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Although ice-free areas cover only about 0.1% of Antarctica and are characterized by harsh environmental conditions,
these regions provide quite diverse conditions for the soil-forming process, having various physical and geochemical
properties, and also assuring different conditions for living organisms. This study is aimed to determine existing soil
microbial communities, their relationship with soil parameters and the influence of anthropogenic activity in Larsemann
Hills, Eastern Antarctica. The soil microbiome was investigated at different locations using 16S rRNA gene
pyrosequencing. The taxonomic analysis of the soil microbiomes revealed 12 predominant bacterial and archaeal phyla—
Proteobacteria, Actinobacteria, Acidobacteria, Chloroflexi, Gemmatimonadetes, Verrucomicrobia, Planctomycetes,
Bacteroidetes, Armatimonadetes, Firmicutes, Cyanobacteria, Thaumarchaeota. Some specific phyla have been also
found in sub-surface horizons of soils investigated, thus providing additional evidence of the crucial role of gravel
pavement in saving the favorable conditions for both soil and microbiome development. Moreover, our study also revealed
that some bacterial species might be introduced into Antarctic soils by human activities. We also assessed the effect of
different soil parameters on microbial community in the harsh environmental conditions of Eastern Antarctica. pH, carbon
and nitrogen, as well as fine earth content, were revealed as the most accurate predictors of soil bacterial community
composition.

Keywords: extremophiles ; Antarctica ; soil parameters ; human impact ; microbial communities

| 1. Introduction

Although ice-free areas cover only about 0.1% of Antarctica, these regions provide quite diverse conditions for the soil-
forming process, having various physical and geochemical properties, and also providing different conditions for living
organisms. In Antarctica, microbial communities are generally the dominant biomass component of terrestrial ecosystems,
also they control most of the biological flux of carbon, nutrients and energy 2. Soil is an important component of
Antarctic ecosystems, since it determines their sustainability and serves as a habitat for living organisms. Soil
microbiomes play an essential role in the development of soil profiles and the implementation of soil biochemical
processes. Soil genesis is closely related to the activity and development of its microbiome &, Microorganisms play a key
role in ensuring the cycling of the main nutrients during the decomposition of organic material and in the formation of
organic matter in the soil.

Antarctica weakly obeys the general geographic law of latitudinal zoning. Remote ice-free areas (oases) are isolated from
each other and have no biological or even climatic connection, so they are more like islands in the ocean. According to
Bockheim and Hall &, three climatic zones can be distinguished in Antarctica: Subantarctic (including the South Shetland
Islands), Antarctic coastal and Antarctic continental zones.

Eastern Antarctica oases are characterized by climatic extremality, which in turn determines the specificity of soil
formation. Acute lack of moisture, ultraviolet radiation, sharp temperature changes and strong winds significantly reduce
the primary production of organic matter and the formation of organogenic horizons on the surfaces of loose and rocky
substrates that prevail in Eastern Antarctica oases [Bl. An important feature of the landscapes of the oases is that most of
the biomass is concentrated beneath the mineral surface, which greatly changes the vertical organization of the soil
profile. In these extreme habitats, the leading role in soil formation belongs to the most adapted fungi and bacteria €.

Investigation of microbial communities in extreme environments have been actively discussed in recent decades. Many
researchers indicated a significant diversity of microorganisms in Antarctic soils and rocks WIEIE Special attention has
been given to investigation of cryptoendolithic systems to reveal fungal and bacterial community structure in harsh
environments of different regions of Antarctica PQILUR2I3] preyvious studies of microbial communities in soils have been
mainly conducted in the Transantarctic region of the Victoria Land, Antarctic Peninsula and surrounding Islands. According
to these investigations, microbial communities in Western Antarctica are dominated by several bacterial phyla, such as
Proteobacteria, Bacteroidetes, Actinobacteria, Cyanobacteria, Verrucomicrobia, Thermotogae, Fibrobacteres,



Deinococcus-Thermus and Chlorobi 21511617 At the same time, the microbial communities of Eastern Antarctica
coastal oases remain less investigated. Moreover, relatively little attention has been shown towards soil microbial
communities, although they could serve to enhance our knowledge on life adaptation strategies under such harsh
environmental conditions. It has been shown that soil bacterial communities in Eastern Antarctica contain a significant
amount of small filtering bacterial forms, which is considered as an adaptation to the harsh climatic conditions of
Antarctica €8], A role of human impact on soil bacterial diversity in Eastern Antarctica has been rarely investigated as
well. Previously, anthropogenic factor were found to affect both soil geochemical properties and soil bacterial diversity
from sites around Casey Station . Nowadays, anthropogenic impact on the natural ecosystems of both Western and
Eastern Antarctica is expressed not only in contamination, but also in various physical disturbances, such as soil over-
compaction caused by mechanical impact, soil surface consumption by a waste disposal and changes in thermal regime
(especially in the areas of polar stations and their surroundings).

The human disturbance footprint for the entire Antarctic continent has recently been calculated 18920 Effective
realization of environmental protection measures is vital for saving unique ecosystems of the sixth continent as well as for
appropriate compliance of the Antarctic Treaty’s fundamental principles. These measures include environmental impact
assessment and permanent monitoring of various components in natural ecosystems, such as soil. Due to the unique
geological structure, biological diversity and increasing rates of human activity (e.g., tourism activity, chemical
contamination and physical disturbance of surface and permafrost), the Antarctic Specially Managed Area (ASMA-6) has
been designated in the Larsemann Hills. Additionally, the Antarctic Specially Protected Area (ASPA Ne 174) has been
established in the area of Stornes Peninsula to “protect the outstanding geological features of this area, specifically the
rare mineral occurrences and the highly unusual host rocks in which they occur” 24,

It should be concluded that soil microbiological studies in Antarctica are still lacking in regard to investigation of taxonomic
composition and functional diversity of microbiome. Although some research revealed the Antarctic microbiome as unique
[22)123]  other studies showed microbiome composition similar to other regions of the Earth (251241 Moreover, increased
rates of anthropogenic forcing (tourism activities, logistic load, functioning of the numerous scientific stations) require
more attention to be paid, with specific studies dedicated to revealing the possible changes in microbiome due to
anthropogenic transformation. Modern pyrosequencing techniques allow not only to identify the culturable bacteria in
various Antarctic environments, but also delineate the wide spectra of unculturable bacteria associated with humans. In
this respect, using the next-generation sequencing techniques to study the microbiome of soils in vicinities of Antarctic
stations are especially relevant, since these data are still poor (23],

Moreover, comprehensive knowledge of the microbial community is needed for studying the fundamental problem of
mineral substrate transformation under extreme climatic conditions of Antarctica. This is especially relevant in regards to
studying the initial soil-forming process and finding the modern analogues of Precambrian soils 28,

| 2. Soil Physical-Chemical Properties

The main physical-chemical parameters of investigated soils are summarized in Table 1. Values of pH in all studied soils
were moderately acidic to slightly neutral. This is due to the absence of the salt accumulation from the ocean acid to the
neutral nature of parent materials. The soils investigated contained different amounts of total organic carbon (TOC), which
ranged from 0.54 to 1.64%, being the highest in sub-surface algal-mineral and moss—algal-mineral horizons in natural
sites. Therefore, we can summarize that soils of Larsemann Hills have different levels of carbon and nitrogen
accumulation, being lower than reported for Maritime Antarctica 2712812911301 Additionally, carbon to nitrogen (C:N) ratio
varied between 10.48 and 16.33. A narrow range observed in some topsoil horizons could be explained by the presence
of well-decomposed organic matter (mainly peat material). This has been also described for soils in Eastern Antarctica
previously (28, Basal respiration (BR) rates ranged from 0.006 + 0.001 to 0.150 + 0.010 mg g~ day™%, which is in
agreement with results previously published for coarse soils of Antarctica BU32. Higher values of BR were observed at
sub-surface horizons with hypolithic algae—bacterial communities. However, it should be noted that higher basal
respiration rates could be found in soils under strong influence of birds (penguin rockeries, nesting sites of penguins and
flying birds), which were described previously for both Western and Eastern Antarctica [23I34I85] The percentage of fine
earth ranged between 18.99 to 31.98% in studied soils of Larsemann Hills, with highest values in sub-surface horizon with
more favorable conditions for fine earth formation.

Table 1. Soil physical-chemical parameters + SD.



3 . Basal Respiration, mg g1 Fine Earth
Site PHH20 PHkci TOC, % N, % C:N day_l (<2 mm), %
Anthropogenically-Affected Sites
Progress 585+ 5.23 % 0.87 % 0.083+ 10.48 = 18.99 +
+
1 0.53 0.42 0.10 0.005 1.27 0.009 £ 0.001 1.23
Progress 5.32 % 0.062 12.26 2191+
2 0.56 4.89+0.32 0.76 +0.16 +0.005 2.09 0.008 + 0.001 1.97
Near-Natural Sites
Lars 1 6.42 * 5.76 = 0.89 % 11.13 * 21.78
+ +
(0-1cm) 0.56 0.45 0.12 0.08 £0.010 1.56 0.010 £ 0.002 1.86
Lars 1 5.54 = 1.50 + 12.50 *+ 31.98
+ + +
(1-5 cm) 6.01 +0.43 0.31 0.12 0.12+ 0.01 123 0.101 + 0.006 1.98
Lars 2 6.21 * 5.86 = 0.98 16.33 22.03 +
+ +
(0-1cm) 0.42 0.23 0.12 0.06 £0.01 1.86 0.009 £ 0.001 1.54
Lars 2 5.98 + 5.54 * 1.65 * 10.84 = 29.87 =
+ +
(1-5cm) 0.32 0.27 0.17 0.15+0.03 0.87 0.150 + 0.010 1.50
Lars 2
6.03 5.65 * 0.54 % 13.50 19.87
(15-25 0.24 0.23 0.08 0.04 £ 0.01 1.24 0.006 + 0.001 165
cm)
6.04 5.76 = 0.87 % 10.88 = 21.09
+ +
Lars 3 0.21 0.21 0.10 0.08 + 0.02 1.26 0.007 + 0.001 178

The main limiting factor for soil formation in Eastern Antarctica oases is the lack of moisture. Melting snow in the summer

months is the determining regulator of bio- and pedological diversity 2128l |n conditions of very low liquid precipitation, low

air humidity existence of living organisms is supported mostly by melting water from snow patches. However, usually soil

parameters of Eastern Antarctica do not show any clear trend in profile distribution and could be largely affected by

microclimate effect and local-scale variability B2,

| 3. Microbiome Composition of Studied Soils

The taxonomic analysis of the soil microbiomes revealed 12 major bacterial and archaeal phyla-Proteobacteria,

Actinobacteria, Acidobacteria, Chloroflexi, Gemmatimonadetes, Verrucomicrobia, Planctomycetes,

Bacteroidetes,

Armatimonadetes, Firmicutes, Cyanobacteria and Thaumarchaeota, which constituted the majority (>96% of sequences in

amplicon libraries) (Figure 1). The rest of the identified phylum accounted for less than 0.01% of the total.

Figure 1. Taxonomic composition at phylum level of soil microbial communities of investigated soil samples.
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To evaluate the alpha-diversity of the soil microbiomes, OTUs were identified and several indices (Shannon, Simpson and
Phylogenetic diversity) were calculated (Table 2). For OTUs that significantly differed between the samples, further
taxonomic identification using the RDP and GenBank databases were conducted. Only the OTUs that had more than 98%
identity to the nearest homologous sequence in GenBank (the sequences with known taxonomic names were used) were
included in the analysis. A significant proportion of these OTUs were homologous to species found in polar environments
(both in Arctic and Antarctic regions), among which were samples from glacial forefield in Larsemann Hills (22 and Fildes
Peninsula, King George Island 22,

Table 4. Alpha-diversity parameters of investigated soils microbiomes.

Site OTUs PD_Whole_Tree Simpson Index Shannon Index

Anthropogenically-Affected Sites

Progress 1 504 £ 32 40+ 3.5 0.985 +0.12 5.02 £0.78

Progress 2 760 = 28 58+4.1 0.981 + 0.15 5.31+0.85

Near-Natural Sites

Lars 1 (0-1cm) 566 + 26 45+3.5 0.984 +0.17 5.10 = 1.02
Lars 1 (1-5 cm) 513+25 46 £5.2 0.967 £0.11 4.85 + 0.65
Lars 2 (0-1 cm) 476 + 22 40 £ 4.2 0.981 +0.14 4.85 +0.98
Lars 2 (1-5 cm) 590 + 29 46 £6.1 0.959 £ 0.15 4,75 +0.76
Lars 2 (15-25 cm) 31021 28 %53 0.945 + 0.23 4.02 +0.73
Lars 3 403 + 22 41.5%+45 0.979 £ 0.25 4.63 + 0.56

OTUs number varied significantly among studied soil samples (from 310 in transitional horizon of Lars 2 site to 760 in
surface Progress 2 sample). Shannon’s index mean values ranged from 4.02 to 5.31 in studied samples. Similar values
has been reported previously for different glacier forefield areas of Larsemann Hills 22, Lower values of Shannon’s index
have been observed in soils (3.3) and endoliths (2.8) of McKelvey Valley, McMurdo Valley B8, Other investigations on
endolithic microbial communities also reported lower values of this index B2[43. However, significantly higher values of the
Shannon’s diversity index have been reported for the Maritime Antarctica soil microbiome 23!,

The highest diversity was found in the Progress 2 sample, which corresponds to the topsoil from the field base facilities.
The soil surface is experiencing an active physical disturbance during the summer season, when numerous scientific
operations are carried out. The site is also affected by vehicles since the site is used for logistical support for Progress
airfield. High alpha-diversity at this site might be also caused by high amount of available moisture, since the site is
located in wet valley accumulating water from melting snow patches and precipitation. The highest phylogenetic diversity
(PD_tree) was also found in topsoil sample from Progress 2 site. Therefore, we can suppose that the higher Shannon
index here is caused by anthropogenic inputs. Simpson’s diversity index varied less significantly among studied soil
samples (from 0.945 in Lars 2 transitional horizon to 0.985 in topsoil from anthropogenically-affected site at Progress
station). These values are higher compared to previously reported data reported for different endolith types from the
McKelvey Valley B8, Miers Valley 22, different locations in McMurdo Valleys 49 as well as for soils of the glacier forefield
in Larsemann Hills (22,

A clear trend of decreased alpha-diversity in deep soil horizons (where no features of macroscopic life is observed) was
revealed for near-natural sites. The lowest alpha-diversity values were observed for transitional BC horizons of Lars 2
profile (Figure 2). However, this is not always true for soil profiles in Eastern Antarctica—especially in bottoms of wet
valleys, where cryogenic processes (cryoturbation, patterned ground formation, frost sorting) are very active. A
characteristic feature of Eastern Antarctica—presence of life mainly in sub-surface soil layers, which are not under direct
influence of harsh conditions (UV-radiation, strong winds, low temperatures)—lead to heterogeneity of profile distribution
of soil organisms. The mineral substrate in soils serves as a protector for microorganisms.
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Figure 2. PCoA analysis of weighted UniFrac distance matrix representing -diversity of the prokaryotic communities.
PC1, PC2 and PC3 are the main coordinate axes of the multidimensional space, with the values of the explained variance
(percentage).

In general, soils of sub-surface layers at both anthropogenic and near-natural sites showed greater evenness and
richness compared to surface and deep soil horizons. At the same time, the area under anthropogenic influence (Progress
2 site) showed the highest richness, which indicates that human impact could lead to introducing some bacterial species
into Antarctic soils. Ordination analyses of weighted UniFrac distances for bacteria supported these trends in alpha
diversity (Figure 2).

The content of microorganisms in soils of Eastern Antarctica was previously counted €. Authors investigated microbial
biomass in soils of Thala and Larsemann Hills and noticed a significant amount of bacterial filtering forms, which by their
small size might indicate an adaptation to severe environmental conditions of Eastern Antarctica coastal oases. It was
also reported less biomass in soils of the Thala Hills, which were caused by less developed moss cover on the soil
surface. This coincides with our data of higher bacteria abundance in soils with developed moss cushion under gravel
pavement in near-natural profiles, where sub-surface horizons were examined.
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