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Summary

Endolithic growth within rocks is a critical adaptation of microbes living in harsh environments
where exposure to extreme temperature, radiation, and desiccation limits the predominant life-
forms, such as in the ice-free regions of Continental Antarctica. The microbial diversity of the
endolithic communities in these areas has been sparsely examined. In this work, diversity and
composition of bacterial assemblages in the cryptoendolithic lichen-dominated communities of
Victoria Land (Continental Antarctica) were explored using a high-throughput metabarcoding
approach, targeting the V4 region of 16S rDNA. Rocks were collected in 12 different localities
(from 14 different sites), along a gradient ranging from 1,000 to 3,300 m a.s.l. and at a sea distance
ranging from 29 to 96 km. The results indicate Actinobacteria and Proteobacteria are the dominant
taxa in all samples and defined a ‘core’ group of bacterial taxa across all sites. The structure of
bacteria communities are correlated with the fungal counterpart and among the environmental
parameters considered, altitude was found to influence bacterial biodiversity while distance from
sea had no evident influence.

Keywords

Environmental factors; Adaptation; Antarctica; Cryptoendolithic lichen-dominated communities;
Stress-tolerance; 16S Metabarcoding

Introduction

Assessment of microbial diversity in extreme environments can provide perspective on the
ecological function and strategies for adaptation to resource limited and harsh ecosystems.
Most prior investigations on microbial diversity in terrestrial Antarctic soils have focused on
Bacteria and Archaea. Studies of soils in sites in East Antarctica including Bratina Island
and Windmill Islands (Smith et al., 2006; Chong et al., 2009), West Antarctica South
Shetland Archipelago (Ganzert et al., 2011), and Luther Vale, located near the north border

Correspondence: Jason E. Stajich: jason.stajich@ucr.edu; Tel.: +1 951-827-2363.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Coleine et al.

Page 2

of Victoria Land (Niederberger et al., 2008), revealed a high estimate of bacterial diversity.
Victoria Land spans southward from the west side of the Ross Sea from 70°30°S to 78°00°S
and westward from the coastline to the edge of the polar plateau (USGS, 2014). It is divided
into two regions: Northern Victoria Land, encompassing Terra Nova Bay, Edmonson Point
and Cape Hallett, and Southern Victoria Land, including the widest ice-free area of the
continent, the McMurdo Dry Valleys, and nearby coastal regions. Dry Valleys soils are
highly oligotrophic and support relatively low biomass (Smith et al., 2006; Pointing et al.,
2009; Rao et al., 2011; Lee et al., 2012). In this area, soil communities are dominated by
Actinobacteria and other cosmopolitan taxa (Aislabie et al., 2006; Smith et al., 2006;
Niederberger et al., 2008; 2012; Stomeo et al., 2012), while cyanobacteria-dominated
biofilms are predominant in hypolithic communities (de los Rios et al., 2014a; Chan et al.,
2012; Wei et al., 2016).

Rocks in the ice-free areas of the McMurdo Dry Valleys from mountain peaks that rise
above the Polar Plateau, along the entire Victoria Land, are the primary substratum for life,
supporting the highest permanent biomass in these regions of Continental Antarctica (Cowan
and Tow, 2004; Cary et al., 2010; Cowan et al., 2014). The extreme stress conditions
experienced by organisms living in these environments include low temperatures, wide
thermal fluctuations, high radiation exposure, low relative humidity, and scarce liquid water
availability, that have restricted life forms to almost exclusively specialized microbes
(Nienow and Friedmann, 1993; Vincent, 2000; Zucconi et al., 2016). The narrow window of
permissive temperature, light and humidity regimes that can support life promotes the
settlement of highly adapted, extremotolerant and extremophilic microorganisms, mostly
dwelling inside rocks (endoliths) where the environmental condition are buffered from the
extreme ranges of the exposed surfaces (Friedmann, 1982; McKay and Friedmann, 1985;
Nienow and Friedmann, 1993; Cary et al., 2010; Cowan et al., 2014). Among endoliths
(Golubic et al., 1981; Nienow and Friedmann, 1993; de los Rios et al., 2014b),
cryptoendolithic communities are among the most widespread in the McMurdo Dry Valleys.
They are complex assemblages of microorganisms, including bacteria, cyanobacteria,
Chlorophyta and both free-living and lichen-forming fungi (Friedmann, 1982; de la Torre et
al., 2003).

Despite the increasing interest in investigating the extremotolerant and extremophilic
microbes adapted to endolithic lifestyles in the Antarctic desert, investigation of microbial
diversity of these peculiar ecosystems has been limited owing to the difficulty of collecting
samples. Available data are patchy and based on a small number of rock samples from
different locations or on few samples from a single site (de La Torre et al., 2003; Pointing et
al., 2009; Yung et al., 2014; Archer et al., 2017) and the relative importance of
environmental gradients in shaping these communities remains unexplored. With
appreciation of the rapidity of global climate change, it is urgent to develop a baseline
knowledge of Antarctic terrestrial ecosystems in order to allow future comparisons and to
identify possible changes on these ecosystem (Hogg and Wall, 2011; NAS 2011). In this
study we investigated diversity and community composition of bacterial assemblages
associated to cryptoendolithic lichen-dominated communities in 42 samples collected over a
wide area along Victoria Land (Continental Antarctica), exposed to different degrees of
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environmental pressures due to variation in altitude and sea distance. The fungal community
makeup of these same samples was recently described by Coleine et al. (2018a).

The present work supplies a high-resolution inventory of microbial diversity and test if
environmental constraints shape and structure diversity in these communities. These
observations are important for development of tools to evaluate how communities respond to
changes in global temperature especial in polar regions where the change is expected to be
most pronounced (Selbmann et al., 2017). A metabarcoding approach was used to measure
and describe microbial diversity in a relatively unbiased manner (Ji et al., 2013). The V4
region of 16S rDNA was amplified from DNA extracted from rocks collected in 14 sites
during the XXVI Italian Antarctic Expedition (2010-2011), along 14 sites along a latitudinal
transect ranging from 73°29°26”S (Stewart Heights, Northern Victoria Land) to 76°54°36”S
(Battleship Promontory, McMurdo Dry Valleys, Southern Victoria Land) from 1,000
(Battleship Promontory) to 3,300 m a.s.l. (Shafer Peak site 2) and from 29 km (Thern
Promontory) to 96 km (Ricker Hills) distance from sea.

The primary aims of this study were to i) assess bacterial diversity, and community
composition in the cryptoendolithic niches in Victoria Land; ii) identify ‘core’ group of
bacterial members among samples analyzed; iii) to determine if and how differences in
bacterial community structure are correlated with the fungal community or with altitude and
distance from the sea.

A detailed methodological information is reported in Appendix 1.

Results and discussion

In this study, 16S rDNA gene amplicon sequencing was used to profile bacterial composition
and to test the effects on bacterial assemblages of environmental parameters (altitude and sea
distance) and fungal diversity, already investigated in Coleine et al. (2018a), on bacterial
assemblage.16S rDNA gene metabarcoding produced a total of 864,425 quality-filtered
reads, ranging from 32,481 up to 75,174 reads per sample (Table 1). Sequences were
grouped into 712 Operational Taxonomic Units (OTUs) and singletons and rare taxa (<5
reads) were removed (152 out of 712 OTUs; Appendix S1 in Supporting Material),
generating 560 quality filtered OTUs. The species accumulation curve did not reach
saturation; however, all rarefaction curves captured the dominant bacterial OTUs for each
sample (see Supplementary Figs. 1S, 2S).

Across the dataset 14 bacterial phyla were detected with abundance varying considerably
among sampling sites. Actinobacteria (20-50% of total reads) and Proteobacteria (10-30%)
predominated, followed by Acidobacteria (3-13%), Firmicutes (2-15%), Armatimonadetes
(1-13%) Cyanobacteria (3-10%), Bacteroidetes (4-7%) and Planctomycetes (0.1-9%). Taxa
belonging to Deinococcus- Thermus, Fusobacteria and Verrucomicrobia were detected as
only a small fraction (1-7%, 1-3% and 1-4%, respectively) and only from a few sites.
Unclassified OTUs were present in all sites (5-30%) and these OTUs had no detectable
similar sequence using BLASTN preventing taxonomy assignment at even the Phylum level

(Fig. 1).
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At the order rank, the communities were dominated by Actinomycetales (18-38%)
(Actinobacteria), Rhodospirillales (3-18%) (Proteobacteria), Armatimonadales (3-12%)
(Armatimonadetes) and Rubrobacterales (1-12%) (Actinobacteria); other orders, such as
Bacillales (Firmicutes) were the rarest members, present only in some sites (Supporting
information Fig. 3S).

A bacterial ‘core’ community (i.e. OTUs present in at least 75% of the samples) composed
of 48 (out of 560) OTUs, less than 10% of total reads, was identified (Table 2), highlighting
a very strong variability among sites analyzed. Most ‘core’ members belonged to the Phyla
Actinobacteria (17) and Proteobacteria (12). Few taxa were assigned to Armatimonadetes,
Acidobacteria, Bacteroidetes or Planctomycetes. Only a single phylotype of Cyanobacteria
(unidentified) was recovered among the sample sites. Comparison of the genera present in
the sample revealed Acidisoma (Proteobacteria), Granulicella (Acidobacteria) and
Mucilaginibacter (Bacteroidetes) as ‘core’ community members (Table 2).

A graphical representation of the distribution of ‘core’ specimens was performed to identify
association among the shared phylotypes and sampled locations. The 48 most informative
taxa were present in almost all sites. The visited localities were further hierarchically
clustered by ‘core’ OTUs abundance to identify patterns of similarities in community
composition, but they did not exhibit a remarkable clustering of locations by geography (Fig.
2).

Previous works have recovered Actinobacteria and Proteobacteria from other Antarctic
ecosystems including soil biotopes (Saul et al., 2005; Aislabie et al., 2006),cryoconite holes
(Christner et al., 2003) and cryptoendolithic communities (e.g. Hirsch et al., 1988, 2004; de
la Torre et al., 2003). Actinobacteria and Proteobacteria were reported as the predominant
Phyla in these studies, suggesting that these heterotrophic bacteria may have important roles
in these communities. These same Phyla were also dominant in other cold climate rock-
inhabiting microbial communities from the Arctic (Choe et al., 2018), supporting the idea
that highly stress-tolerant microbial communities may harbor similar microorganisms, even
if found on different continents (Budel, 1999; Fajardo-Cavazos and Nicholson, 2006). Their
success in these environments may be due to a capacity to withstand multiple stress
conditions as part of a global meta-community and unique adaptations to the lithic habitat
(Walker and Pace, 2007).

Among the ‘core” members, taxa belonging to Acidisoma sp. (Rhodospirillales,
Proteobacteria) was never observed in ice-free areas of Victoria Land, but have been
frequently detected in cold regions such as Alps (Nakai et al., 2013). Granulicella species
(Acidobacteria) were also uniquely found in these ice-free areas which encompasses several
cold-adapted species described from Arctic tundra soils (Mannisto et al., 2012).

The sub-order Frankineae (Actinobacteria, G+) was previously reported from Antarctic soil
communities (Learn-Han et al., 2012). This group together with Rhizobiales (Proteobacteria,
G-) include nitrogen-fixing bacteria typically associated with plants. The family
Rhizobiaceae (Rhizobiales) includes nitrogen-fixing bacteria, while the sub-order
Frankineae encompasses 4 families, including the nitrogen-fixing genus Frankia. Since the
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used approach in this study, the identification of Rhizobiales OTUs can be resolved
confidently only at order or sub-order level, and, even if it is well known that N-fixing
bacteria are frequent in lichen microbiomes, we cannot conclude with certainty that nitrogen
fixing bacteria belonging to these groups are actually present in the assemblages analyzed.

We found Cyanobacteria at low abundance in this survey, even though they are dominant
members in other Antarctic endolithic ecosystems such as endolithic cyanobacteria-
dominated communities (Friedmann and Ocampo-Friedmann, 1988; de los Rios et al., 2004;
2007; Blidel et al., 2008). Cyanobacterial taxa were rarely isolated in cryptoendolithic
lichen-dominated communities in McMurdo Dry Valleys (Friedmann and Ocampo, 1976;
Friedmann et al., 1988);

Deinococcus-like organisms, well known for their ability to withstand the high solar
irradiation of the South Pole, especially large amounts of UV, and also to survive to ionizing
radiation, limiting damage to their DNA (Mattimore and Battista, 1996; Battista et al.,
1999), have been detected in endolithic communities (de la Torre et al., 2003; Hirsch et al.,
1988; Siebert and Hirsch, 1988) and a lichen thallus of Umbilicaria decussata from Kay
Island, Antarctica (Selbmann et al., 2010), but represented a very small fraction of recovered
OTUs in our study.

Biodiversity analysis of species richness (from 50 to 287) and Shannon’s index (ranging
from 1.1 to 4.24) (Table 1) confirmed that Antarctic microbial endolithic communities
harbor relatively low bacterial diversity (see also Archer et al., 2017; Selbmann et al., 2017,
Coleine et al., 2018), compared with temperate microbial biotopes, which typically have
values of Shannon’s index between 6 and 7 (Dunbar et al., 2000). The B diversity across the
14 sampled sites was measured with a Jaccard index and the contribution of altitude and sea
distance in shaping the bacterial communities was estimated using an MRM analysis. A
distance matrix was computed to investigate the contribution of altitude and sea distance in
shaping the bacterial assemblages. There were not strong relationships between community
composition and environmental variables. Sampled sites at similar altitude and distance from
sea did not show a high degree of homogeneity in community composition in the two sites at
Trio Nunatak, showing only 18%; for example, the two visited sites at Trio Nunatak showed
only 18% of similarity; similar trend was obtained for Shafer Peak site 1 and 2 (25.4% of
similarity) (data not shown).

The Pareto Lorenz curves inferred from community composition indicated a high degree of
specialization of these communities. The average FO value was 89% (Fig. 3), indicating the
dominance of a very few but highly specialized species while other members occur at very
low frequency (Marzorati et al., 2008). This is also supported by inferred Simpson’s
dominance indices (1-D), which ranged from 0.61 (Shafer Peak site 1) to Stewart Heights
(0.98), with a mean value of 0.83 (Table 1), indicating a high degree of specialization of
these ecosystems and suggesting a potential scant resiliency and recovery capacity after
disturbance.

Additionally, bivariate analysis on the distance matrices and Spearman’s correlation analysis
indicated that the differences in community structure among the samples were not correlated
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with the differences in the environmental parameters (Figs. 4, S4) as estimated richness from
Shannon’s and Simpson’s indices were similar among the samples (p>0.05), even though
differences in altitude and sea distances were significant (p<0.05; data not shown).

Nevertheless, PERMANOVA analysis showed a clear influence (p<0.05) of altitude on
bacterial community composition (incidence and reads abundance data), explaining more
than 41% of observed variance, while the parameter sea distance did not show any influence
(p>0.05).

It has been reported that lichen species and individual thallus traits may influence associated
bacterial diversity (Bates et al., 2012; Cardinale et al., 2012); therefore, we also tested the
effects of fungal community composition (reported in Coleine et al., 2018a) in our samples,
where lichen species represent 91% of fungal community, on bacterial counterpart. The
results clearly indicate a significant correlation between fungal and bacterial biodiversity
(Fig. 5a); this relationship was highlighted by regression of pairwise comparisons of Bray-
Curtis distances in community composition and Mantel test (p<0.01) (Fig. 5b).
Actinobacteria and Proteobacteria resulted the predominant phyla in communities herein
analyzed; the same findings were obtained in previous study based on culture-dependent
approaches (Selbmann et al., 2010).

These results indicated that the establishment and development of bacteria in the
cryptoendolithic lichen-dominated microbial communities of Victoria Land is not influenced
by sea distance, but altitude-induced environmental conditions were found to be important
factors. This suggests these the combination of UV or temperature have more of an impact
than proximity to sea for these cryptoendolithic communities in Victoria Land. Additionally,
the positive correlation found between fungi and bacteria community diversity suggests that
as fungal assemblage change the bacterial community structure changes as well.

While this study improved our understanding of bacterial endolithic communities and their
interactions with environmental factors, we hypothesize that additional microclimate
environmental parameters (e.g. water availability, average rock temperature and sun
exposure) may be more important determinants of community diversity and structure.
Indeed, sun exposure, which likely influences temperature and water availability as well as
generating visible difference in texture and weathering properties (McKay and Friedmann,
1985), has been implicated in shaping composition and distribution of functional groups of
fungi in Antarctic endolithic communities (Coleine et al., 2018b). Further analysis of
functional roles and capabilities of endolithic bacteria can clarify relationships between
physical-chemical parameters and the possible functional redundancy in bacterial
assemblages associated to these communities. In contrast to previous studies which were
based on only 2-4 samples, this work sampled endolithic communities along 14 sites in
Victoria Land (42 rock samples) and provides the first detailed picture of the bacterial
biodiversity of Antarctic cryptoendolithic lichen-dominated communities.

Sequencing, bioinformatics, and molecular ecological analysis of this study was performed
in same manner as previous study (Coleine et al., 2018a) and descripton of the materials and
methods is available in Supporting Information Appendix S1. The amplicon sequence data
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and metadata have been deposited in the NCBI Sequence Read Archive database under
BioProject accession number PRINA379160.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

The Italian National Program for Antarctic Researches (PNRA) is kindly acknowledged for funding sampling
campaigns and the research activities in Italy. The Italian Antarctic National Museum (MNA) is acknowledged for
financial support to the Mycological Section on the MNA for preserving rock Antarctic samples used in this study
and stored in the CCFEE (Culture Collection of Fungi from Extreme Environments). Sequencing was supported by
funds through United States Department of Agriculture - National Institute of Food and Agriculture Hatch project
CA-R-PPA-5062-H to J.E.S. The 16S primers were made available through the Alfred P. Sloan Foundation Built
Environment Program. Data analyses were performed on the High-Performance Computing Cluster at the
University of California-Riverside in the Institute of Integrative Genome Biology supported by NSF DBI-1429826
and NIH S10-OD016290. N.P. was supported by a Royal Thai government fellowship.

References

Aislabie JM, Chhour KL, Saul DJ, Miyauchi S, Ayton J, Paetzold RF, and Balks MR (2006) Dominant
bacteria in soils of Marble point and Wright Valley, Victoria Land, Antarctica. Soil Biol Biochem
38(10): 3041-3056.

Archer SD, de los Rios A, Lee KC, Niederberger TS, Cary SC, Coyne KJ et al. (2017) Endolithic
microbial diversity in sandstone and granite from the McMurdo Dry Valleys, Antarctica. Polar Biol
40(5): 997-1006.

Martian atmosphere, UVC radiation and temperature extremes. Acta Astronaut 91: 180-186.

Bates ST, Cropsey GW, Caporaso JG, Knight R, and Fierer N (2011) Bacterial communities associated
with the lichen symbiosis. Appl Environ Microbiol 77(4): 1309-1314. [PubMed: 21169444]

Battista JR, Earl AM and Park MJ (1999) Why is Deinococcus radiodurans so resistant to ionizing
radiation? Trends Microbiol 7(9): 362-365. [PubMed: 10470044]

Budel B (1999) Ecology and diversity of rock-inhabiting cyanobacteria in tropical regions. Eur J
Phycol 34(4): 361-370.

Budel B, Bendix J, Bicker FR, and Allan Green TG (2008) Dewfall as a water source frequently
activates the endolithic cyanobacterial communities in the granites of Taylor Valley, Antarctica. J
Phycol 44(6): 1415-1424. [PubMed: 27039856]

Cardinale M, Steinova J, Rabensteiner J, Berg G, and Grube M (2012) Age, sun and substrate: triggers
of bacterial communities in lichens. Environ Microbiol Rep 4(1): 23-28. [PubMed: 23757225]

Cary SC, McDonald IR, Barrett JE, and Cowan DA (2010) On the rocks: the microbiology of
Antarctic Dry Valley soils. Nat Rev Microbiol 8: 129-138. [PubMed: 20075927]

Chan Y, Lacap DC, Lau MC, Ha KY, Warren-Rhodes KA, Cockell CS, et al. (2012) Hypolithic
microbial communities: between a rock and a hard place. Environ Microbiol 14(9): 2272-2282.
[PubMed: 22779750]

Choe YH, Kim M, Woo J, Lee MJ, Lee JI, Lee EJ, and Lee YK (2018) Comparing rock-inhabiting
microbial communities in different rock types from a high arctic polar desert. FEMS Microbiol
Ecol 94(6): fiy070.

Chong CW, Tan GA, Wong RC, Riddle MJ, and Tan IK (2009) DGGE fingerprinting of Bacteria in
soils from eight ecologically different sites around Casey Station, Antarctica. Polar Biol 32: 853—
860.

Christner BC, Kvitko BH, and Reeve JN (2003) Molecular identification of Bacteria and Eukarya
inhabiting an Antarctic cryoconite hole. Extremophiles 7(3): 177-183. [PubMed: 12768448]

Environ Microbiol Rep. Author manuscript; available in PMC 2021 April 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Coleine et al.

Page 8

Coleine C, Stajich JE, Zucconi L, Onofri S, Pombubpa N, Egidi E, et al. (2018a) Antarctic
cryptoendolithic fungal communities are highly adapted and dominated by Lecanoromycetes and
Dothideomycetes. Front Microbiol 9: 1392. [PubMed: 30008702]

Coleine C, Zucconi L, Onofri S, Pombubpa N, Stajich J, and Selbmann L (2018b) Sun exposure shapes
functional grouping of fungi in cryptoendolithic Antarctic communities. Life 8(2):19.

Cowan D, and Tow L (2004) Endangered Antarctic environments. Annu Rev Microbiol 58: 649-690.
[PubMed: 15487951]

Cowan DA, Makhalanyane TP, Dennis PG and Hopkins DW. (2014). Microbial ecology and
biogeochemistry of continental Antarctic soils. Front Microbiol 5:154. [PubMed: 24782842]

de la Torre JR, Goebel BM, Friedmann E, and Pace NR (2003) Microbial diversity of cryptoendolithic
communities from the McMurdo Dry Valleys. Antarctica. Appl Environ Microbiol 69: 3858-3867.
[PubMed: 12839754]

de Los Rios A, Grube M, Sancho LG, and Ascaso C (2007) Ultrastructural and genetic characteristics
of endolithic cyanobacterial biofilms colonizing Antarctic granite rocks. FEMS Microbiol Ecol
59(2): 386-395. [PubMed: 17328119]

de los Rios A, Wierzchos J, Sancho LG, and Ascaso C (2004) Exploring the physiological state of
continental Antarctic endolithic microorganisms by microscopy. FEMS Microbiol Ecol 50(3):
143-152. [PubMed: 19712355]

de los Rios A, Cary C, and Cowan D (2014a) The spatial structures of hypolithic communities in the
Dry Valleys of East Antarctica. Polar Biol 37(12): 1823-1833.

de Los Rios A, Wierzchos J, & Ascaso C (2014b). The lithic microbial ecosystems of Antarctica’s
McMurdo Dry Valleys. Antarctic Sci 26(5): 459-477.

Dunbar J, Ticknor LO, and Kuske CR (2000) Assessment of microbial diversity in four southwestern
United States soils by 16S rRNA gene terminal restriction fragment analysis. Appl Environ
Microbiol 66(7): 2943-2950. [PubMed: 10877790]

Fajardo-Cavazos P, and Nicholson W (2006) Bacillus endospores isolated from granite: close
molecular relationships to globally distributed Baciflus spp. from endolithic and extreme
environments. Appl Environ Microbiol 72(4): 2856-2863. [PubMed: 16597992]

Friedmann EI (1982) Endolithic microorganisms in the Antarctic cold desert. Science 215: 1045-1053.
[PubMed: 17771821]

Friedmann EI, Ocampo R (1976) Endolithic blue-green algae in dry valleys-primary producers in
Antarctic desert ecosystem. Science 193: 1247-1249. [PubMed: 17837022]

Friedmann EI, Hua M, and Ocampo-Friedmann R (1988) Cryptoendolithic lichen and cyanobacterial
communities of the Ross Desert, Antarctica. Polarforschung 58: 251-259. [PubMed: 11538357]

Ganzert L, Lipski A, Hubberten HW, and Wagner D (2011) The impact of different soil parameters on
the community structure of dominant bacteria from nine different soils located on Livingston
Island, South Shetland Archipelago, Antarctica. FEMS Microbiol Ecol 76(3): 476-491. [PubMed:
21314705]

Golubic S, Friedmann EI, and Schneider J (1981) The lithobiontic ecological niche, with special
reference to microorganisms. J Sediment Res 51(2): 475-478.

Hirsch P, Hoffmann B, Gallikowski CC, Mevs U, Siebert J, and Sittig M (1988) Diversity and
Identification of Heterotrophs from Antarctic Rocks of the McMurdo Dry Valleys (Ross Desert).
Polarforschung 58(2/3): 261-269.

Hirsch P, Mevs U, Kroppenstedt RM, Schumann P, and Stackebrandt E (2004) Cryptoendolithic
actinomycetes from Antarctic sandstone rock samples: Micromonospora endolithica sp. nov. and
two isolates related to Micromonospora coerulea Jensen 1932. Syst App Microbiol 27(2): 166.

Hogg ID, and Wall DH (2011) Global change and Antarctic terrestrial biodiversity. Polar Biol
34:1625-1627.

Ji'Y, Ashton L, Pedley SM, Edwards DP, Tang Y, Nakamura A, et al. (2013) Reliable, verifiable and
efficient monitoring of biodiversity via metabarcoding. Ecol Lett 16: 1245-1257. [PubMed:
23910579]

Learn-Han L, Yoke-Kqueen C, Shiran MS, Vui-Ling CMW, Nurul-Syakima AM, Son R, and Andrade
HM (2012) Identification of actinomycete communities in Antarctic soil from Barrientos Island

Environ Microbiol Rep. Author manuscript; available in PMC 2021 April 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Coleine et al.

Page 9

using PCR-denaturing gradient gel electrophoresis. Genet Mol Res 11: 277-91. [PubMed:
22370930]

Lee CK, Barbier BA, Bottos EM, McDonald IR, and Cary SC (2012) The inter-valley soil comparative
survey: the ecology of Dry Valley edaphic microbial communities. ISME J 6: 1046-1057.
[PubMed: 22170424]

Ménnistd MK, Rawat S, Starovoytov V, and Haggblom MM (2012) Granulicella arctica sp. nov.,
Granulicella mallensis sp. nov., Granulicella tundricola sp. nov. and Granulicella sapmiensis sp.
nov., novel acidobacteria from tundra soil. J Syst Evol Microbiol 62(9): 2097-2106.

Marzorati M, Wittebolle L, Boon N, Daffonchio D, and Verstraete W (2008) How to get more out of
molecular fingerprints: practical tools for microbial ecology. Environ Microbiol 10: 1571-1581.
[PubMed: 18331337]

Mattimore V, and Battista JR (1996) Radioresistance of Deinococcus radiodurans. functions necessary
to survive ionizing radiation are also necessary to survive prolonged desiccation. J Bacteriol
178(3): 633-637. [PubMed: 8550493]

McKay CP, and Friedmann EI (1985) The cryptoendolithic microbial environment in the Antarctic
cold desert: temperature variations in nature. Polar Biology 4(1): 19-25. [PubMed: 11539737]

Nakai R, Shibuya E, Justel A, Rico E, Quesada A, Kobayashi F (2013) Phylogeographic analysis of
filterable bacteria with special reference to Rhizobiales strains that occur in cryospheric habitats.
Antarctic Sci 25(2): 219-228.

National Research Council. (2011) Future Science Opportunities in Antarctica and the Southern
Ocean. Washington, DC: The National Academies Press. DOI: 10.17226/13169.

Niederberger TD, McDonald IR, Hacker AL, Soo RM, Barrett JE, Wall DH, and Cary SC (2008)
Microbial community composition in soils of Northern Victoria Land, Antarctica. Environ
Microbiol 10(7): 1713-1724. [PubMed: 18373679]

Niederberger TD, Sohm JA, Tirindelli J, Gunderson T, Capone DG, Carpenter EJ, and Cary SC (2012)
Diverse and highly active diazotrophic assemblages inhabit ephemerally wetted soils of the
Antarctic Dry Valleys. FEMS Microbiol Ecol 82(2): 376-390. [PubMed: 22500944]

Nienow JA, and Friedmann EI (1993) Terrestrial lithophytic (rock) communities. In: Friedmann EI
(ed) Antarctic Microbiology. New York: Wiley-Liss 343-412.

Pointing SB, Chan Y, Lacap DC, Lau MC, Jurgens JA, and Farrell RL (2009) Highly specialized
microbial diversity in hyper arid polar desert. Proc Natl Acad Sci 106: 19964-19969. [PubMed:
19850879]

Rao S, Chan Y, Lacap DC, Hyde KD, Pointing SB, and Farrell RL (2011) Low-diversity fungal
assemblage in an Antarctic Dry Valleys soil. Polar Biol 35: 567-574.

Saul DJ, Aislabie JM, Brown CE, Harris L, and Foght J (2005) Hydrocarbon contamination changes
the bacterial diversity of soil from around Scott Base, Antarctica. FEMS Microbiol Ecol 53(1):
141-155. [PubMed: 16329936]

Selbmann L, Zucconi L, Ruisi S, Grube M, Cardinale M, and Onofri S (2010) Culturable bacteria
associated with Antarctic lichens: affiliation and psychrotolerance. Polar Biol 2010;33: 71-83.

Selbmann L, Onofri S, Coleine C, Buzzini P, Canini F, and Zucconi L (2017) Effect of environmental
parameters on biodiversity of the fungal component in the lithic Antarctic communities.
Extremophiles 21(6): 1069-1080. [PubMed: 28993960]

Siebert J, and Hirsch P (1988) Characterization of 15 selected coccal bacteria isolated from Antarctic
rock and soil samples from the McMurdo-Dry Valleys (South-Victoria Land). Polar Biol 9(1): 37—
44. [PubMed: 11538335]

Smith JJ, Tow LA, Stafford W,W, Cary C, and Cowan DA (2006) Bacterial diversity in three different
Antarctic cold desert mineral soils. Microb Ecol 51(4): 413-421. [PubMed: 16596438]

Stomeo F, Makhalanyane TP, Valverde A, Pointing SB, Stevens MI, Cary CS, et al. (2012) Abiotic
factors influence microbial diversity in permanently cold soil horizons of a maritime-associated
Antarctic Dry Valley. FEMS Microbiol Ecol 82(2): 326-340. [PubMed: 22428950]

USGS Atlas of Antarctic Research https://lima.usgs.gov/antarctic_research_atlas/ (1 2014, date last
accessed).

Vincent WF Evolutionary origins of Antarctic microbiota: invasion, selection and endemism. (2000)
Antarctic Sci 12(3): 374-385.

Environ Microbiol Rep. Author manuscript; available in PMC 2021 April 20.


https://lima.usgs.gov/antarctic_research_atlas/

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Coleine et al.

Page 10

Walker JJ, and Pace NR Endolithic microbial ecosystems. (2007) Annu Rev Microbiol 61: 331-347.
[PubMed: 17506683]

Wei ST, Lacap-Bugler DC, Lau MC, Caruso T, Rao S, de los Rios A, et al. (2016) Taxonomic and
functional diversity of soil and hypolithic microbial communities in Miers Valley, McMurdo Dry
Valleys, Antarctica. Front Microbiol 7:1642. [PubMed: 27812351]

Yung CCM, Chan Y, Lacap DC, Pérez-Ortega S, de los Rios-Murillo A, Lee CK, et al. (2014)
Characterization of chasmoendolithic community in Miers Valley, McMurdo Dry Valleys,
Antarctica. Microb Ecol 68: 351-359. [PubMed: 24671755]

Zucconi L, Onofri S, Cecchini CC, Isola D, Ripa C, Fenice M, et al. (2016) Mapping the lithic
colonization at the boundaries of life in Northern Victoria Land, Antarctica. Polar Biol 39(1): 91—
102.

Environ Microbiol Rep. Author manuscript; available in PMC 2021 April 20.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Coleine et al.

Relative abundances

100

Figure 1.

Page 11

. “Unclassified
=Verrucomicrobia
MISR1

~=Proteobacteria

= Planctomycetes

‘o' Gemmatimonadetes
' Fusobacteria

W Firmicutes

% DeinococcusThermus
M Cyanobacteria
lllCandidate_division_WPS2
iiiiBacteroidetes

B Armatimonadetes

'. Actinobacteria

— Acidobacteria

Relative abundances of the dominant bacterial OTUs in the cryptoendolithic communities in
Victoria Land, Antarctica. Abundances based upon sequence taxonomy classified at the rank

of Phylum.

Environ Microbiol Rep. Author manuscript; available in PMC 2021 April 20.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Coleine et al.

<-1

0OTU23 Actinomycetales
0OTU4 Corynebacterineae
OTU18 Frankineae

0OTU20 Granulicella

0TU32 Unclassified
OTU115 Pseudonocardineae
0TU322 Actinomycetales
0TU39 Conexibacteraceae
OTU587 Actinomycetales
0TU621 Comamonadaceae
0OTU191 Rhizobiales

OTU80 Acetobacteraceae
OTU150 Micromeonosporineae,
OTU412 Frankineae
OTU195 Micrococcineae
OTU37 Armatimonades
0TU98 Actinomycetales
OTU10 Rhizobiales

OTU7 Sphingobacteriaceae
0TU281 Unclassified
OTU12 Acetobacteraceae
OTU1 Cyanobacteria
OTUSS Planctomycetaceae
0TU27 Unclassified
0OTU334 Unclassified
OTU36 Corynebacterineae
OTU17 Granulicella

0TU21 Acetobacteraceae
0TU217 Actinobacteria
0TU233 Conexibacteraceae
0OTU43 Acidobacteria_Gpl
OTU16 Acetobacteraceae
0OTU31 Acetobacteraceae
0OTU25 Acetobacteraceae
OTUB1 Actinobacteria
OTU87 Armatimonades
OTU49 Mucilaginibacter
0TUE14 Acidobacteria_Gpl
0TU245 Unclassified
0TU129 Unclassified
0Tu249 Acetobacteraceae
0TU11 Armatimonades
0TU164 Conexibacteraceae
0OTU8 Acidisoma

OTU40 Micrococcineae
0TU24 Acetobacteraceae
0TU170 Planctomycetaceae
OTU70 Bacteroidetes

-1--0,5 W
-0,5-0 N
0-0,5 N
05-1

=1 -

Figure 2.

Heat map of the ‘core’ taxa relative abundance and UPGMA hierarchical clustering of sites.
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Pareto-Lorenz distribution curves based on the number of OTUs and their frequencies. The

dashed vertical line at the 0.2 x-axis level is plotted to evaluate the range of the Pareto
values. Each line represents a sampling site.
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Figure 4.

Spearman’s correlation ranks of biodiversity indices (Richness, Shannon’s diversity and

Simpson’s dominance indices) correlated to the altitudinal gradient.
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Figure 5.
Linear regression correlation between bacterial and fungal biodiversity (Fig. 5a) and fungal

and bacterial composition distances (Bray-Curtis distances, usign Hellinger transformed
OTUs tables). Correlation was also tested with Mantel test (<0.01).
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Diversity indices

Table 1.

Sites Reads Richness (S) Shannon (H’) Simpson (D) Pielou (J°)
Battleship Promontory ~ 66567 287 3.12 0.89 0.55
Trio Nunatak site 1 64152 57 2.59 0.88 0.64
Ricker Hills 64744 69 2.89 0.91 0.69
Mt Billing 59433 156 2.15 0.70 0.42
Trio Nunatak site 2 32481 101 2.24 0.82 0.48
Thern Promontory 54279 57 1.36 0.65 0.35
Bobby Rocks 61406 73 2.64 0.88 0.62
Mt Bowen 58002 157 2.64 0.86 0.53
Richard Nunatak 70826 86 2.55 0.87 0.58
Stewart Heights 75174 218 4.24 0.98 0.79
Timber Peak 64023 201 1.89 0.70 0.40
Mt New Zealand 61739 144 2.79 0.89 0.56
Shafer Peak site 1 66326 50 11 0.61 0.28
Shafer Peak site 2 65273 156 3.46 0.91 0.70
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Taxonomic identity of 48 core Operational Taxonomic Units (OTU) identified.

Table 2.

Taxonomic assignment

OTUid  Phylum (confidence >1) Identification (confidence >0.97)
OTUl Cyanobacteria -
OTU4 Actinobacteria Suborder Corynebacterineae
oTU7 Bacteroidetes Family Sphingobacteriaceae
oTu8 Proteobacteria Genus Acidisoma
OTU10 Proteobacteria Order Rhizobiales
OTU11 Armatimonadetes -
OTU12 Proteobacteria Family Acetobacteraceae
OTU16 Proteobacteria Family Acetobacteraceae
oTu17 Acidobacteria Genus Granulicella
OTU18 Actinobacteria Sub-order Frankineae
OTU20 Acidobacteria Genus Granulicella
OTU21 Proteobacteria Family Acetobacteraceae
OoTuU23 Actinobacteria Order Actinomycetales
OTU24 Proteobacteria Family Acetobacteraceae
0OTU25 Proteobacteria Family Acetobacteraceae
oTu27 Unclassified -
OTU31 Proteobacteria Family Acetobacteraceae
oTuU32 Unclassified -
OTU36 Actinobacteria Suborder Corynebacterineae
oTu37 Armatimonadetes -
OTU39 Actinobacteria Family Conexibacteraceae
OTU40 Actinobacteria Suborder Micrococcineae
OTU43 Acidobacteria Subgroup Acidobacteria Gpl
OTU49 Bacteroidetes Genus Mucilaginibacter
OTU58 Planctomycetes Family Planctomycetaceae
OTU70 Bacteroidetes -
OTU80 Proteobacteria Family Acetobacteraceae
OTuU81 Actinobacteria Phylum Actinobacteria
oTusr Armatimonades -
0OTU98 Actinobacteria Order Actinomycetales
OTU115 Actinobacteria Suborder Pseudonocardineae
OTU129 Unclassified -
OTU150 Actinobacteria Family Micromonosporineae
OTU164 Actinobacteria Family Conexibacteraceae
OTU 170 Planctomycetes Family Planctomycetaceae
OTu191 Proteobacteria Order Rhizobiales
OTU195 Actinobacteria Suborder Micrococcineae
oTu217 Actinobacteria Phylum Actinobacteria

Environ Microbiol Rep. Author manuscript; available in PMC 2021 April 20.

Page 17



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Coleine et al.
Taxonomic assignment

OTUid  Phylum (confidence >1) Identification (confidence >0.97)
OTU233 Actinobacteria Family Conexibacteraceae
0TU245 Unclassified -
0OTU249 Proteobacteria Family Acetobacteraceae
oTu281 Unclassified -
0OTU322 Actinobacteria Order Actinomycetales
OTU334 Unclassified -
0OTU412 Actinobacteria Sub-order Frankineae
OTU587 Actinobacteria Order Actinomycetales
OTU614 Acidobacteria Subgroup Acidobacteria Gpl
OTU621 Proteobacteria Family Comamonadaceae
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