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Abstract. Extreme environmental conditions such as thoseical weathering of gypsum by freeze—-thaw cycles leads to
found in the polar regions on Earth are thought to test theincreased porosity, which ultimately increases the habitabil-
limits of life. Microorganisms living in these environments ity of the rock. In addition, while bacteria were adhered to
often seek protection from environmental stresses such afhese mineral surfaces, chemical analysis by micro-X-ray flu-
high UV exposure, desiccation and rapid temperature fluctuorescence (U-XRF) spectroscopy suggests little evidence for
ations, with one protective habitat found within rocks. Such microbial alteration of minerals, which contrasts with other
endolithic microbial communities, which often consist of endolithic habitats. While it is possible that these commu-
bacteria, fungi, algae and lichens, are small-scale ecosysiities turn over carbon quickly and leave little evidence of
tems comprised of both producers and consumers. Howevemicrobe—mineral interaction, an alternative hypothesis is that
the harsh environmental conditions experienced by polar enthe soluble and friable nature of gypsum and harsh conditions
dolithic communities are thought to limit microbial diver- lead to elevated erosion rates, limiting microbial residence
sity and therefore the rate at which they cycle carbon. Intimes in this habitat. Regardless, this endolithic community
this study, we characterized the microbial community di- represents a microbial system that does not rely on a nutrient
versity, turnover rate and microbe—mineral interactions of apool from the host gypsum cap rock, instead receiving these
gypsum-based endolithic community in the polar desert ofelements from allochthonous debris to maintain a more di-
the Canadian high Arctic. 16S/18S/23S rRNA pyrotag se-verse and active community than might have been predicted
quencing demonstrated the presence of a diverse commun the polar desert of the Canadian high Arctic.

nity of phototrophic and heterotrophic bacteria, archaea, al-

gae and fungi. Stable carbon isotope analysis of the vi-

able microbial membranes, as phospholipid fatty acids and

glycolipid fatty acids, confirmed the diversity observed by 1 Introduction

molecular techniques and indicated that present-day atmo-

spheric carbon is assimilated into the microbial communityA” life on Earth lives within certain physical bounds. For life
biomass. Uptake of radiocarbon from atmospheric nucleaf© thrive it requires liquid water, an energy source and organic
weapons testing during the 1960s into microbial lipids wasmolecules. Polar regions on Earth are one place where these
used as a pulse label to determine that the microbial comlimits of life are tested as air temperatures that average well
munity turns over carbon on the order of 10yr, equivalent tobelow 0°C limit the availability of liquid water and therefore
4.4gCnr2yr-1 gross primary productivity. Scanning elec- microbial metabolism (Friedmann et al., 1987; Omelon et al.,

tron microscopy (SEM) micrographs indicated that mechan-2006). Additionally, there are many months without any solar
radiation, the primary energy source for such communities
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via photosynthetic activity, and thus both energy and assomore limiting on possible microbial habitation of lithic sub-
ciated organic molecules are limited. In such extreme con-strates due to low temperatures, low water availability, high
ditions, microbes find protective niches within the rocks asUV radiation and seasonal limitation of solar radiation nec-
endolithic communities. essary for primary production (Omelon et al., 2008).
Endolithic communities are now understood to be true As such, microbial activity of endolithic communities
ecosystems (Walker and Pace, 2007a) where bacteria, aithin polar environments is low and is thought to be po-
gae, and fungi play vital roles in many biogeochemical pro-tentially cycling carbon on geologic timescales (Bonani et
cesses including metal cycling, rock weathering, soil de-al., 1988; Vestal and Johnston, 1990; Sun and Friedmann,
velopment and authigenic mineral formation. Primary pro- 1999). Activity within these endolithic communities can be
ductivity within most endolithic communities is driven by measured using a number of techniques, from culture-based
photoautotrophy (Friedmann, 1982; Friedmann et al., 1981 methods, to stable isotope probing in the field, to quantify-
1987; Friedmann and Ocampo-Friedmann, 1984; Kappen ehg microbe—mineral alteration of the host rock. Most esti-
al., 1981; Matthes et al., 2001; Nienow et al., 1988; Omelonmates of productivity within endolithic communities are es-
et al., 2006; Vestal, 1988a, b; Vestal et al., 1984). Globally,timated by measuring the incorporation of an isotopically en-
these endolithic communities colonize rocks of many dif- riched compound into an uncultivated microorganism either
ferent lithologies (Boison et al., 2004; de los Rios et al.,in a laboratory setting or the field (Vestal, 1988a; Cockell
2005; Dong et al., 2007; Ferris and Lowson, 1997; Fried-and Stokes, 2004; Wong et al., 2009). While monitoring the
mann, 1980; Hughes and Lawley, 2003; Norris and Castenincorporation of an isotopic label into organisms allows for
holz, 2006; Parnell et al., 2004; Sigler et al., 2003; Wierz-the detection of activity even when there is limited activ-
chos et al., 2006, 2013), with the basic requirement beingty, these studies typically require altering the environmen-
mineral translucence or the presence of cracks of fracturetal conditions. In slowly cycling communities such as po-
to allow light into the endolithic habitat for photoautotrophic lar endolithic communities, natural abundance radiocarbon
microorganisms. can be used to assess the activity of the community. Nuclear
Endolithic microbial communities inherently involve weapons testing in the 1960s nearly doubled H#@/12C
microbe—mineral interactions (Blackhurst et al., 2004; Blidelratio in the Northern Hemisphere atmospheric CBfter
etal., 2004; de los Rios et al., 2003; Ferris and Lowson, 1997testing was banned in 1963, the amount4g in the atmo-
Johnston and Vestal, 1993, 1989, 1986; Omelon et al., 20075pheric decreased over time due to uptake by the terrestrial
Sterflinger, 2000; Wierzchos et al., 2003). Microbial colo- and oceanic carbon pools (Naegler and Levin, 2006; Levin
nization of the pores and cracks of rocks induce bioweath-and Hesshaimer, 2000). Since the amount of radiocarbon de-
ering, most notably observed as both subsurface metal masay of14C is small on the timescale of a half of century, this
bilization and rock surface exfoliation patterns (Friedmann,bomb radiocarbon acts as a pulse label for ecosystem studies
1982). Climate plays arole in these interactions, with warmerof carbon turnover (Gaudinski et al., 2000). Therefore, the
temperatures increasing rates of metabolic activity and subuptake of bomb radiocarbon can be used to measure micro-
sequent accelerated weathering rates in the presence of whial activity as it allows for us to infer timescales of carbon
ter. The degree of microbial activity has been linked to theexchange between the atmosphere and a given reservoir on
weathering rates of endolithic habitats such as in sandstonannual to decadal timescales (Ziolkowski et al., 2013).
formations of South Africa where rock weathering is driven  The goal of this study was to assess the activity and com-
by cyanobacterial alkalization and subsequent dissolution ofnunity composition of the endolithic community inhabiting
silica cements (Budel et al., 2004). gypsum in the Canadian high Arctic. To achieve this goal, we
Endolithic microbial communities are typically dominated combined techniques in isotope organic geochemistry, ge-
by either cyanobacterial phototrophs (i.€hroococcidiop-  netic sequencing, microscopy and spectroscopy. Combined
sissp.,Anabaenasp.) and bacterial heterotrophs (i.e., Acti- with climate data, this work provides an overview of this
nobacteria and Proteobacteria), or by lichenizing fungi (lich-polar microbial community and a new recognition of how
enizing Ascomycetgsand their commensal algal symbionts environmental stresses such as prevailing polar desert condi-
(i.e., Trebouxiasp.), and, on occasion, with a small popula- tions may affect the biogeochemical dynamics of high Arctic
tion of archaea (Friedmann, 1982; Walker and Pace, 2007bendolithic microorganisms. Furthermore, understanding car-
Pointing et al., 2009). Molecular studies of various endolithic bon turnover as well as microbial community composition
communities have demonstrated that these are among thend function advances our knowledge of the ecology of these
simplest microbial ecosystems known (Walker and Pacepiomes, which will change as a function of recognized warm-
2007b, and references therein). The extreme nature of ening across this polar landscape.
dolithic habitats necessitates a community of highly adapted
microorganisms (a common global metacommunity) that can
survive specific physical, chemical and environmental condi-
tions of the host rock and climate (Friedmann, 1982; Walker
and Pace, 2007b). Polar deserts in particular are thought to be
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2 Methods

2.1 Sampling site : .
EJIésrpere “y
Gypsum Hill is an evaporitic diapir located along the Ex- | “ SSang g
pedition River on western Axel Heiberg Island, Nunavut |~ ; :
(7926 N, 90°46 W; Fig. 1). The evaporitic diapir is com-
posed mostly of gypsum, hence the name Gypsum Hill, and
to date most of the work at this site has focused on sulfur-
rich perennial springs (e.g., Pollard et al., 2009). The region
is classified as polar desert with a mean annual temperaturd.
of —15°C (Andersen et al., 2008) and a low rate of precip- L
itation (< 65mmyr1), which mostly falls as snow (AES, | ganks
1984). In the field, rocks were assessed for endolithic col-
onization by visual confirmation of microbial pigments in |« A
fractured samples, which often form distinct horizons be- | mmr————" |
neath the outer rock surface (Fig. 2). We studied the south- ® '
west face of the diapir, which was very friable. Rock samples
of both the superficial crust and underlying gypsum down to |
a depth of~10cm were aseptically collected in May and
July 2010 from outcrops along the northeast slope of Gyp-
sum Hill, stored in sterile plastic sampling bags or jars and
subsequently frozen at20°C until processing for labora-
tory analyses.

AL

Melille Island
W 4

2.2 Field measurements

In order to gain insight into how the environmental con- Fig. 1. (a) Study area map showing the location of Gypsum Hill
ditions impact endolithic colonization, micrometeorological diapir near the head of Expedition Fiord on western Axel Heiberg
measurements of air and rock temperatures as well as phasland.(b) Photo of Gypsum Hill diapir.

tosynthetically active radiation (PAR) were recorded during

spring and summer field campaigns. Temperatures were mea-

sured on the rock surface and inside the endolithic habitat aica gel chromatography. After separation, both the GLFA and
approximate colonization depths using a 28-gauge copperPLFA fractions were evaporated to dryness under a stream of
constantan thermocouple wire (Omega Engineering, Stamnitrogen gas and reacted to fatty acid methyl esters (FAME)
ford, CT, USA) connected to a CR10X datalogger (Camp-Vvia mild alkaline methanolysis (Guckert et al., 1985). FAME
bell Scientific, Logan, UT, USA) with 0.9C accuracy. Tem-  were further purified using a second silica gel and eluted with
peratures were recorded as either averaged 15 min periodsmL of hexane, 5 mL of dicholomethane (FAME) and 5 mL
for a total of 39.5h (April 2012) or at 1s intervals total- of methanol.

ing 29h (July 2011). Air temperature was simultaneously Fatty acid methyl esters were separated, identified and
measured using a 107 F temperature probe (Campbell Scuantified on an Agilent 6890 gas chromatograph coupled to
entific, Logan, UT, USA). Concurrently, PAR was measured an Agilent 5973 quadrupole mass spectrometer outfitted with
using a LI190SB quantum sensor (Li-Cor Inc., Lincoln, @ DB-5 MS column (30 nx 0.25mm, 0.25um film thick-
NE, USA) with a spectral range between 400 and 700 nmness). FAME were quantified using commercially available
and recorded as averaged photosynthetic photon flux densit{Supelco Inc.) calibration standards methyl tetradecanoate,

(umolstm=2). methyl hexadecanoate, methyl octadecanoate and methyl
eicosanoate. FAME were identified using bacterial refer-
2.3 Lipid extraction ence standards (Matreya bacterial acid methyl esters mix and

) S ) - Sigma 37 FAME mix), mass-fragmentation patterns and re-
Microbial lipids were isolated and quantified to study the tgntion times.

metabolic pathways and carbon cycling of the viable micro-

bial community. Homogenized rock samples (100g) were2 4 |sotopic (3C and 14C) analysis of FAME

extracted twice using the modified Bligh and Dyer process

(White et al., 1979). The organic phase was collected andStable carbon isotope ratia¥¢C) of individual FAME were
both glycolipid fatty acid (GLFA) and phospholipid fatty determined using an Agilent 6890 GC coupled to a Thermo
acid (PLFA) fractions separated from the neutral lipids by sil- Delta Plus XP isotope mass spectrometer via a Conflo IlI
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interface. Reproducibility for isotopically characterized hex- R-5-TCGGCATAGTTTATGGTTAAG-3), and chloroplast
adecane and octacosane laboratory standards was better th2BS rRNA (3-GGACAGAAAGACCCTATGAA-3, R-5-
0.3 %o. Precision for microbial FAMEs was typically 0.5%. TCAGCCTGTTATCCCTAGAG-3) genes. The 23S primers
minimum of three analyses, and all analyses were less thaflank domain V of the 23S plastid rRNA gene, which is
1.5%o. present in all photosynthetic microorganisms (Sherwood
Thel“C content of FAME was determined on whole PLFA and Presting, 2007) including cyanobacterial and eukaryotic
and GLFA extracts as described in Ziolkowski et al. (2013). algae. Sequencing was performed using titanium amplicon
Samples were transferred to prebaked 6 mm quartz tubes ugyrosequencing (bTEFAP) using a one-step PCR as previ-
ing 1 mL of dichloromethane and dried under UHP nitrogen. ously described (Dowd et al., 2008a). Pyrotagged samples
After CuO and silver wire were added, tubes were evacuatedvere amplified using ePCR using Hot Start and HotStar
to 1076 Torr and flame-sealed under vacuum. Tubes werehigh-fidelity Taq (Qiagen) to generate-400bp reads for
then heated to 85TC for 2 h. The resulting C&was purified, each of the above primer libraries at a sequence depth of
quantified and reduced to graphite using standard procedure2000 reads per sample. All instances of sequencing and qual-
(Santos et al., 2007¥4C measurements were performed at ity filtering were conducted by the RTL sequencing facility
KECK Carbon Cycle Accelerator Mass Spectrometry Labo-and included removing primer sequences, reads <200 bp
ratory at University of California Irvine. The reported data long, sequences with ambiguous base calls, homopolymer
are in AYC notation expressed in %o, which is the devia- repeats greater than 6 bp and chimera removal (Dowd et al.,
tion of a sample from the 95 % activity in 1950 AC of Nat- 2008a, b).
ural Bureau of Standards (NBS) oxalic acid 1 normalized to Filtered quality sequences were aligned using the Ribo-
813C =—25 %o with respect to Pee Dee Belemnite (Olsson,somal Database Project Pyrosequencing Pipeline (Michigan
1970; Stuiver and Polach, 1977). Bath*C and A4C val- State Universityhttp://pyro.cme.msu.edu/index.)sfor the
ues were corrected during data processing for the addition obacterial and archaeal 16S libraries, and using the Silva SSU
methanol carbon during derivatization. PLEAC was mea- and LSU reference alignments (Pruesse et al., 2012) for the
sured in duplicate and GLFX'C was measured in triplicate. fungal 18S and algal 23S, respectively. Operational taxo-
The methyl ester derivatives of PLFA and GLFA are desig- nomic units (OTUs) were assigned using complete linkage
nated in terms of the total number of carbon atoms : numberlustering at 97 % similarity (Cole et al., 2009). OTUs were
of double bonds, followed by the position of the double bondtaxonomically classified using BLASTn against the NCBI
from the methyl end of the molecule. The prefixeandi non-redundant nucleotide database (Altschul et al., 1990),
indicate anteiso and iso branching, br indicates an unknowrand the Silva database (Release 108) and verified using the

methyl branching position. RDP classifier (Wang et al., 2007). Diversity was estimated
using the Shannon and Chao indices and were calculated us-
2.5 Community profiling ing the RDP and Qiime pipelines (Caporaso et al., 2010),

and a 97 % cut-off. OTUs accounting for greater than 1%
We characterized the community profile of the endolithic of the total reads in each data set were used in generating
communities to study the diversity of the microbial pop- community taxonomic profiles (Supplement Table 1). The
ulation. All processing of samples and nucleic acids wasrepresentative sequences for thd % OTUs for each data
conducted in UV-sterilized biosafety cabinets. Total commu-set were trimmed to the shortest sequence length, aligned us-
nity genomic DNA was extracted aseptically from several ing ClustalW with ambiguously aligned positions removed,
grams (ranging between 1 and 10g) of the most populate@nd the alignments used to generate maximum likelihood
(darkest green area) gypsum samples using the MoBi@nd neighbor-joining phylogenetic trees using the MEGA 5.0
UltraClean Soil DNA Isolation Kit (MoBio, Carlsbad, CA, package (Tamura et al., 2011). Sequence data sets were sub-
USA). Total DNA was pooled from multiple extractions to a mitted to the NCBI Sequence Read Archive under accession
final concentration of at least 300 ng of gDNA. Pooling of number SRA074427.
samples from multiple samples was aimed at standardizing
any extraction bias that might result from sample hetero-2.6 Culturing and microscopy
geneity. Samples were sent for SSU gene pyrosequencing
analyses at the Research and Testing Laboratory (RTL 0 determine the viability of the microbial community, sub-
Lubbock, TX, USA) using the Roche 454 GS-FLX platform samples £ 1g) of gypsum were taken for culturing using
(Roche 454, Branford, CT, USA). A total of four sample BG-11+N in both liquid and solid (1.5 % agar) media and
libraries were prepared with the following primers for bac- incubated at room temperature under full spectrum light with
terial 16S rRNA (28F-5GAGTTTGATCNTGGCTCAG-3, a 16: 8 light: dark cycle for three months. Growth was deter-
519R-3-GTNTTACNGCGGCKGCTG-3, archaeal mined by turbidity in liquid culture and colonies on solid me-
16S rRNA (F-5>GYGCASCAGKCGMGAAW-3, R- dia, which were viewed under bright field, phase-contrast and
5-GGACTACVSGGGTATCTAAT-3), eukaryal/fungal fluorescence conditions using a BX41 microscope (Olym-
18S rRNA (ISSU) (F-5TGGAGGGCAAGTCTGGTG-3 pus America Inc., Center Valley, PA, USA) equipped with
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a U-DM-CY3 wide bandpass fluorescence filter cube (green|z
excitation, 565 nm cut-on wavelength).
In order to characterize the fine details of the physical |

gypsum, we employed scanning electron microscopy (SEM). i
Rocks were fractured in cross section to expose interiors|ii
that included the region encompassing endolithic microor- it
ganisms. A first set of samples was fixed in aqueous glu-
taraldehyde (2%/v final concentration) for 1 h followed ‘
by dehydration in a graded ethanol series (50, 70, 90, 95 an

100%) and critical-point dried before coating with 10 nm
osmium. Samples were imaged on a LEO (Zeiss) 1540XB
field emission gun SEM (Carl Zeiss, LLC, Peabody, MA,
USA) equipped with a secondary electron secondary elec-
tron (SE) detector at an operating accelerating voltage of 5

10keV and 5 mm working distance. To assess variations in|(e) ®
chemical composition, a second set of samples was prepare - s
by chemical fixation and dehydration followed by embed- &' £

ding in LR White acrylic resin (London Resin Company Inc., ‘7 \
London, England) in L diameter molds. These were subse- "' \'b
quently ground and polished to expose the endolithic interior, ‘
coated with 10 nm osmium and imaged on the 1540XB SEM | —/——
using a quadrant back scattering detector (QBSD) with signalj(s® 1
intensity related to atomic number.
The presence and distribution of trace metals were |
assessed on uncoated polished samples by synchrotro
radiation-based micro-X-ray fluorescence (u-XRF) spec- [§
troscopy on the VESPERS beamline at the Canadian
Light Source (University of Saskatchewan, Saskatoon, SK,
Canada). Incident X-rays of 13.5keV energy were chosen
to excite elements up to Pb. p-XRF data were captured at
10 umx 10 um spot size using a single-element Si detector,
with spectral analysis of the fluorescence spectrum of eac
pixel providing spatial images for each element analyzed.
Images were analyzed and evaluated for co-located element
using Sam’s Microprobe Analysis Kit (Webb, 2012).

Fig. 2. (a) Field sample of gypsum containing endolithic microor-
ganisms. Note green banding beneath surface ¢p)sBoth fila-
mentous and coccoid cyanobactdidad) and algade—i) were cul-
tured from collected samples, with photosynthetic pigment autoflu-
orescence showing cell viability.

3 Results
3.1 Endolithic habitat and microclimatic conditions

Generally, surficial rocks of Gypsum Hill appear dark brown
in color and highly weathered (Fig. 2a). The endolithic com- collection period, the average air temperature wa$.6°C
munities were identified by lateral pigmentation extending (Fig. 3a), a few degrees warmer than the yearly average tem-
along horizons 1 to 5mm beneath the surface. Shalloweperature (Pollard et al., 2009). In contrast, rock surface and
bands were distinctly green and brown in color, with more subsurface temperatures were much warmer than the overly-
diffuse pink pigmentation extending deeper into the rocking air as they were heated to near or abov€ {Fig. 3a).
(Fig. 2). Given the heavily weathered nature of the gypsumMaximum temperature differences between the overlying air
these horizons are generally discontinuous; however, a largeand the endolithic habitat ranged from 13 for the rock
survey of the diapir showed that endolithic microbial colo- surface to 10.9C in the colonized region and occurred dur-
nization is widespread. ing times of highest PAR (maximum 640 umoflsn—2).

To assess the environmental conditions of the endolithicDuring the summer collection period, although rock temper-
habitat, the environmental conditions on the surface andatures were much higher due to warmer air temperatures and
within the gypsum were measured. During the spring data24 h incoming solar radiation, the differences between the
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@ 700 the bacterial/archaeal, fungal and chloroplast components,
respectively, were used to profile the microbial community;
a summary of the most abundant taxal(% of total filtered
500 sequence reads) is presented in Fig. 4 and sequencing statis-
tics describing the individual data sets are included in Sup-
plement Table S1
The phototrophic bacterial community was dominated by
cyanobacteria (21 % of total bacterial reads; relatéddstoc
sp.,Loriellopsissp.,Chroococcidiopsisp.) with many of the
\/\ 100 closest matching sequences originating from endolithic habi-
tats from Antarctica or other dry desert hypolith and soils
v 120126 06%h te 15 120k 6t (Fig. 5). The bacterial community (with a total of 4340 fil-
‘2’0“'26_02;15: _ROCLZ:;ZCGC‘TZ:‘““_Endomhic‘:‘""zi";{i" tered reads) also contained a large proportion of microbial
heterotrophs dominated hy-Proteobacteria (35 % of total
reads; related to unclassified RhizobialRspellimicrobium
600 sp., Caulobacter sp.Sphingomonasp.), 8-Proteobacteria
(21% of total reads; related t®elftia sp., Rubrivivax
sp.), and Actinobacteria (16 % of total reads; related to
w00 Rubrobactersp.,Patulibactersp.). The best matches for het-
erotrophic sequences were also primarily from other po-
lar/cold, desert, endolithic habitats. With one exception, the
200 B-Proteobacteria-related sequences were closely matched to
clones from hydrocarbon contaminated soils or anaerobic
biofilm/rhizosphere communities (Fig. 5).

600

400

pmol.s'.m?

300

200
0

°C -10

—

(b) 700

500

pmol.s?.m

300

100

0 0 The rocks were colonized by a surficial lichen commu-
11-07-13 16:30h 11-07-14 02:06h 11-07-14 11:42h 11-07-14 21:18h . .
11-07-13 21:18h 11-07-14 0654 11-07-14 16:30 nity; however, fungal sequences (1845 total filtered reads)
— AT —EndolithicT  —PAR were also recovered from the endolithic region that con-

tained a diversity of fungal species with an abundance of lich-

. 0 s . X
temperature, rock surface temperature, endolithic temperature an(alnlzmg tAI‘:SfCOTyC_IC_);a (3|5 % :endollthlc Ve;ruca;ﬁlefs) (Slljp

photosynthetically active radiation (PAR#) 15 min averaged data plement Fig. 1). The C,OSE'S Seq“eﬁc?s rom € qnga as-
collected in April 2012. Both rock surface and subsurface temperaS8Y (18S SSU) matching the endolithic fungi were isolates

tures are higher than air temperature due to solar radiation that heaf§om Verrucaria sp., Thalidiumsp., andBagliettoasp. iso-
rock surfaces(b) 1 s data collected in July 2011. Temperature fluc- lated from mineral biofilms or other lithic substrates. One of

tuations result from variability in PAR; however rock temperatures the sequences was closely matched ®hamasp. isolated
are always higher than air temperature. Variations in endolithic tem-from the Antarctic. The community also contained less di-
peratures due to data collected from outcrops with different aspectsyerse algal and archaeal components with assays for green
algae (23S rRNA plastid) and archaeal 16S rRNA yield-
ing very few (< 250) corresponding reads. The few green
air temperature and endolithic habitat were smaller (Fig. 3b).algal sequences were closely matched witBbouxiasp.
Subsurface colonized regions were on averagéGwarmer  and Trichosarcinasp., known lichenizing symbionts, with
than average air temperatures (138 during the summer, the remainder of the sequences predominantly matching
with a maximum temperature difference of 13Gover air  cyanobacteriaChroococcidiopsisp., Nostocsp. andCyan-
temperature. The maximum PAR measured during this studythecesp. (Supplement Fig. 2). The few archaeal sequences
was lower than previous measurements of PAR on nearbyvere closely matched to Thaumarchaeota (97 % of archaeal-
Ellesmere Island (Omelon et al., 2006a; Lafleur et al., 2012)specific reads, data not shown) dominated by sequences most
due to measurement times outside the highest sun anglejosely matchindNitrososphaerap. The overall community
but was still significantly higher than the minimum PAR re- indices demonstrated a high level of diversity among the bac-
quired (100 umolst m—2) for endolithic growth (Johnston terial (Chao=716H’ =5.64) and the fungal communities

Fig. 3. Microclimate data collected at the field site, including air

and Vestal, 1993). (Chao=68,H’ = 1.99), while the less abundant community
members had much lower diversity among the green algae
3.2 Community composition (Chao=6,H’ =0.7) and archaea (Chao =8, = 0.9).

Laboratory incubation of subsamples showed abundant
growth of viable cyanobacteria and algae (Fig. 2). Pyrose-
quencing of the 16S, 18S and 23S plastid rRNA genes of

Biogeosciences, 10, 7661675 2013 www.biogeosciences.net/10/7661/2013/
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Bactore Fungel Plasiid Aigas(Euk) Archacal Table 1.Phospholipid and glycolipid fatty acid distribution and sta-
100% T ble carbon isotopic composition. The bulk organic carbon composi-
e0% - tion of the gypsum had a stable carbon isotopic value 7.2 %o.
ao% Uncertainty ofs13C measurements was less thah.5 %o.
70%
60%
o FAME distribution st3c
0% PLFA GLFA PLFA GLFA
:Z: [ ] mol % mol % %o %o
10% - 14:0 - 1.7
o 1845 1730 188 219 i14:0 4.4 1.0
b Promaiets - vimaatie " G pom el al4:0 2.5 0.6
n :::\_U :r:zf:::clena .z;e”(;:zﬁales # Nostoc i115:0 4.5 2.5 —29.2 —-31.8
R oot 16:0  12.0 9.2 -350 351
br16:0 - 28 3.8
Dotidesies 16:1 144 7.9 -33.2 —36.9
. o . ) br17:0 - 0.3
Fig. 4. Cryptoendolithic community profile based on SSU and LSU bri6: 1 4.0 _
pyrotag sequence analyses. Only sequenck$o of the total reads i17:0 _ 0.3
were used to construct the percent composition of OTUs for each 16: 2 _ 08
group, and the total numbers of filtered reads per data set is shown 17:1 0.8 26 ~36.9 _376
(italics). The data are presented at different taxonomic resolution; 18:0 _ 12
primarily at phylum level with the green algal subgroup shown to 16:3 _ 09
the genus level. 18:1 169 15.7 ~36.4
18:1 103 3.9 —338
18:2 11.7 20.8 —-37.0 —38.2
3.3 Microbial lipids: abundance and isotopic 18:3 6.7 14.8 —40.1
composition {3C, 14C) 20:2 - 0.5
20:4 - 13 —41.0
To assess the diversity and rate of carbon turnover of vi- 20:5 - 15 -27.8
able microbial community, we measured the abundance and gt rated 12 13 _35 _35
isotopic composition of the microbial membranes. Within mono 51 33 _34 _36
the endolithic habitat, PLFA were both concentrated and poly 19 49 —39 —-38
highly variable (6.2« 10*pmolg 14+ 100%, n = 3); this branched 18 5 -33 -35

variability is likely due to observed patchy colonization.
If the PLFA concentrations are converted to an estimate
of cellular abundance, using a generic conversion factor of
2 x 10* cells pmot™ (i.e., Green and Scow, 2000), we calcu-
late a cellular density of 2 109cellsg! rock. While en-
dolithic colonization typically develops as thin laminae be- the diversity of the endolithic community observed in the
neath the rock surface, our estimate of cellular density in-molecular data and the presence of both primary produc-
cludes some uncolonized rock due to large sample requireers (cyanobacteria, algae and lichen) and decomposers (het-
ments for isotope analysis. Therefore, the cell abundancerotrophic bacteria, fungi) (Walker and Pace 2007). The dis-
is estimated to be higher than®@ells gt in the regions tribution of GLFA was distinct from the PLFA, with almost
of highest colonization, which is two orders of magnitude half of the observed GLFA being unsaturated FAME with a
higher than the cellular densities of endolithic communitieschain length of 18 carbons, 18 being the most abundant
in gypsum in the Atacama Desert (Ziolkowski et al., 2013) GLFA (Table 1).
and nearby polygon soils (Steven et al., 2008). Since the cel- The stable carbon isotope data provide information about
lular abundance in endolithic systems can be impacted byhe carbon assimilation within the endolithic habitat. Or-
how much non-colonized rock was included in the sample,ganic carbon, assumed to be an admixture of the viable mi-
caution should be taken when comparing the cell abundancerobial community and dead organic material, haé!3C
in different systems. signature of—27.2 %.. Thes13C of the PLFA and GLFA
The distribution of the PLFA also suggested that there waswere 8 and 10 %. more depleted than the total organic car-
a diverse community (Table 1). There were many short-chairbon (Table 1), which is consistent with the relatively large
PLFA, ubiquitous in bacterial communities, and polyunsat- discriminations between bulk cells and PLFA expected for
urated PLFA (18 2 and 18 3), commonly found in algae, autotrophic communities (Hayes, 2001). Even though the
cyanobacteria and fungi (Table 1). Our PLFA data agree withaverages'3C values of the PLFA and GLFA were within

Al4c +106+10 +78+£26
(%) n=2 n=3
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® Endo GIDZB -
HM119260.1 Uncullured bacterium clone Hyalo30 } Desert hypolith/cold desert soil

HM24D972.1 Uncultured bacterium clane 107
EF220066.1 Uncultured cyanobacterium clone CO7 ELLOT
HM240986.1 Unculured bacterium clone 121
FJB91028.1 Uncultured cyancbacterium clone AYS 17 ] Atacama desert soil

Antarctic soil

HMZ241013.1 Uncultured bacterium clone 148

6L £8%1015.1 Uncullured cyanobacterium clone AYS 4
EF174231.1 Nostoc sp. Pannaria fulvescens cyanobiont NZ
EU022714.1 Nosle: sp. SKS2

o5 | ELI022741.1 Noslet sp. KVSF4

HMG2E781.1 Noslet sp. UAM 308

HO700837.1 Nostoc edaphicum ACCS 059 i
2 AF0B1150.1 Anshaena eylindrica . ) Cyanobacteria
D0O914863.2 Chroococcidiopsis sp. CC1 China desert hypol[th
56 FJB91038.1 Uncultured cyanebacterium clone AYE & Atacama desert soil

= HM748318.1 Lofigllopsis cavernicola LF-BS
25y ® Endo HGLAT . .
3a - HO197559.1 Uncultured bactarium ciane 1A-ESFH3 ) Antarctic hypolith
JX172372.1 Uncullured bacterium clone PE17018-1 BOB Antaretic subglaeial soil
78| |FJ490318.1 Uncultured cyanabaclerum clone E 42
F.J480239.1 Uncultured cyanobacterium clone E 12
F480281.1 Uncultured Chroosaccidiopsis sp. clane E 4 i i
F.J480239.1 Uncultured Chroocaccitiopsis Sp. clane C 2 Antarclic endolilh
F.J430279.1 Uncultured Chroocaccidiopsis 5p. clane E 2
@ Endo GISM2
4 FJ480301,1 Uncullured cyancbacterium clone E 24 J
AB033244.1 Sphingomonas echinoldes
H AF469338,1 Uncultured alpha proleobaclerium 33-FLOBAS
&7 83| JQG50132.1 Sphingomonas sanguinis sirain $3-194
o7 | F FM856568.1 Uncultured bacterium cione Y3H-7
HMAB7975.1 Uncultured bacterium clone HWB1012-1-53
® Endo FLRXV
56— @ Endo G2VTV
€2l HO132040.1 Uncultured bacterium clone C30-5 .
JNTO5644,1 Uncultured bacterium clone 151 T Bag 1 Desert soil crusts
JFTO7600.1 Uncultured Rubellimicrobium sp. clone HKTK?-23
99 o L ABB36347.1 Uncultured baclerium clone 12TCLNOZ1
GU109478.1 Rubellimicrobium roseum strain YIM 48858
NR 044275.1 Rubellimicrobium sp. MSL 20
JN795700.1 Uncultured bacterium clone 1S2 BC F5 Desert soil crusts
JQ759548.1 Uncultured bacterium clone TG-38 , i
JQ769662.1 Uncultured bacterium cione YE-28 Alpine soil crusts
® Endo GV785
® Endo FVS00
EF220157.1 Uncullured alpha proteobacterium clone s.u? ELLO1 ic soi
1X172485.1 Uncultured bacterium clone PB1T018-2 C Antarclic sol
JN178475.1 Uncultured bacterium clone TXZ 6F11
JQ769866.1 Uncullured bacterium clone YL-39 Alpine/saline-alkaline soil crusts
JX255302.1 Uncullured baclerium elone absem03.0.270
96~ JO773444.1 Rhizobiales baclerium SK12
| |0773443.1 Rhizobiales bacterium C2
® Endo GDGCX g

|E]

AB3T4302,1 Uncultured endolithic bactarium clong NE1T-WNS
JN178567.1 Unculiured bacterium clone TX2 6008
HMDMESZ% 1 Alpha proteobacterium strain Y2032
86,AB690664.1 Methylobacterium thiocyanatum strain 24)
ABE98663.1 Methylobacterium thiocyanatum sirain z4h

Endo GBSFH
551434738981 Uncullured endsdithic bactarium clona EM 05 BAG Alpine endolith
EF447047.1 Unaultured alpha protecbacterium clone 1322
JQ7B9685.1 Uncultured baclerium clone YL-38 Alpine soil crusts
*1%255366.1 Unultured hacterium clone shaom03.0.525
JF922304.1 Caulobacier sp, JME

Alpine endolith -
Saline-alkaline soil crusts Alphaproteobacterla

) JXO05679,1 Brevundimonas sp. SOZ1-3041 J Antarctic endalith
HQ586833.1 Caulcbaster sp, B223
5% ¥14151.1 Caulobactor sp. isolate ISRO11
52 JX255344.1 Uncullured bacterium clone absem03.0.415 . N .
FND95790.1 Uncultured bactarium elons 135M-HB Alpine endolith/soil crusts
92| AB473319.1 Unculiured endolilhic bacterium clone SM 06 BAG
Endo GBO1G
AB374373.1 Uncullured endalithic bacterium clone 3B-WNS J Alpine endglith L
JF341582.1 Uncultured bacterium clane 37MIC043 T
op| HO197543.1 Uncultured baclerium clone 14-EQFGS 1 Antaretic hypolith
® Endo GWW
EF547985.1 Uncultured Acidebacterium sp. clone Cost38 il i
Too | EF464873.1 Uncultured bacterium clane LWL3A1 4 Antarctic soil Acidobacteria

JFTO7551.1 Acidobacleria baclerium UCL-113
—— Fr07429.1 Acidobacleria £p. lrain REF-03
EF426439.1 Delftia sp. 5.7
EU3D4256 1 Dalftis sp. Hgd-10
ABO74256.1 Delftia acidovorans
Endo FOI4)
et
Incultu mamonadaceas bacterium clong i d
JF309177.1 Uncullurcd bacterium dlone MFGAP 162 Hydrocarbon contaminated soil
IN91D588.1 Uncullured aicroorganism clons GF13U73041TGL Antarctic soil
INS10590.1 Uncullured microorganism clona GF13U730410¥70
2 ® Endo F37B9
JX283625.1 Uncultured bacterium clone WT14H92 ]

1t
ik

098931 Uncultured bacterium clone Hi33 Betaproteobacteria
AMBO0RE7T.1 Uincultured bacterium clons HM41
- AF392646.1 Uncufiured bacterium clane LEAB
[ {Jo.naszo 1 Uneulued bactsum dors U1 LAD £4

Rhizosphere

FM176396.1 Uncullured Rubrivivax sp. clone CLS.
45| GU488260.1 Uncultured bacterium clone F10327005F|62P
® Endo HHTPY

72) EU440487.1 Uncultured bactarium isolale N93-COS i i
3611 £11440496.1 Uncultured bactarum isolale N93-A0T ] Arclic endostromatolite
at @ Endo HEW03

JN795862.1 Uncultured bacterium clone 151 T 54A i

JN795631.1 Uncultured bacterium clone Arch NC1 B10 Degeﬂ sail cru sl‘s
JOT12915,1 Unculwred bacterium clone 4-91 Ghina desert soil crusts
FNE11231,1 Uncultured aetinabacterium clone UMAB-gh-47 Antarclic soil
FRE52392.1 Rubrobacleraceat baclerium VFTO0612 85
AJ243870.1 Rubrobacter radiololerans
7' NR 029191.1 Rubrobacter radiololerans strain P 1
EU440395.1 Uncultured bacterium isolate LH1-46 i . .
HM119234.1 Uncultured baclerium clone Hyaloz Ieeland hyaloclastite Actinobacteria
EF220054.1 Uncultured actincbacterium clone B12 ELLO2 Antarclic soil

F.592852.1 Uncullured baclerium clone ADS SB3A Atacama soil

EF220141.1 Uncultured actinobacterium clone F11 ELLO1 i il

® o, FWEHG Antacrtic soil
NR 041254.1 Palulibacler mmslﬂnensis DSM 13081

JOBB0040.1 Palstibacter sp, $1-183

8 |aJ871305.1 Palulibacier amanc.anus strain CP153-3 }

Antarctic soil

EF465022.1 Uncullured bacterium clone LVH4-D78 ;
Iceland pillow lava

HM118350.1 Uncullured baclerium clona Pillow3a
JF417845.1 Uncultured bacterium clone HC12-11B10
JQO78963.1 Uncultured bacterium clone C-53 ) .
s 9| EN811201,1 Uncultured actinobacterium clong UMAB-cl-17 ) Antarctic soil

Endo HGX1N .
FJ592850.1 Uncultured bacterium clone BOS SB3A 3 Atacama desert soil -

3 DO645242.1 Uncullured Thermus!Dei group bactenium clone A3DE-AS
100 — NR 0252001 Thermus aqualicus strain ¥T-1

Fig. 5. Maximum likelihood (ML) phylogenetic tree illustrating the inferred relationship between 16S rRNA gene sequences (527 bp) show-
ing the position of dominant bacterial members of the endolithic commusityld) related to the most similar GenBank sequences. Taxa
isolated from other extreme and/or endolithic environments are described. Bootstrap values (expressed as percentages of 500 replication:s
are shown at branch nodes. Similar topologies were recovered in trees generated with the neighbor-joining algorithm. Bar: 0.05 substitutions
per nucleotide position.
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analytical uncertainty of each other, there were significant:(‘a)‘,
differences in thé13C of individual PLFA and GLFA. Ubig- b — -
uitous PLFA markers such as 168 and 18 1 had similar ‘V ‘
813C values {33 +1 %o), with the exception afl5: 0, which s
was less depleted{3C = —29.2+ 1 %.). The GLFA most en-
riched in13C were 205 andi15: 0 at —28 and—32 %o,
respectively. Thes13C of polyunsaturated PLFA 18:2 and
18:3 (—37.0 and—40.1 %0 respectively) and GLFA 2@t
(—41.0 %o) were the most depleted’#C.

Radiocarbon measurements of the microbial lipids provide
an estimate of when the carbon within the viable cellular
membranes was last in equilibrium with atmospheric,CO
Both PLFA and GLFA (Table 1) had positiva“C values
(+1064 20 %0 and +78t 20 %o, respectively) that were more
enriched int*C than present-day atmosphetié*C CO; val-
ues (Czimczik and Welker, 2010). In the absence of an iso-
topic label, the only way that the microbes could contain the
observed elevated amount'd€ is through the incorporation
of 1C initially introduced to the atmosphere through nuclear
weapons testing 50 yr ago (Nydal and Lévseth, 1983). These==
elevatedA“C values imply that the organisms are incorpo-
rating carbon that was recently in the atmosphere.

3.4 Biogenic and physical weathering

We also examined the extent of microbe—mineral interactions
and physical weathering using microscopy and spectroscopy.

SEM micrographs of the host rock reveals an irregular outerig. 6. SEM micrographs of the Gypsum Hill endolithic habitat.
surface composed of weathered gypsum rind overlain by al{2) Gypsum (CaS@-2HpO) forms from hydration of anhydrite
lochthonous debris (Fig. 6a, b). Weathering and absorption of62SQ) With exposed minerals having irregular, jagged topogra-
water at Earth’s surface conditions are likely responsible forIOhy that is often coated in allochthonous dells} that forms a

t f 00 th . hvdrite ith h surface crust(c) Freeze—thaw action results in cleavage along crys-
ranstorming the primary anhydrite to gypsum, with mechan-,, planes, increasing porosity and available surface §ip&yp-

ical freeze—thaw weathering leading to separation of gypsumym affected by freeze—thaw weathering showing abundant colo-
crystalline sheets to create significant porosity and increasegjzation by endolithic microorganisms and associated EESE)
surface area (Fig. 6c) both at and beneath the rock surfac&ubsurface gypsum colonized by both filamentous and coccoid mi-
Freshly fractured samples show these endolithic habitats coveroorganisms and EPS. Note early stages of mineral weathering in
ered by bacteria and associated extracellular polymeric subi). (g) Microbial colonization of small pore space within the en-
stances (EPS) (Fig. 6d, e). Relatively unweathered mineralgolithic habitat.(h) Examination of the microbe—mineral contact
dominate deeper within the rock, with microorganisms andshows original mineral structure, suggesting that microbial activity
EPS coating gypsum surfaces (Fig. 6f). It is possible that thel0es not enhance chemical weathering.

endolithic colonization is limited to closer to the surface due

to greater porosity closer to the surface, which may maximizel_WO metals, Fe and Co, showed a weak correlation deeper

the presence of water, _I|gh_t and space for MICroorganisM3y, an regions heavily colonized by endolithic microorganisms
to grow (Fig. 6g). Examination of the interfacial contact be- Fig. 7d), which is consistent with the accumulation of iron

giﬁg m,'[féoe?/rigigfemfi?ggsgﬁ t?ggi:'g?g;?;gﬁ? tilébiitg?_t elow the depth of lichen colonization in Antarctic endolithic
habitats (Johnston and Vestal, 1993).

ganic surface, suggesting minimal microbe—mineral interac-
tion (Fig. 6h).

Examination of polished blocks based on SEM-QBSD im-4  Discussion
age analysis shows the endolithic habitat to be dominated
by gypsum with an absence of other minerals (Fig. 7a).While extreme conditions of polar regions have long been
Closer inspection of a profile from the exposed surfacethought to limit microbial diversity and activity within en-
down through the colonized region by p-XRF spectroscopydolithic communities, we present data of a polar micro-
(Fig. 7b, c) shows the presence of trace metals that ardial community that is diverse and actively cycling with lit-
homogeneously distributed within the endolithic habitat. tle evidence of microbe—mineral interaction. Molecular data
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ganisms typically exhibit smallét3C offsets between atmo-
spheric CQ and microbial lipids than heterotrophic organ-
isms (Hayes, 2001). In this system, while #1€C of many
PLFA were consistent with autotrophy, a number of lipids
(e.g., PLFA 18 2 and 18 3, GLFA 18: 2 and 20 4) were
significantly more depleted it°C, which is consistent with
heterotrophy (Hayes, 2001). Thus, of the viable microbial
community, a wide diversity of metabolic/energy pathways
were observed. This in turn supports that much of the diver-
sity observed in the phylogenetic analyses both heterotrophs
and phototrophs were active within the endolithic commu-
nity.
The majority of the endolithic bacterial community de-
tected using molecular techniques was most closely matched
20 a0 @0 om0 o to isolates or clones from cold/dry deserts (i.e., Antarctica,
Atacama, cold alpine environments). Thus, the microbial
Fig. 7. (a) Cross-sectional micrographs of the outer surface and encommunity profile is consistent with communities of known
dolithic habitat under SEM-SE and SEM-BSE conditiq@§Large  extreme environments, suggesting most microbial members
void spaces exist beneath the surface crust, providing habitats fog e adapted and suited to be inhabiting the cold and dry Arc-
microbial colonization. .Little cqntrast variability imaged by SEM- tic endolithic habitat. However, the relative diversity of the
BSE suggests the entire habitat to be composed of gypéjm. community is greater than those described from the harsher

Light micrograph showing weathered outer surface (dark-coloredg, e habitats of the McMurdo Dry Valleys of Antarc-
areas) and subsurface habitat. Boxed area highlight@), iwith p- . ) . | h
XRF transect from exposed surface down into the endolithic habitat!C (H' =23 to 3.3, Pointing et al., 2009), the Atacama

While calcium dominates, metals are heterogeneously distributed/’ =2.7 to 4.1 Lacap et al., 2011) and high-altitude Ti-
throughout the microenvironmer(d) Co-location analysis shows betan desertsH’ < 0.9, Wong et al., 2009). Overall, this
only a weak relationship between Co and Fe, which are likely de-higher level of diversity is interpreted to suggest that the
rived from allochthonous debris. Lack of a spatial correlation be- Arctic gypsum is not as extreme of a habitat, likely due in
tween metals and microorganisms suggests that bacteria are not ipart to the more moderate temperatures and higher precipi-
volved in chemical weathering of the endolithic habitat. tation present than in either the Atacama Desert or Antarc-
tica, and that the conditions are able to support the activity
of less extremophilic species known to inhabit endolithic en-
provided information about the microbial community com- vironments found in places such as mid-latitude alpine and
position, the isotopic composition of the microbial lipids was temperate lithic habitats (Walker and Pace, 2007a; Horath
used to assess the microbial activity, and spectroscopy waand Backofen, 2009). It is worth noting that the depth of
used to investigate the microbe—mineral interactions. Beloncommunity sampling in previous studies is limited to clone-

K Ti V CrMnFe Co Ni CuZn Si
{ P 11 ]

we discuss these results in further detail. based molecular characterization, which supports the current
consensus that endolithic habitats are simple systems with
4.1 Microbial community composition restricted diversity (Walker and Pace, 2007b). The higher

bacterial diversity captured within this community may be
Both the molecular data and distribution of microbial lipids driven in part by the use of deep sequencing that captures
indicate that the microbial community was dominated by more of the microbial community diversity as observed in
cyanobacterial phototrophs along with a high diversity of ac-many environmental systems. Nonetheless, this community
tive bacterial and fungal heterotrophic community members profile is characteristic of specialized endolithic- and lichen-
Molecular data characterized all of the microbial commu- associated communities inhabiting lithic surfaces distinct
nities present, whether they were dormant or active, whilefrom the microbial communities from the surrounding tundra
microbial lipids provided an integrated view of the viable and permafrost that host greater diversity (data not shown).
microbial community. While many organisms make specific The description of endolithic communities often makes
PLFA, many organisms also produce the same PLFA, whichthe distinction between lichen- vs. cyanobacteria-dominated
limit the ability of PLFA data to infer the activity of specific communities (de la Torre et al., 2003). In this community
species or groups of organisms. However, natural abundandeoth communities are present within the endolithic habi-
carbon stable isotope signatures of the microbial lipids pro-tat although the cyanobacteria are the more dominant pri-
vide insight into the various energy pathways present. Of themary producersGhroococcidiopsisp. and filamentousos-
viable microbial community, the wide variation of stable car- toc sp.) versus the algal lichen photobiontsgbouxiasp.).
bon isotope values for individual PLFA clearly illustrate that The phototrophic community in particular was dominated by
a number of diverse organisms are present. Autotrophic orenly a few species, primarilghroococcidiopsisp., a highly
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desiccation-resistant cyanobacterium, and a dominant phdeantly limit turnover rates. The porous nature of the gyp-
tosynthetic organism in extreme endolithic habitats (Fried-sum enables gas exchange with the atmosphere and thus the
mann and Ocampo-Friedmann, 1995; Bahl et al., 2011)phototrophs likely incorporate carbon that was recently in
Other common endolithic taxa that were not found in abun-equilibrium with the atmosphere. Due to exchange of,CO
dance include the low-light-tolerant cyanobacteriGioeo-  between the rock and the atmosphere, we can usé*te
capsasp. (de la Torre et al., 2003) and the UV-resistantfrom atmospheric weapons testing as a pulse label to estimate
Deinococcusp. (Hirsch et al., 1988, de la Torre et al., 2003). when the carbon was last in equilibrium with the atmosphere
However, sequences matching other extreme-tolerant specigse., Gaudinski et al., 2000). When ti2e**C of the PLFA
such aRubrobacteisp. as well as more temperate memberswas matched to the historical record of atmosph¥i@, the
such agPatulibactersp. andRubellimicrobiunsp. again sug-  carbon within the cellular membranes of the viable micro-
gest the community reflects a mixture of moderate and ex-bial community was last in equilibrium with the atmosphere
tremophilic microbial species. As with other studies of en- a decade ago. If the carbon cycling within the endolithic
dolithic habitats, several sequences wer87 % similar to  community was assumed to have a constant proportion of
the closest known species, instead forming groups of unculnew production each year (i.e., model presented within Zi-
tured/uncharacterized endolithic bacteria that may serve verglkowski et al., 2013), then the rate of carbon turnover within
different functional roles than those of the closest relatives. the endolithic community is estimated at 12 yr. This implies
Carbon fixation from the active phototrophic community that the rate of carbon cycling of the endoliths inhabiting
drives the carbon cycling; however, it appears that sev-the gypsum is far faster than previous estimates of carbon
eral of the other microbial members may be commensal taurnover in Antarctic endolithic communities (Bonani et al.,
the phototrophs by contributing to the primary nutrient cy- 1988; Friedman et al., 1980), but in line with recent observa-
cling within the endolithic system. The presencerafbriv-  tions for endoliths in three different lithologies from the At-
ivax sp., purple non-sulfur phototrophic members of the  acama Desert (Ziolkowski et al., 2013). Additionally, these
proteobacteria, are capable of fixing £€@nd No. Further-  decadal rates of carbon turnover imply that there is minimal
more, the lichen-associated rhizobiales (LAR1) (Hodkinsonincorporation of carbonate carbon{*C =—1000 %o) to the
and Lutzoni, 2009), which are non-phototrophic nitrogen- endolithic organisms.
fixing bacteria, may be an important source of nitrogen trans- To compare the rate of carbon turnover in the Arctic
fer to the endolithic near-surface phototrophs. Ammonia oxi-endoliths to previous studies, we converted our estimate
dation might also be important for N recycling within the en- of decadal turnover to an estimate of primary productivity
dolithic system and could be mediated by the small archaealg C m~2yr—1). To achieve this estimate, we made a few as-
community dominated by the Thaumarchaeota, inclutiihg  sumptions. First, we assumed that the rate of primary pro-
trososphaerap.Chroococcidiopsisp. found in similar gyp-  ductivity equals the rate of the consumers and that there
sum habitats were also found to fix nitrogen under certainis no net productivity. The molecular data indicate that the
conditions (Boison et al., 2004). The large diversity of het- relative abundance of primary producers was less than the
erotrophic bacteria observed to be growing in microcoloniestotal diversity of heterotrophic bacterial and fungal com-
as periphytes on the cyanobacteria or as biofilms on the anmunity members, which suggests that the primary produc-
hydrite surfaces in close association with the carbon prodivity was sufficient to support a significant population of
ducing cyanobacteria supports the relationship between pricommensal microorganisms. Also, there is little evidence of
mary fixation of carbon followed by subsequent metabolismlong-term carbon accumulation within endolithic commu-
of labile organic carbon compounds. The abundance of lich-nities due to low rates of net primary productivity (Fried-
enizing Verrucariales in the fungal community would also mann et al., 1993; Ziolkowski et al., 2013). Next, we as-
contribute to the direct exchange of nutrients between bactesumed that the gypsum was 1% colonized (Wong et al.,
rial and fungal members, whereby the heterotrophically pro-2009) and 100 g samples were estimated to have a surface
duced CQ may also become a secondary carbon source foarea of 15 cnmx 5 cm. Finally, using our measurements of the
the cyanobacteria and algae (Johnston and Vestal, 1993). A14C of the PLFA we assumed a turnover rate of 10 yr. Based
on these assumptions, we calculated the rate of primary pro-
4.2 Activity of microbial community ductivity to be 4.4 g C m?yr—1, which is significantly higher
than the previously reported primary productivity rates at
Since the molecular analysis of this endolithic community nearby Devon Island (0.8 g CTAyr—; Cockell and Stokes,
demonstrated the presence of many aerobic phototrophic 02004) and Antarctic Dry Valleys (1.2gCTAyr—1; Fried-
ganisms able to fix C®to make biomass, we traced the in- man et al., 1993). In order for our calculated rate to be
corporation of atmospheric carbon into the microbial com-1gCnt2yr—1, the percent of the rock colonized would have
munity. Using the radiocarbon composition of the microbial a much lower density of colonization (0.3%) or a much
lipids, we were able to infer that the active microbial com- slower turnover rate (40yr). Our turnover rate (10yr) was
munity turns over carbon surprisingly quickly given the ex- determined from out*C measurements of the PLFA and a
treme environmental conditions that were expected to signifslower turnover rate (i.e., 40 yr) would require that A€ of
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the PLFA contain significantly more bomb carbon (i&!*C biologically mediated sulfur remobilization of the Devon Is-
of +500 %o0) (Nydal and Lévseth, 1983), which is well outside land gypsum endolithic community (Cockell et al., 2010).

the analytical uncertainty of our radiocarbon measurements. A possible explanation for the lack of clear evidence of
Therefore, the only way our estimated rate of primary pro-microbe—mineral interactions is that any evidence has under-
ductivity could be the same as previous estimates is if onlygone physical weathering. Many polar endolithic communi-
0.3 % of the rock was colonized. The percentage of colonizedies inhabit more weather-resistant lithologies, such as sand-
rock in the Arctic gypsum is likely to be significantly higher stone (Sun and Friedmann, 1999). The endolithic commu-
than 0.3 % since the PLFA concentration of the Gypsum Hill nity described here inhabits a host rock that is susceptible to
endolithic community was two orders of magnitude higher weathering over time due to the soluble nature of gypsum. If
than those in the Atacama Desert (Ziolkowski et al., 2013),the gypsum is in fact being weathered away over time, this
where only 0.3% of the rock material sampled was colo-would (a) erode away any evidence of microbial mineral in-
nized. Our estimate of primary productivity is on the sameteractions and (b) the endolithic community inhabiting the
magnitude of CQ fluxes from permafrost polygons (Oechel gypsum would also be weathered away. Since the endolithic
et al., 1995), which agrees with a previous study that foundhabitat characterized here lacks evidence of microbe—mineral
the rate of carbon fixation within the endolithic community interaction and our data demonstrate that the viable micro-
matched nearby plant-based photosynthetic activity (Wong ebial community contains carbon that was recently in equi-
al., 2009). Since most of the microbial activity occurs during librium with the atmosphere, it is possible that the gypsum
the 6-month period between polar sunrise in the spring andvas recently weathered and this particular endolithic com-
the sunset in the autumn, primary productivity is likely lim- munity was recently established. Algae and cyanobacteria
ited to these months. While the activity of the heterotrophic often dominate newly exposed surfaces, and only once the
microbes is not limited to when there is sun, the low temper-biomass of these autotrophic communities has accumulated
atures of the winter likely limit the heterotrophic activity to do lichens become part of the endolithic community (Hop-
the spring through autumn. pert et al., 2004). The presence of many highly specialized
lichen in the phylogenetic analysis suggests that the mineral
surface is not freshly weathered and that these weathering
processes occurs slowly. It is possible that the rate of car-
bon turnover in an endolithic community is, at least partially,
The activity of the microbial community relies not only mois- controlled by the rate of weather of the host rock. The appli-
ture and light availability, but also the availability of nutri- cation of radiometric dating is currently being investigated to
ents. Previously, it has been demonstrated that the nutrierg¢lucidate the ages of rock surfaces mantling Gypsum Hill.
cycling within endolithic habitats relies on the close associ-
ation of phototrophs and heterotrophs (Ferris and Lowson
1997). Since some microbes, such as cyanobacteria, are abte
to f').( nltrog_en from the atmosphere, heterot_r ophs gam esy, summary, these detailed analyses reveal for the first time
sential nutrients when consuming the organic material left

" : ) icrobial activity and diversity of endolithic communities in-
by the phototrophs. Additionally, it has been established thaﬁabiting gypsun{ in the high Krctic A diverse but specialized
endolithic communities inhabiting gypsum on nearby De- ; . ' . L .
von Island gain their nutrients from allochthonous debris thatcommunlty of bacteria, archaea, algae and lichenizing-fungi

. Eurn over carbon on decadal timescales, yet exhibit minimal
concentrates on the outer gypsum surface and percolates "MRicrobe—mineral interactions, suggesting that these microor-
the endolithic habitat with wind and rainfall (Cockell et al., » SUGgEsting

2010). The dark color on the outer surface of the Gypsumganism create a more dynamic ecosystem than previously

Hill endolithic community suggests that a similar process issuggested.
occurring at this site.

Trace metal distrjbutions withir) endolithiq habitats can Supplementary material related to this article is
also be used as a biomarker of microbial activity. Clear pat-pajlable online athttp:/Avww.biogeosciences.net/10/
Fems of metal dlstrlbutlop assoc[at(.ed with microbial 'actlv— 7661/2013/bg-10-7661-2013-supplement.pdf
ity have been observed in endolithic sandstone habitats on
Ellesmere Island and the Antarctic Dry Valleys (Friedmann,

1982; Omelon et al., 2007). However, examination of the
trace metal chemistry of this habitat showed little evidence of
microbe—mineral interaction in this environment. The SEM
micrographs of the Gypsum Hill community do not show ev-
idence for mineral dissolution at the microbe—mineral inter-
face. This lack of evidence of microbe—mineral interactions
at Gypsum Hill is in agreement with the lack of evidence of

4.3 Nutrient cycling and microbe—mineral interactions

Conclusions
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