+ staining confirms the increasing trend of respir-
ing cells with increasing depth while in DY the percentage of
respiring cells on the total IA cell counts is very low. This
discrepancy could be due to the different information on micro-
bial metabolism provided by L/D to CTC+ estimates. Since
CTC+ quantifies only very actively growing cells of natural
assemblages [45], the findings of this study suggest that active-
ly growing (CTC+) cells are more abundant in the BC samples
than in DY, where a high proportion of alive—but probably in a
stationary phase—cells are present. Therefore, unlike Steven
et al. [47] considerations, in our study, case-reduced life at depth
has not been observed. The intrinsic sample characteristics, i.e.
ice content, lithology and external exchanges, are presumed to
be the main factors determining the observed trend. For in-
stance, the sample BC-3, located below saline brines with
which exchanges are possible, shows the highest percentages
of both viable and respiring cells.

The patterns of community metabolism reveal different
metabolic potentials in the examined samples. Differences in
the quality of substrates used in the samples collected from
different depths have been observed, highlighting similar
ASCD profile development in the BC-2 and DY samples with
respect to BC-1 and BC-3 ones. Considering the percentages
of used substrates as an index of potential functional diversity,
the best exploited carbon sources—in terms of absorbance—
are the polymeric substances and carbohydrates as already
observed in Siberian permafrost-affected soils [53].
Conversely, in our study, case deep samples (from 265 to
543 cm) show the highest utilisation. Low molecular weight
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Table 6 Results of Pearson correlation analysis calculated between Table 6 (continued)
each microbial parameter and prokaryotic abundances, volume and cell
morphotype Versus Pearson’s » P value
Versus Pearson’s P value Curved rods 0.548 —*
ek
Relationships with prokaryotic abundances and volume 2-})Cyclo dextrin S’?Sr?os gi(z)z .
1A l]:)éad cells gigz 7:* D-Cellobiose Vibrios 0.592 —*
FC VOL 0.697 . Pyruvic acid methyl ester ~ Vibrios 0.876 —**®
. Live cells 0:669 L 4-Hydroxy benzoic acid Vibrios 0.670 —k
IA 0719 - D-Xylose Spirillae 0.695 —*
LAP FC 0.581 i D-Mannitol Spirillae 0.660 —*
A 0.746 s Glucose-1-phosphate Spirillae 0.863 ok
Dead cells 0'922 s D-Glucosamic acid Spirillae 0.682 —*
VOL 0.885 s D-Galactonic acid Spirillae 0.964 ke
GLU A 0.646 L 2-Hydroxy benzoic acid Spirillae 0.832 ek
’ v-Hydroxy butyric acid Spirillae 0.941 ek
Dead cells 0.948 - Itaconic acid Spirillae 0.839 ek
AP g::ad cells g;zz :: o-Ketobutyric acid Spirillae 0.909 ik
Tween 40 Live cells 0.692 —* |-Serine . Spfr?llae 0.766 -
oTC 0.829 e L-Threonine Spirillae 0.817 —**
Tween 80 Live cells 0.807 e Phenylethyl-amine Spirillae 0.764 —k*
P 0.848 e Glycogen Rods 0.835 —*%
Glycogen IA 0.668 _# D-Xylose Rods 0397 -
Dead cells 0952 . D-Mannitol Rods 0.889 ek
) D-Glucosamic acid Rods 0.930 —*%
D-Xylos.e Live cells 0.779 - D-Galactonic acid Rods 0.965 ek
p-Mannitol r P 8:(5)3 _:* 2-Hydroxy benzoic acid Rods 0.992 —kk
cad cells . — L
Pyruvic acid methyl ester ~ FC 0.802 ek V—Hyd.roxy' butyric acid Rods 0954 -
Dead cells 0,689 . Itaconic acid Rods 0.930 ek
D-Glucosamic acid 1A 0.625 —* ocKetobutyric acid Rods 0857 -
Dead cells 0.834 —k* I—I;heflylalanine ons 8273(1)3 7::
L-Serine ods . —
Itaconic acid Dead cells 0.609 —* .
1-Phenylalanine 1A 0.835 k3 L-Threonine . Rods 0991 -
Dead cells 0.831 - Phenyl(?thyl-amme Rods 0.979 k%
L-Threonine Dead cells 0.735 —k* Putres.c me. ROdS. 0753 -
Phenylethyl-amine Dead cells 0.791 —xE Pyruv1c. acid methyl ester COCC? 0833 -
Putrescin A 0705 . Putrescine Cocci 0.646 —*
Dead cells 0.970 —kE *P =0.05, level of significance; **P = 0.01, level of significance
Relationships with cell morphotypes
FC Vibrios 0.822 ek
Live cells Coccobacilli  0.836 ek compatible solutes such as polyols are a common means of
Dead cells Rods 0.662 7* maintaining positive turgor pressure and metabolic function in
CcTC Coccobacilli  0.953 . continuously changing environment in terms of temperature,
VOL Vibrios 0.887 e salinity and water potential [13]. The efficient utilisation of
Cocci 0.940 e Tween 40 and Tween 80, easily degradable antifreeze sub-
Curved rods  0.895 e stances that generally occur in high amounts within the
LAP Vibrios 0.603 . Antarctic soil nutrient pool, suggests that bacteria intensively
Cocci 0781 . use them [29]. Among carbohydrates, antifreeze agents too,
Curvedrods 0,681 . the disaccharides of glucose D-cellobiose and D-mannitol are
GLU Cocei 0.646 . also highly used by the microbial community. The former,
Rods 0.799 . produced by hydrolysis of cellulose, suggests again the occur-

rence of organic carbon of eukaryotic origin in the BC-2 and
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DY samples. In BC-2, algae might be present as remnants of
sea ice while D-mannitol in DY is likely to be of fungal origin,
as yeasts have been previously isolated [57]. The highest
utilisation of D-mannitol in the BC-1 sample, at the expense
of the other substrates, might be dependent on the multiple
roles that this compound has such as carbohydrate storage,
reservoir of reducing power, stress tolerance and spore dis-
lodgement and/or dispersal in filamentous fungi [46]. Amino
acids appear to be not intensely used by microbial communi-
ties, with the only exception of L-asparagine in both BC-2 and
DY, confirming the findings in deep Siberian permafrost ho-
rizons [53]. Among the carboxylic acids, 4-hydroxy benzoic
acid, an allelopathic substance used by plants in their survival
strategy, is intensely used in BC-2 and DY. Phenolic com-
pounds are widely spread in nature and represent secondary
metabolites of vascular plant tissue and lignine being therefore
allochthonous for the study sites. However, they can be syn-
thesised by mosses as antioxidants or allelopathic agents [29].
Grannas et al. [20] suggested the deposition of atmospheric
particulate organic matter containing vascular tissue as a
source of phenolic compounds in the snow phase of organic
matter in the Arctic.

As regards the potential enzyme activity measurements, the
examined permafrost samples host a prokaryotic assemblage
equipped with a range of enzymes able to hydrolyse organic
polymers, particularly proteins and polysaccharides, and there-
fore showing an active metabolism. Being LAP and (3-GLU
both involved in carbon cycle, this result gives an indication of
the amount of permafrost organic carbon potentially available
for microbial metabolism, after its thawing [54], which is still
poorly known. As evidences suggest that extensive permafrost
thaw could result in a shift toward more readily available or-
ganic carbon for metabolism and, consequently, increase
mineralisation of these substrates, the microbial processing of
permafrost-derived organic polymers could be actively in-
volved in permafrost carbon and climate feedbacks with respect
to global climate change [34]. In this context, the study of the
metabolism of indigenous psychrophilic microbial communi-
ties can give insights on the physiological activities that micro-
organisms still retain in cold environments [55]. With respect to
the distribution of metabolic activity rates with depth, the de-
creasing vertical pattern of LAP activity inside the BC stations
reflects a progressive decomposition of labile organic matter.
Decreased enzymes with increased depth and consequently in-
creased burial time were also found by Takano et al. [49], who
indicated AP activity as a possible new biomarker of microbial
activity in core samples of terrestrial sediments over the past
10,000 years collected from Hokkaido, Japan.

In the DY sample, both ectoenzymatic measurements and
physiological profiles highlight the occurrence of enhanced 8-
GLU activity. This activity is involved in the degradation of
more refractory substrates, such as cellulose. So, the increase
of this enzyme especially in the BC-1 sample may be

interpreted as an adaptation of the microbial community to
exploit organic compounds of different quality, although no
clear relationship between the morphological types and the
enzymatic activity has been observed. This discrepancy, how-
ever, is a feature quite frequently observed in the microbial
community.

The uncoupling observed between enzymatic activity
levels and viable bacterial counts (live and CTC+ cells) led
us to suppose that in all the examined permafrost samples, free
enzymes, probably released by dead cells, account for the
measured enzymatic activities. This finding has also been sup-
ported by the outputs of the Pearson correlation analysis. Free/
dissolved enzymes released from dead cells are likely to con-
tribute significantly to the whole enzymatic activity measured
in the permafrost samples.

Conclusions

The overall upshot of this study reveals that the permafrost of
Victoria Land, located in the depth levels less than 550 cm,
harbours a community that is rich in viable cells possessing
large metabolic capabilities as well as intense levels of func-
tionality. The observed differences among the examined sam-
ples suggest that the different nature of soils influences the
microbial colonisation and activity in the different sites.
High viability and activity levels appear to be linked with
organic matter of eukaryotic origin, presumably algae or
yeasts, and with intrinsic sample characteristics among which
the external exchanges and ice content. The detected microbi-
al communities seem to be efficiently appropriate to contribute
to biogeochemical cycling or ecological processes under the
extreme conditions they live, sharing new light on the research
of limits of life as well as of cold-adapted enzymes.
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