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The rhizosphere microbiome of the native Antarctic hairgrass Deschampsia antarctica from the central maritime
Antarctic was investigated using 16S RNA metagenomics and compared to those of the second native Antarctic plant
Colobanthus quitensis and closely related temperate D. cespitosa. The rhizosphere microbial communities of D. antarctica
and D. cespitosa had high taxon richness, while that of C. quitensis had markedly lower diversity. The majority of bacteria
in the rhizosphere communities of the hairgrass were affiliated to Proteobacteria, Bacteroidetes, and Actinobacteria. The
rhizosphere of C. quitensis was dominated by Actinobacteria. All microbial communities included high proportions of
unique amplicon sequence variants (ASVs) and there was high heterogeneity between samples at the ASV level. The
soil parameters examined did not explain this heterogeneity. Bacteria belonging to Actinobacteria, Bacteroidetes, and
Proteobacteria were sensitive to fluctuations in the soil surface temperature. The values of the United Soil Surface
Temperature Influence Index (UTII, I';) showed that variations in most microbial communities from Galindez Island were
associated with microscale variations in temperature. Metabolic predictions in silico using PICRUSt 2.0, based on the
taxonomically affiliated part of the microbiomes, showed similarities with the rhizosphere community of D. antarctica in
terms of the predicted functional repertoire. The results obtained indicate that these communities are involved in the primary
processes of soil development (particularly the degradation of lignin and lignin-derived compounds) in the central maritime
Antarctic and may be beneficial for the growth of Antarctic vascular plants. However, due to the limitations associated with

interpreting PICRUSt 2.0 outputs, these predictions need to be verified experimentally.
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Antarctica contains some of the world’s most pristine
and severe environments due to its geographical isolation
and the effects of physical stressors, including low temper-
atures, intense UV radiation, and desiccation (Convey et
al., 2014, 2018). At least 99.6% of terrestrial Antarctica is
permanently covered by ice and snow, with the majority of
ice-free areas being located in coastal regions, particularly
in the western Antarctic Peninsula and Scotia Arc archipe-
lagoes (Terauds et al., 2012; Burton-Johnson et al., 2016).
Only a small fraction of this ice-free area is visibly colon-
ized by macroscopic algae, bryophytes, and vascular plants
(Alberdi et al., 2002; Gray et al., 2020).

Two vascular plants are native to the maritime Antarctic,
the Antarctic hairgrass Deschampsia antarctica E. Desv. and
the pearlwort Colobanthus quitensis (Kunth) Bartl. Both
generally occur in mixed communities with bryophytes
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and lichens and in relatively small patches (Smith, 2003;
Bokhorst et al., 2007; Parnikoza et al., 2009). They also
occur in coastal areas along the length of the western Ant-
arctic Peninsula, reaching northern Alexander Island (69°S),
as well as in southern and Andean South America (Convey
et al., 2011). The very limited number of vascular plant
species in the maritime Antarctic has led to them being
of scientific interest in the context of their colonization of
the region (Smith, 2003; Parnikoza et al., 2007; 2011). To
date, no adaptations exclusive to the Antarctic have been
discovered in either species (Mantovani and Vieira, 2000;
Barcikowski et al., 2001; Gielwanowska and Szczuka,
2005). Their ability to survive in Antarctica appears to be
attributed to interactions with other organisms that have co-
evolved with these plants, and not to specific mechanisms
or adaptations (Parnikoza et al., 2012; Ozheredova et al.,
2015). The interaction of D. antarctica with birds assists
in its dispersal (Parnikoza et al., 2018). Other advantages
may be obtained through interactions with prokaryotes. Pro-
karyotes are important for plant survival and are the domi-
nant biomass component of Antarctic terrestrial ecosystems
(Wynn-Williams, 1990; Pointing ef al., 2009).

Prokaryotes are recognized as the primary drivers of
nutrient cycling in soils and may be impacted by a num-
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ber of factors, including pH, total carbon, nitrogen, mois-
ture, and other edaphic parameters (Chong et al., 2009;
2010; 2012; Ganzert et al., 2011; Stomeo et al., 2012;
Wang et al., 2015). Temperature is considered to be an
important factor influencing the diversity of bacterial com-
munities in maritime Antarctic soils (Dennis et al., 2019).
Prokaryotes living in the vicinity of a plant root are often
associated with plant development and health, productivity,
and defense against pathogens (Berg and Smalla, 2009;
Lugtenberg and Kamilova, 2009). Their beneficial effects
on plant development include facilitating resource acquis-
ition, modulating phytohormone levels, and synthesizing
antibiotics and lytic enzymes. Rhizosphere bacteria increase
the bioavailability of some of the nutrients required by
plants. Soil bacteria, such as Rhizobium, Bradyrhizobium,
and Azospirillum, are involved in nitrogen fixation and
its supply to plants (Glick et al, 2007; Lugtenberg and
Kamilova, 2009). Rhizosphere bacteria are also capable of
solubilizing phosphorus and iron compounds through the
synthesis of phosphatases, phytases, phosphatases and C-P
lyases, organic acids, and iron-mobilizing proteins known
as siderophores (Rodriguez and Fraga, 1999; Richardson,
2001; Rodriguez et al, 2004). Some bacteria-derived
compounds directly promote plant growth, such as
phytohormones (e.g. indole acetic acid [IAA]), I-
aminocyclopropane-1-carboxylate (ACC) deaminase, 2,3-
butanediol, and acetoin (Glick et al., 2007; Dodd et al.,
2010; Spaepen and Vanderleyden, 2011). Bacteria are also
capable of indirectly affecting plants through the synthesis
of antibiotics and lytic enzymes that act against pathogenic
organisms (Whipps, 2001; Glick, 2012).

A number of studies have examined Antarctic vascular
plant root-associated microorganisms at various localities
in one specific region of the northern maritime Antarc-
tic, the South Shetland Islands. Various bacterial strains
(Pseudomonas sp., Flavobacterium sp., Arthrobacter sp.,
and Clostridium sp.) have been isolated from the rhizo-
sphere of D. antarctica, some of which possess plant-
beneficial properties, such as phosphorus solubilization
and plant growth promotion (Barrientos-Diaz et al., 2008;
Berrios et al., 2013; Peixoto et al., 2016). Members of the
genera Rhodococcus, Enterobacter, Devosia, Burkholderia,
Arthrobacter, and Planococcus isolated from the rhizo-
sphere of Antarctic vascular plants improved their ability
to tolerate salt stress (Gallardo-Cerda et al., 2018). In addi-
tion to culture-dependent studies, 454 pyrosequencing has
been applied to examine the composition of microbial com-
munities in the rhizosphere soil of D. antarctica and C.
quitensis (Teixeira et al., 2010) on King George Island. This
study showed similar patterns of bacterial diversity between
the two plant species, and the genera Bifidobacterium,
Arcobacter, and Faecalibacterium appeared to be domi-
nant in the rhizosphere microbiomes. Roesch et al. (2012)
studied microbiomes from soil taken from a number of
plant communities on the Keller Peninsula (King George
Island), and identified pH as the best predictor of the
microbial community structure. The recent application of
shotgun metagenomics to investigate the structure and func-
tions of the rhizosphere microbial communities of plants
growing on Livingstone Island identified Sporosarcina and
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Chryseobacterium as the most abundant genera (Molina-
Montenegro et al., 2019).

The wider Antarctic distributions of these two plant spe-
cies encompass localities that vary widely in their edaphic
and microclimatic conditions. Even at relatively small spa-
tial scales, habitats differ widely in the time since deglacia-
tion, the underlying geology, soil development, and overall
vegetation. To extend the generality of the few studies
performed on Antarctic rhizosphere microbiomes, the geo-
graphic coverage of the plant populations examined needs
to be expanded. C. quitensis colonizes similar biotopes
and experiences the same abiotic stresses as D. antarctica,
which encourages similarities in the composition of the rhi-
zosphere. On the other hand, plant species may themselves
be an important factor shaping the rhizosphere community.
Comparisons of rhizosphere microbiome compositions with
the second native Antarctic plant C. quitensis and other
closely related non-Antarctic hairgrass species, such as D.
cespitosa, are also appropriate. Therefore, the present study
focused on the populations of Antarctic hairgrass that are
present in the Argentine Islands and Palmer Archipelago
(Parnikoza et al., 2007; 2018) in the central maritime Ant-
arctic, which is approximately 400 km south of the South
Shetland Islands. The aim of this study was to describe the
diversity, taxonomic composition, and potential functional
repertoire, including plant growth-promoting capacity, of
the rhizosphere microbial communities associated with Ant-
arctic hairgrass growing on different parts of Galindez and
Anvers Islands, and compare them with the rhizosphere
microbiomes of C. quitensis and D. cespitosa.

Materials and Methods

Sampling sites and sampling procedure

Sampling was conducted in February 2018, during the 23
Ukrainian Antarctic Expedition, on Galindez Island (Argentine
Islands) near the Ukrainian Vernadsky Antarctic Station and on
Anvers Island at Gamage Point near the US Palmer Station
(Palmer Archipelago). The Argentine Islands and Palmer Archi-
pelago are located on the coastal shelf of the western Antarctic
Peninsula (Fig. 1 and Table 1). Rhizosphere soil (soil aggregated
around plant roots) was collected under nine populations of D.
antarctica on Galindez Island (Table 1: samples D1, D2, D4, D5,
D7, D8, D9, D11, and DI12) and three populations on Anvers
Island (Table 1: samples PAO, PA20, and PA26; Fig. 1). One
sample of the closely related species D. cespitosa (L.) P. Beauv.
was collected in Punta Arenas, Chile (-53.163967, -70.896633) for
comparison with the microbiome of the Antarctic hair grass rhizo-
sphere; this sample was obtained within the project FONDECYT
1181745 (the influence of penguin colonies on the development
of tundra communities in the Antarctic Peninsula) in collaboration
with Dr. A. Casanova-Katny. Fourteen samples of rhizosphere soil
were used in analyses (Table 1). In an initial comparison of the
rhizosphere of the Antarctic hair grass with the second native
Antarctic vascular plant, one sample from a single population of C.
quitensis on Galindez Island (Table 1: sample D6) was collected.
C. quitensis has a very limited occurrence in the Argentine Islands.

The vegetation of the sampling locations included communities
of the bryophyte carpet and mat subformation with D. antarctica
(Table 1). The cover of D. antarctica at specific sampling locations
varied between 1 and 15% at the time of collection (Table 1).

The main types of soils on Galindez and Anvers Islands (lep-
tosols) have undeveloped profiles with a shallow active layer (4—
20 cm), are present in small niches between rocks, and provide
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Fig. 1. Location of sampling sites on Galindez and Anvers Islands, western Antarctic Peninsula, the maritime Antarctic.

Table 1. Description and coordinates of sampling locations; IVC-individual vegetation cover of Deschampsia sp.
Sample ID Area Locations, description, coordinates (Latitude, Longitude) Type of Vegetation IVC*, %
PAO Anvers Gamage Point; near Terra lab, gravel; 22 m a.s.L; D. antarctica on gravel with Psoroma sp. <1
-64.77455, -64.051617
PA20 Gamage Point; coastal rock near the fuel pump house, D. antarctica with bryophytes 1-3
gravel, 10 m a.s.l.; -64.774767, -64.053267
PA26 Gamage Point; coastal rock near Survey Control D. antarctica with bryophytes 1
Monument, gravel, 17 m a.s.1; -64.774183, -64.055367
D1 Galindez ~ Meteo Point; rocky coast of Marina Point, gravel, D. antarctica affected by penguin nitrate 1
13 m a.s.1; -65.244767, -64.2558 input with bryophytes and Prasiola crispa
D2 Marina Point; near the main station building; gravel, D. antarctica with bryophytes 30
12 m a.s.l; -65.245667, -64.256817
D4 Penguin Point; rock tower, limited guano input; gravel, D. antarctica with P. crispa on 3
7 ma.s.l; -65.248600, -64.238230 limpet deposits
D5 Hovorukha Dome top under Anna Hill; gravel, 45 m a.s.l; D. antarctica with bryophytes 1
-65.248267, -64.245433
D6 Roztochia Rigde; rock surface, gravel, 19 m a.s.l.; D. antarctica and C. quitensis 3
-65.248100, -64.243240 with bryophytes
D7 Krapla Rock; coastal rock, gravel, 16 m a.s.l.; D. antarctica on limpet deposits 5
-65.247017, -64.243167,
D8 Marina Point; near the diesel station, gravel; 3 m a.s.l.; D. antarctica with bryophytes 3
-65.24585, -64.25765
D9 Neck Ridge; coastal rocks, gravel, 14 m a.s.l.; D. antarctica with bryophytes 15
-65.245467, -64.249867
DIl Cemetry Ridge; rock surface, limpets, gravel, 17 ma.s.l.;  D. antarctica with bryophytes 1
-65.246317, -64.248533
D12 Stella Point; coastal rock, gravel and limpet shells, D. antarctica with bryophytes 10
10 m a.s.l.; -65.24745, -64.252733
PuA Punta Arenas Shore of the Magellan Strait; alluvium, 1 m a.s.l.; in a coastal sandy community with Leymus 6

-53.163967, -70.896633

arenarius (L.) Hochst. and Matricaria sp.,
Rumex sp. near a coastal stream
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limited opportunities for root growth (Fig. S2). At each sampling
site, the upper layer of soil under the plant was removed, and soil
surrounding the root system (1-2 mm around the root) was col-
lected in a sterile 15-mL Falcon tube. DESS solution (Pavlovska et
al., 2021) was added to the sample at a volume ratio of 3:1 for the
preservation of prokaryotic cells and DNA during transportation.
Samples were stored at —20°C and DNA was extracted within one
month of collection.

Measurement of soil chemical parameters

Primary soils in Antarctica have low depth and typically occupy
small areas in crevices between rocks and under vegetation cover.
Since the intensive sampling of soil may lead to the destruction
of the ecosystem, we limited our sampling and used existing data
(Parnikoza et al., 2016) on soil chemical parameters from sampling
sites on Galindez Island. Parameters included total organic carbon,
pH, the total contents (%) of N, P,Os, and K,O, and the concentra-
tions (mg kg') of Cu, Ni, Pb, Cd, Zn, Mn, and Fe. The same
parameters were measured for samples obtained on Anvers Island.
Briefly, soil samples were air-dried, ground using an agate mortar
and pestle, and sieved through a 2-mm sieve. The samples obtained
were divided into sub-samples and used in further analyses. pH
was measured in a 1:5 (volume fraction) suspension of soil in
water and in 1 M KCI solution according to ISO 10390:2005 on a
SevenMulti Benchtop Meter (Mettler-Toledo). In further analyses,
sub-samples were ground using the mortar and pestle and sieved
through a 0.25-mm sieve. The total organic carbon content was
measured using the wet combustion method (ISO 14235: 1998).
The absorbance of the solutions obtained was measured spectro-
photometrically using a SPEKOL 2000 spectrophotometer (Analy-
tik Jena). Total nitrogen content was assessed using the modified
Kjeldahl method (ISO 11261:1995 Soil). The microwave-assisted
digestion of soil samples in concentrated HNO; was performed in
DAP-60K vessels in MWS-2 (Berghoff). The contents of P, K, S,
and other chemical elements were measured using an ICP-OES
Spectrometer iCAP 6300 Duo (Thermo Fisher Scientific). Double
distilled water was used for all steps of soil analyses. Chemical
content is expressed as the proportion of dry matter.

Measurement of the soil surface temperature

HOBO UA-002-64 loggers were installed between plant clumps
in the populations of D. antarctica (D1, D2, D4, D5, D7, D8,
D9, D11, and D12) and population D6 (D. antarctica and C.
quitensis with bryophytes) on Galindez island. The temperature
of the soil surface was recorded every 30 min between 09.04.2017
and 07.04.2018.

DNA extraction and sequencing

DNA was extracted from soil using the Quick-DNA Fecal/
Soil Microbe Kit (Zymo Research) following the manufacturer’s
instructions. The concentration and purity of DNA were quan-
tified using a Nanodrop ND-1000 spectrophotometer (Thermo
Fisher Scientific). The 16S rRNA gene V4 region was sequenced
by the Illumina MiSeq platform (MR DNA) using the bacte-
rial primer pair S-D-Bact-0341-b-S-17 and S-D-Bact-0785-a-A-21
(Klindworth et al., 2013), with a barcode on the forward primer.
Prior to sequencing, single-step 28-cycle PCR was performed
using the HotStarTaq Plus Master Mix Kit (Qiagen) under the
following thermal conditions: 94°C (3 min), 28 cycles of 94°C
for 30 s, 53°C for 40 s, and 72°C for 1 min, with final elongation
at 72°C for 5 min. PCR products were checked using a 2% agar-
ose gel.

Bioinformatics and statistical analysis

Raw sequencing data were demultiplexed, denoised, quality fil-
tered, and taxonomically assigned using the QIIME2 2019.7 pipe-
line (Bolyen et al., 2019). Sequences shorter than 150 bp were
discarded. There were 75,851 to 107,201 sequences per sample,
with a total of 8,298 amplicon sequence variants (ASVs) identified
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after quality filtering. Taxonomy was assigned using the Green-
genes 13 8 database. Shannon index values and the Bray-Curtis
distance matrix were estimated with the “diversity core metrics”
plugin in QIIME2 2019.7. Sequences were uploaded to the NCBI
database under accession number PRINA591781.

PICRUSt 2.0 (Douglas, G., et al. 2019. PICRUSt2: An
improved and customizable approach for metagenome inference.
biorxiv. https://doi.org/10.1101/672295) was used to estimate the
abundance of gene families (KEGG orthologs, Enzyme Classifi-
cation numbers) and MetaCyc ontology predictions contributed
to a metagenome by prokaryotes identified using 16S rRNA
sequencing. Conclusions about microbiome functions derived from
PICRUSt 2.0 may be treated as hypotheses that require further
in-depth validation through functional assays. PICRUSt 2.0 was
run in QIIME2 2019.7 with the command “qiime picrust2 full-
pipeline” with mp as a hidden-state prediction (HSP) method, and
2 as the maximum NSTI value.

Further analyses were performed using R Studio 3.6.0 and the
packages ‘biomformat’, ‘vegan’, and ‘EdgeR’. Shapiro-Wilk tests
of normality were run to test the normality of alpha-diversity data.

The Kruskal-Wallis rank-sum test (P=0.05) was used to com-
pare alpha-diversity data between groups and the abundance of
prokaryotic taxa at the phylum and family levels between com-
munities from Galindez and Anvers Islands. A general linear
model with a negative binomial distribution (‘EdgeR’ package)
was used to identify significant relationships between chemical
factors and bacterial families in rhizosphere communities. P-values
were corrected to account for multiple comparisons using the false
discovery rate (q-value) method (Benjamini and Hochberg, 1995).
Results with g-value <0.05 were considered to be significant. Only
data for the rhizosphere microbiome of D. antarctica were consid-
ered for these calculations due to the lack of replication for other
plant species.

A Mantel test was applied to assess the influence of tempera-
ture on taxon abundance in rhizosphere microbial communities.
Pairwise comparisons were performed on the relative abundance
of bacterial phyla spatial differences and average temperature spa-
tial differences in December 2017, January 2018, and February
2018. These two matrices were compared using the Mantel test
(Pollard, 1982; Legendre et al., 2015). The temperature spatial
differences matrix was also compared with the Weighted Unifrac
Distance matrix calculated for the rhizosphere microbial commun-
ities from Galindez Island to estimate the impact of soil surface
temperatures on microbial community compositions. The extreme
grouping method was used to calculate the United Soil Surface
Temperature Influence Index (UTIL, /) for rhizosphere microbial
communities as described by Miryuta ez al. (2019).

Results

Soil chemical parameters

Carbon and nitrogen contents differed in soils from
Galindez and Anvers Islands (Table 2). The input of bird
guano through proximity to bird rookeries, along with
decaying plant material, was responsible for the high soil
carbon and nitrogen contents on Galindez Island. These
soils had a neutral or slightly acidic pH, a high organic
content with the initial stages of humification, and a high
C:N ratio (Table 2). Soil from Anvers Island had lower
carbon and nitrogen contents (Table 2) and a slightly acidic
pH. No consistent patterns were observed in the contents
of potassium, phosphorus, or trace elements, with high var-
iations being noted across samples.
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Table 2. Chemical parameters of rhizosphere soil from Deschampsia antarctica and Colobanthus quitensis populations*
. Total content, % Trace elements, mg kg™
Sample ID Type of soil Corg,% C:N pHH,0 -
N P,O; K,O Cu Zn Pb Cd Ni Mn Fe
DI1* Leptosol 47 18.1 5 26 1.7 02 439 508 638 07 1.6 543 13,200
D2* Leptosol 27 10.5 6.3 26 1.9 0.1 1925 6165 1,760 29.8 114 2525 15,700
D4* Ornithic Leptosol 10.6 8.9 7.6 1.2 83 02 0.2 0.4 5.8 0.6 22 0.6 4.5
D5* Ornithic Leptosol 21.3 10.5 7.4 20 7.1 02 0.3 0.5 5.5 1 2.5 1 5.5
D6* Leptosol 41.9 21.1 6.7 20 32 02 0.2 8 48 10.1 44 362 3.8
D7 Leptosol nd nd nd nd nd nd nd nd nd nd nd nd nd
D8* Gleysol 41.2 14 5.2 29 28 03 70 52.2 12.4 2 2.2 90 12,200
D9* Leptosol 32.8 214 6.8 1.5 1.0 0.2 1,856 667.1 741.3 209 122 77.1 18,600
DI11* Leptosol 45.1 18 6.2 25 20 05 18 55.4 6.3 28 1.5 1043 14,900
D12* Leptosol 63 22.8 5.5 2.8 1.6 02 30.5 532 6.9 2.8 3 76.3 25.8
PAO Leptosol 0.3 17.6 6.5 0.02 35 03 123 93 187 37 6.5 267.5 24500
PA20 Leptosol 0.2 18.5 6.1 0.01 40 03 157 139 38 54 74 2865 26,900
PA26 Leptosol 1.0 7.8 6.5 0.1 3.0 04 164 250 143 122 6.1 339 20,800

nd—no data available
* Data from Parnikoza et al., 2016

Table 3. Estimated ASV richness and diversity indices for 16S rRNA libraries of rhizosphere samples from Deschampsia
antarctica, Deschampsia cespitosa, and Colobanthus quitensis
Sample ID No. of No. of Unique Shannon No. of No. of No. of
reads ASVs ASVs, % Index EC numbers KEGG Orthologs MetaCyc pathways
D1 75,851 1,392 25.2 9.4 1,067 2,007 404
D2 77,380 1,474 53.8 9.2 1,027 2,034 402
D4 76,704 1,501 30.1 9.5 1,002 1,952 412
D5 92,998 1,035 46.7 8.5 1,067 2,054 406
D6 92,778 125 54 1.0 777 1,430 370
D7 107,201 582 19.6 52 1,001 1,909 385
D8 106,125 765 59.0 7.2 1,035 1,995 389
D9 101,857 955 26.4 7.7 1,049 2,064 380
D11 94,864 953 22.6 7.8 1,076 2,087 395
D12 99,431 1,070 61.2 8.0 1,006 1,900 395
PAO 102,248 597 41.2 7.0 1,013 1,991 389
PA20 79,680 1,228 63.3 8.9 1,014 1,910 404
PA26 92,449 1,228 56.7 8.9 1,030 1,967 395
PuA 78,018 1,113 24.5 8.8 1,040 2,053 396
Total 1,184,806 8,298 2,273 7,364 427

Sequencing outputs and diversity of rhizosphere microbial
communities

[llumina MiSeq identified between 75,851 and 107,201
sequences (Table 3) of the partial 16S rRNA gene per sam-
ple, with an average length of 251 bp. Based on rarefaction
curves (Fig. S1), significantly higher estimates were not
achievable by deeper sequencing. Therefore, we considered
the study to have adequately covered abundant and rare
ASVs in the communities examined.

A total of 8,298 ASVs were obtained after data filtering
(Table 3). The rhizosphere microbiomes of D. antarctica
growing on Galindez and Anvers Islands included very sim-
ilar ASV numbers (H=0.03, P=0.86) and Shannon index
values (H=0.03, P=0.86). Shannon index values indicated
high taxon richness in these microbiomes and an even dis-
tribution of ASVs. The diversity of the microbiome from
the rhizosphere soil of southern temperate D. cespitosa
was similar to that obtained from D. antarctica (H=0.07,
P=0.78). ASV numbers and the Shannon index value were
both markedly lower for the rhizosphere microbial commun-
ity of C. quitensis, even though the number of reads did not
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differ (Table 3). However, it was not possible to confirm
that the difference in the diversity of the microbiomes of
D. antarctica and C. quitensis was significant because there
was only a single sample of the C. quitensis microbiome.

The measured soil parameters did not significantly affect
Shannon index values. A principal coordinate analysis
(PCoA) based on the Bray Curtis distance matrix (Fig.
2A), calculated from the relative abundance of each ASV,
showed dissimilarity between samples (Fig. 2A). This was
attributed to the high percentage of unique ASVs in each
sample, ranging between 19.6 and 63.3% (Table 3). Only six
ASVs were shared between all samples of the soil micro-
biome of D. antarctica, and were affiliated with the genera
Arthrobacter, Psychrobacter, Staphylococcus, Clostridium,
and Salinibacterium and order Myxococcales (Table S1).
Estimates of the numbers of shared ASVs were not higher
in samples taken from the same location (i.e. from Galindez
or Anvers Island). All shared ASVs were also present in the
rhizospheres of C. quitensis and D. cespitosa, suggesting
that these taxa are ubiquitous and not specific to D.
antarctica or the Antarctic Peninsula region.
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Taxonomic assignment

ASVs were assigned to 37 prokaryotic phyla, 114 classes,
224 families, and 301 genera (Table S2). The proportions of
unassigned sequences increased when lower taxonomic lev-
els were considered, with approximately 4, 7, 41, and 76%
of sequences remaining unclassified at the phylum, class,
family, and genus levels, respectively. Since only a small
proportion of ASVs were assigned at the generic level, we
considered families as the lowest taxonomic level in subse-
quent analyses.

Among the 37 phyla detected, 11 accounted for 95-99%
of the communities. D. antarctica rhizosphere microbiomes
from Galindez and Anvers Islands had similar compositions
at the phylum level (Fig. 3). A list of prokaryotic taxa
identified in rhizosphere microbial communities is given
in Table S2. Proteobacteria (42.6+10.6%), Bacteroidetes
(22.74£4.1%), and Actinobacteria (9.0+£6.1%) were the most
abundant phyla in all D. antarctica rthizosphere communi-
ties. Acidobacteria (3.7£1.9%), Cyanobacteria (4.0+£5.2%),
Firmicutes (4.1£7.6%), Gemmatimonadetes (1.9+£2.0%),
Verrucomicrobia (3.2+1.7%), Planctomycetes (1.7+1.4%),
Chlorobi (1.1+£2.4%), and Chloroflexi (2.9£2.8%) were
the other abundant phyla. Archaea represented only a
small proportion of the population, mainly Crenarchaeota
(0.2+0.6%). The only difference between microbiomes
from Galindez and Anvers Islands was that Acidobacteria
(10.7£10.4%) and Verrucomicrobia (6.0+4.9%) accounted
for higher proportions of the community in the latter; how-
ever, the analysis using the Kruskal-Wallis rank-sum test
did not identify these differences as significant (H=1.03,
P=0.3 and H=1.03, P=0.3, respectively). The D. cespitosa
rhizosphere microbiome comprised similar bacterial phyla
to that of D. antarctica, while that of C. quitensis (sam-
ple D6) was markedly different and strongly dominated by
Actinobacteria (93.6%).

Differences between microbial communities were more
apparent at lower taxonomic levels. Fig. 4 shows the pat-
chy distribution of the 84 most abundant families between
samples, comprising 93.3-99.4% of family-assigned com-
munities. The most abundant families found in the rhizo-
sphere of D. antarctica were Chitinophagaceae (12.5+8.7%
in samples from Galindez Island and 13.5+5.4% in sam-
ples from Anvers Island), Sphingomonadaceae (6.4+7.1 and

6/15

1.4%1.7%), Comamonadaceae (5.7+3.0 and 10.3+11.6%),
Xanthomonadaceae (8.3£9.8 and 5.3+4.1%), Moraxellaceae
(9.2+19.6 and 3.2+5.2%), and Cyftophagaceae (8.2+5.8 and
2.2+1.8%). Although the abundance of most of these fam-
ilies differed between the two islands, the small overall
sample sizes and heterogeneity between samples meant that
no significant differences were detected (Table S3). The
family-level composition of the D. cespitosa rhizosphere
microbiome was similar to that of D. antarctica. The sin-
gle dominant family in the rhizosphere microbiome of C.
quitensis was Micrococcaceae (93.4%).

Taxonomic associations with soil chemical parameters

We investigated whether soil parameters showed any sig-
nificant relationship with the occurrence of specific taxa at
the family level using a generalized linear model with a neg-
ative binomial distribution. No correlations were observed
between prokaryotic families and the concentration of
organic carbon, the C:N ratio, pH, total nitrogen, or P,O;.
The content of Cd (mg kg soil) had the strongest impact on
prokaryotic communities; it correlated with Marinicellaceae
(q=0.006), Anaeroplasmataceae (g=3.05x107), family
JTB38 belonging to Deltaproteobacteria (q=0.006), fam-
ily PAUC26f belonging to Acidobacteria (gq=0.000),
Leptospiraceae (q=0.03), Anaerolinaceae (q=0.03), and
Cerasicoccaceae (q=0.04). Spearman’s rank correlation test
confirmed that the abundance of these taxa negatively cor-
related with the content of Cd (Table S4). However, these
families accounted for <0.05% of family-assigned commun-
ities, and variations did not affect the overall heterogene-
ity of these communities. Moraxellaceae (q=0.009) and
Carnobacteriaceae (q=0.009) were positively associated
with K,O (Table S4).

Effects of microclimatic conditions on the composition of
microbial communities

Average soil surface temperatures in populations of D.
antarctica in December 2017, January 2018, and February
2018 are shown in Table 4. Average temperature varied
between populations from 1.3 to 6.8°C in December, from
3.2 to 6.0°C in January, and from 2.9 to 4.2°C in February.
Population D6 had the lowest average temperature in the
three months, which appeared to be due to snow being
present in the depression containing this population, and
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Fig. 3.

Taxonomic composition of microbial communities at the phylum level inhabiting rhizosphere soil. D1, D2, D4, D7, D8, D9, D11,

and D12—Deschampsia antarctica, Galindez Is.; PAO, PA20, and PA26, - D. antarctica, Anvers Is.; D6—Colobanthus quitensis, Galindez Is.;

PuA—Deschampsia cespitosa, Punta Arenas;

may be responsible for the lower microbial diversity associ-
ated with this population.

Temperature variations may have had different impacts
on rhizosphere microbial communities in different months.
The reduction in temperature differences recorded over the
summer season may have affected temperature-sensitive
bacteria in the communities.

The results of the Mantel test confirmed that
Actinobacteria, Bacteroidetes, and Proteobacteria were sen-
sitive to soil temperature changes during the three summer
months (Table 5). Sensitivity to temperature changes
decreased in the order of Actinobacteria > Bacteroidetes >
Proteobacteria. The effects of temperature variations on
temperature-sensitive bacterial taxa were the most apparent
in December, followed by a decrease in January and a slight
increase in February. Supplementary Fig. S3 shows the
dependence of spatial pairwise distances matrices estimated
for Actinobacteria.
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The United Soil Surface Temperature Influence Index
(UTI, 1) is shown in Fig. 5, and the Soil Surface Temper-
ature Index calculated for each month in Table S5. UTII,
I'; was calculated to estimate the effects of temperature
variations on the compositions of rhizosphere microbial
communities. The probability of microbial communities
matching into a ‘positive’ or ‘negative’ group formed after
an extreme grouping procedure is the basis for the UTIIL, 7,
calculation. UTII-positive microbial communities had more
matches into the ‘positive’ group than into the ‘negative’
group. Microbial communities with a negative UTII value
included two groups: a small group whose microbial com-
munities were not influenced by temperature changes, and
a larger group that were influenced by differences in other
variables. UTII values of approximately zero indicated that
microbial groups had approximately the same matching
number, which belonged to the positive’ or ‘negative’
group in different months of the season.
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Fig. 4. Relative (log,,) abundance of most abundant families (contributing >0.05%) in rhizosphere soil of 1—Deschampsia antarctica, Galindez
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Table 4. Average soil surface temperatures in December 2017, January 2018, and February 2018 for each Deschampsia
antarctica population studied on Galindez Island. The mean+standard deviation/variance are shown.

Population Average T°C, Range of T°C, Average T°C, Range of T°C, Average T°C, Range of T°C,
12.2017 12.2017 01.2018 01.2018 02.2018 02.2018
D1 5.7+2.7/7.5 0.3-10.5 5.4+2.1/4.6 1.3-9.0 4.1+1.6/2.7 1.7-7.4
D2 4.1£2.5/6.1 0.2-8.5 4.542.0/4.1 0.1-8.2 4.2+1.8/3.4 1.2-7.8
D4 4.9+2.7/7.5 -0.2-9.7 4.342.1/4.3 0.1-8.2 3.6+1.8/3.1 0.9-9.1
D5 6.8+£3.4/11.6 0.7-14.0 6.0+3.1/10.1 0.1-12.5 3.3£1.4/2.1 0-5.9
D6 1.3£2.0/4.0 —0.1-7.0 3.2+1.7/2.8 0-6.2 2.9+1.1/1.3 1.0-5.7
D7 5.1+2.8/8.0 0.3-11.5 4.542.0/4.1 0.1-8.1 3.5+1.5/2.2 1.4-7.5
D8 3.7+1.4/2.0 1.5-6.3 4.3+1.1/1.1 1.9-6.4 3.9+1.0/1.0 2.1-5.8
D9 5.3£2.7/7.1 0.1-9.6 4.842.2/4.8 0.1-9.0 4.0+1.5/2.3 1.7-6.8
D1l 5.8+2.9/8.3 0.1-11.0 5.242.3/5.3 0.1-9.0 4.2+1.6/2.7 1.7-7.2
D12 5.0+2.5/6.4 0.2-9.1 4.6+2.1/4.6 0.1-8.7 3.9+1.5/2.7 1.7-7.2

Table 5. Influence of soil surface temperature on the relative
abundance of bacterial phyla estimated by the Mantel test.
Test values were calculated using a regression technique™.
Phylum AT1** AT2%* AT3**
Acidobacteria 0.817 0.000 0.559
Actinobacteria 76.798 24.510 28.036
Bacteroidetes 41.409 15.609 18.103
Chlorobi 1.892 1.935 0.516
Chloroflexi 0.473 1.075 0.000
Crenarchaeota 1.677 1.505 0.602
Cyanobacteria 0.086 0.860 0.086
Firmicutes 1.505 1.720 0.731
Gemmatimonadetes 1.247 1.720 0.387
Proteobacteria 18.017 6.966 7.310
Verrucomicrobia 0.860 0.000 1.806
Planctomycetes 0.473 0.602 0.000
Notes:

* test value F,, =t ,=(n-2)R¥(1-R?), n=45, for the upper limit 5%
(0=0.05) of the F-distribution point value is 4.08 for n=45
**AT1—December 2017, AT2—January 2018, AT3—February 2018
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Fig. 5. - United Soil Surface Temperature Influence Index (UTII,
1) for distance matrices between Deschampsia antarctica rhizosphere
bacterial communities.

The value of UTII, [ is a function of the community
composition and taxa ratio. Positive values for UTIL, 7; in
microbial communities from the populations D1, D2, D4,
D5, and D11 may be due to the relatively high quantities of
Proteobacteria and Bacteroidetes, which are positively
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influenced by temperature variations (as shown in the Man-
tel test). The microbial community in population D6, with
the highest value for UTII, [, was dominated by
Actinobacteria.

Functional predictions of the metagenome

Overall, 7,364 KO profiles, 2,273 EC profiles, and 427
MetaCyc pathways were predicted in the rhizosphere micro-
bial communities of the three plant species (Table 3). We
constructed a Bray Curtis dissimilarity matrix of MetaCyc
pathway abundance across samples. PCoA revealed that
communities from the rhizosphere of D. antarctica were
more similar in terms of their metabolic pathway abundance
(Fig. 2B) than indicated by their ASV abundance (Fig. 2A);
therefore, although these communities comprised distinct
ASVs, they appeared to harbor similar functional capabili-
ties. Microbial communities from the rhizospheres of D.
antarctica growing on Galindez and Anvers Islands and
from southern temperate D. caespitosa also generally had
similar functional repertoires (Fig. 2B).

Fig. 6 shows that the large majority of the predicted
functional capacities were devoted to biosynthetic processes
(overall 73.9£9.3% in D. antarctica, 73.4% in D. cespitosa,
and 66.5% in C. quitensis) and central metabolism (overall
12.3£1.7% in D. antarctica, 12.2% in D. cespitosa, and
13.3% in C. quitensis). Many of the predicted functions
were responsible for the degradation of various organic sub-
strates: carboxylate (1.3+0.2% in D. antarctica; 1.4% in D.
cespitosa; 3.2% in C. quitensis), carbohydrate (1.1+0.2% in
D. antarctica; 1.3% in D. cespitosa; 3.2% in C. quitensis),
amines and polyamines (0.6+0.1% in D. antarctica; 0.6% in
D. cespitosa; 1.3% in C. quitensis), polymers (0.9+0.2% in
D. antarctica; 0.9% in D. cespitosa; 1.5% in C. quitensis),
and aromatic compounds (1.0+£0.2% in D. antarctica; 1.3%
in D. cespitosa; 1.9% in C. quitensis).

The presence of functions related to secondary metabo-
lite synthesis and amino acid degradation implies that rhi-
zosphere microbial communities may be involved in the
synthesis of siderophores, ACC deaminase, or phytohor-
mones like IAA. We estimated the proportion of KEGG
orthologs involved in the synthesis of these compounds
using the MetaCyc and KEGG Orthologs databases (Table
S6). These orthologs accounted for up to 0.5% of the pre-
dicted orthologs (Fig. 7).

Article ME21069



Secondary Metabolite Biosynthesis
Nucleoside and Nucleotide Biosynthesis
Metabolic Regulator Biosynthesis

Fatty Acid and Lipid Biosynthesis
Cofactor, Prosthetic Group, Electron Carrier and Vitamin
Cell Structure Biosynthesis
Carbohydrate Biosynthesis

Aromatic Compound Biosynthesis
Aminoacyl-tRNA Charging

Amino Acid Biosynthesis

Amine and Polyamine Biosynthesis
Other Biosynthesis

Secondary Metabolite Degradation
Polymeric Compound Degradation
Nucleoside and Nucleotide Degradation
Inorganic Nutrient Metabolism

Fatty Acid and Lipid Degradation
Cofactor, Prosthetic Group, Electron Carrier Degradation
Carboxylate Degradation

Carbohydrate Degradation

C1 Compound Utilization and Assimilation
Aromatic Compound Degradation

Amino acid degrdadation

Amine and Polyamine Degradation
Alcohol Degradation

Nucleic Acid Processing

Respiration

Photosynthesis

Pentose Phosphate Pathways
Glycolysis

Fermentation

TCA cycle

Other

Fig. 6. Relative abundance of different metabolic functions (MetaCyc
PICRUSt 2.0.

Siderophore

@ C. quitensis

ACC deaminase B D. antarctica

Indolacetic acid __

01 0.0 0.1 0.2 0.3 0.4 0.5 0.6
Proportion (%)

Fig. 7. Relative abundance of KEGG orthologs involved in the
synthesis of siderophores, IAA, and ACC deaminase

Discussion

The present study investigated the diversity and func-
tional repertoire of the microbiomes of the rhizosphere soil

PREKRASNA ef al.

“W (L

1

}.“l 1

|

W D. antarctica
D.caespitosa

1 C quitensis

o
(@]

10 15 20
Proportion (%)

ontology predictions) in rhizosphere metagenomes, estimated using

of vascular plants growing in two locations in the central
maritime Antarctic, Galindez and Anvers Islands. Carbon
and nitrogen contents markedly differed in soils from these
two locations. Rhizosphere soil from Galindez Island was
rich in nutrients derived largely from ornithogenic sources.
In contrast, the carbon content in soil from Anvers Island
was very low due to more recent exposure from the glacier
retreat in the 20" Century and the associated shorter period
of pedogenesis (Strauss et al., 2009). Deglaciation on Galin-
dez Island began markedly earlier, but not later than 2300—
1200 cal B.P. (Yu ez al., 2016).

We expected significant differences in diversity and
community compositions between rhizosphere microbiomes
from plants growing on Galindez and Anvers Islands. How-
ever, the rhizosphere microbiomes of D. antarctica from
both locations were equally diverse, with high Shannon
index values and numbers of ASVs. Different nutrient con-
tents and periods of pedogenesis did not influence the diver-
sity of these microbial communities. Differences in nutrient
contents have been suggested to affect the microbial bio-
mass in soil (Horwath, 2017), and higher estimates of the
microbial biomass in rhizosphere soil on Galindez Island are
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expected. A markedly less diverse microbiome was detected
in the rhizosphere of the second Antarctic native plant,
C. quitensis, with the caveat that only a single sampling
site was available for this species. The plant growth stage
is another important factor potentially affecting the rhizo-
sphere microbial community; however, it did not appear to
be a driving factor in this case because the plants considered
in the present study were in a similar growth stage. Due
to the short summer season in Antarctica, plants start vege-
tative growth as soon as the snow melts which, given the
proximity of the different population sampling points, may
have been at similar times in the season.

Microscale variations in environmental factors may influ-
ence the compositions of the rhizosphere microbiomes of D.
antarctica, which showed high ASV heterogeneity between
the sampled communities as well as high number of unique
ASVs in each sample. Diversity indexes obtained in the
present study indicated that the diversities of the assessed
rhizosphere microbiomes were very similar to those of Ant-
arctic vascular plants growing on King George Island in
the South Shetland Islands (Teixeira et al., 2010), 400 km
north of Galindez and Anvers Islands. The microbiome
of D. cespitosa, growing north of the Drake Passage in
Chilean Patagonia, also had very similar a-diversity values.
The present results are consistent with previous findings
reported by Yergeau et al. (2007), where the absence of
a latitudinal influence on bacterial diversity was noted in
moss-covered soil across the maritime Antarctic, unlike in
bare soils. The rhizosphere may provide a favorable habitat
for bacteria, with vegetation shielding underlying soil from
environmental extremes (Harris and Tibbles, 1997; Yergeau
etal.,2007).

Rhizosphere microbiomes included high proportions
of unique ASVs and intrinsic heterogeneity. The
majority of ASVs identified were affiliated to the
phyla  Proteobacteria, Bacteroidetes, Actinobacteria,
Acidobacteria, and Verrucomicrobia. These bacterial phyla
are recognized as core soil phyla in a wide variety of soils
(Delgado-Baquerizo et al., 2018), including those in the
Antarctic (Yergeau ef al., 2007; Chong et al., 2012).

The phylum-level composition of microbiomes from
Galindez and Anvers Islands showed few differences,
except for the slightly higher proportions of Acidobacteria
and Verrucomicrobia in samples from Anvers Island.
Acidobacteria are generally considered to be oligotrophs
that are capable of metabolizing recalcitrant carbon sour-
ces, and are expected to colonize nutrient-poor substrates
prior to copiotrophic taxa (Fierer et al, 2007, Ward
et al., 2009; Yergeau et al., 2012). Some members of
Verrucomicrobia are also oligotrophs (Shen et al., 2017)
and are capable of hydrolyzing polysaccharide substrates
(Cardman et al., 2014). The proportions of the other major
phyla (Bacteroidetes, Actinobacteria, Proteobacteria), the
members of which are typically associated with higher car-
bon content soils (Fierer et al., 2007), did not significantly
differ between the nutrient-rich soil of Galindez Island and
nutrient-poor soil of Anvers Island.

The microbial community present around the root system
of D. cespitosa generally had a similar composition to that
of D. antarctica. Plant species affect the composition of
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the rhizosphere soil microbiota by secreting root exudates
(Hartmann et al., 2009; Cesco et al., 2010; Bulgarelli et
al., 2013; Hu et al., 2018), which may be a reason for the
pattern observed.

Some of the results of the present study were not consis-
tent with the findings reported by Teixeira et al. (2010)
who conducted a rhizosphere study in the South Shetland
Islands. They identified Firmicutes as the most abundant
phylum and rarely found Acidobacteria. Methodological
differences in microbiome sampling may underlie this dis-
crepancy. In the present study, soil that aggregated around
plant roots was sampled, while sampling by Teixeira et al.
(2010) included washing the roots in order to include root-
adherent cells. This may have affected the microbial diver-
sity detected because distinct communities may populate the
root surface and root-aggregated soil (Mwajita et al., 2013).

Our rhizosphere microbiome data for D. antarctica are
similar to those from the rhizosphere microbiomes of C.
quitensis and mixed populations of D. antarctica and C.
quitensis growing on Livingston Island in the South Shet-
land Islands (Molina-Montenegro et al., 2019), with both
studies using similar sampling procedures. The same phyla
were also found in the rhizospheres of the two flowering
plants and bryophytes growing on King George Island
(Roesch et al., 2012). The rhizosphere microbiome of the
mixed D. antarctica and C. quitensis community from Liv-
ingston Island had more Acidobacteria and Actinobacteria
than that from Galindez Island (approximately 10% vs. 4%
of Acidobacteria, and 25% vs. 9% of Actinobacteria). Simi-
larly, soils from King George Island had higher estimates of
Acidobacteria (17.7%) than our data (Roesch et al., 2012).
The rhizosphere microbiome of C. guitensis from Galindez
Island assessed in the present study contrasted with that
of D. antarctica and also with previous studies, identifying
Actinobacteria as the dominant phylum (93%). Although
it is easy to conclude that the plant species itself drives
the difference in the microbiome composition, findings by
Molina-Montenegro et al. (2019) showed that the rhizo-
sphere of C. quitensis from Livingston Island included the
typical soil microbiota.

Total carbon, nitrogen, and moisture were identified as
key environmental factors influencing the soil bacteria
community on Livingston Island (Ganzert et al., 2011).
Stomeo et al. (2012) reported that K, C, Ca, and moisture
affected the composition of microbial communities from
Miers Valley (a coastal valley in the McMurdo Dry Valleys,
continental Antarctica). pH was the best predictor of the
microbiome composition of pristine soil as well as soil
impacted by penguins, seals, and humans in the Fildes
Peninsula, followed by PO;-P, organic C, and organic N
(Wang et al., 2015). Similarly, pH played a pivotal role
in the ecology of bacteria in soils on Signy Island (South
Orkney Islands) (Chong et al., 2009; 2010) and arid sites
on Alexander Island and islands in Ryder Bay off the west
coast of the Antarctic Peninsula (Chong et al., 2012). Con-
ductivity, moisture, and copper, lead, and nickel contents
were also limiting factors for microbial communities in
the soils of Signy Island (Chong et al., 2010). A previous
study indicated that the soil microbial biomass was highly
sensitive to elevated UV-B radiation and CO, concentra-
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tions, and also suggested that UV-B altered the amount of
N held within the soil microbial biomass (Johnson et al.,
2002). Carbon, nitrogen and phosphorus contents differed in
soils from Galindez and Anvers Islands; however, no rela-
tionships were observed between bacterial taxa and these
nutrients in the present study. Furthermore, a taxa associa-
tion was not found with pH. The relatively rare families
Moraxellaceae and Carnobacteriaceae were associated with
the content of K,O; however, this does not explain the over-
all dissimilarity between microbial communities. Microcli-
matic conditions may have affected rhizosphere microbial
communities because the temperature of the soil surface
varied by several degrees between the different sampling
locations. The low diversity of microbial communities in
sampling site D6 may be related to it having the lowest tem-
perature among the sites tested. The Mantel test confirmed
that bacteria belonging to Actinobacteria, Bacteroidetes, and
Proteobacteria were sensitive to temperature fluctuations,
and variations between most of the microbial communities
assessed on Galindez Island were associated with tempera-
ture variations according to UTII values. Other factors not
examined in the present study, such as freeze-thaw cycles
(Lim et al, 2020) and moisture (Stomeo et al., 2012),
may also have contributed to the variations observed in the
microbiome structure.

PICRUSt2.0 was applied to predict the microbial com-
munity functional potential; however, this tool has a number
of limitations and the interpretation of results is con-
strained by the availability of sequenced reference genomes
(Douglas, G., et al. 2019 PICRUSt2: An improved and
customizable approach for metagenome inference. biorxiv.
https://doi.org/10.1101/672295). A large proportion of the
unclassified 16S rRNA gene sequences detected at the fam-
ily and genus levels in the present study will reduce the
accuracy of predictions, and the predictions made here were
considered to be the most relevant to the identified portion
of the microbial communities. With that caveat, predictions
of microbial functions in the rhizosphere using PICRUSt2.0
revealed that in contrast to the strong heterogeneity in com-
munity compositions and abundance, these microbiomes
were more similar in functional terms as indicated by the
metabolic MetaCyc pathways. Environmental conditions,
such as exposure to freeze-thaw cycles, low temperatures,
and the availability of plant derivatives, may exert selective
pressure on microbiomes inhabiting the rhizosphere and
promote the selection of taxa and communities with similar
functional repertoires. The majority of functions identified
were related to bacterial biosynthetic processes and central
metabolism. Molina-Montenegro et al. (2019) suggested
that particular functional traits were selected for the rhizo-
sphere of Antarctic plants. They reported that “replication,
recombination and repair” was the most abundant eggNOG
gene category in the communities present in the rhizosphere
of Antarctic vascular plants on Livingston Island. These
functions include energy production, nutrient transportation,
cell membrane functions, and tolerance to abiotic stress
(Barrientos-Diaz et al., 2008). A PICRUSt analysis of cul-
tured bacteria from the rhizosphere soil of D. antarctica and
C. quitensis from King George Island (da Silva et al., 2017)
identified a large number of genes involved in metabolism
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(approximately 1,700 different genes per ASV), suggesting
the high metabolic capacities of these isolates.

The present results indicate that, in addition to servicing
central metabolic processes, rhizosphere microbial com-
munities are involved in primary soil development and
may also be beneficial for the growth of Antarctic vas-
cular plants. A high proportion of metabolic pathways
were predicted that are responsible for the degradation of
organic substrates, including polymers and aromatic com-
pounds, particularly plant-derived substrates such as lig-
nin and lignin-derived aromatic compounds. The MetaCyc
pathways P184-PWY, PWY-6338, PWY-6339, PWY-7097,
and PWY-7098, which are involved in the degradation of
lignin derivatives, including protocatechuate (Hara et al.,
2000), vanillin and vallinate (Gold and Alic, 1993; Chen
et al., 2012), and syringate (Masai et al., 2007), were
detected among the predicted functions. These predictions
are consistent with taxonomic data, where the chemohetero-
trophic bacterial family Chitinophagaceae was dominant in
all communities. This group includes diverse aerobic and
anaerobic chemoheterotrophic bacteria that degrade chitin,
lignin, and cellulose (del Rio et al, 2010; Chung et al.,
2012). Xanthomonadaceae, Moraxellaceae, Cytophagaceae,
Comamonadaceae, and Sphingomonadaceae, which are
capable of degrading macromolecules (Abaydulla et al.,
2012; Xu et al., 2014), were the other dominant bacterial
families. These bacteria were abundant in both carbon-rich
soil from Galindez Island and carbon poor-soil from Anvers
Island. On both islands, the close proximity of plant root
systems may contribute to the selection of bacteria that
metabolize plant derivatives, even though the more general
accumulation of labile carbon in the soils of Galindez Island
was promoted by the markedly longer period of soil devel-
opment.

Rhizosphere microorganisms facilitate plant growth by
producing plant growth-promoting compounds, acquiring
nutrients, and preventing microbial invasion (Lugtenberg
and Kamilova, 2009; Glick, 2012). Our analyses revealed
that the abundance of orthologs involved in the synthesis of
IAA, siderophores, and ACC deaminase reached up to 0.5%
of the predicted orthologs. However, PICRUST 2.0 results
revealing plant-growth promoting traits need to be validated
using metagenomic and metatranscriptomic data.

Conclusions

The rhizosphere microbiomes of D. antarctica from two
distant regions in the central maritime Antarctic had simi-
lar diversity and taxonomic compositions even though the
soil from these regions had markedly different nutrient con-
tents and periods of pedogenesis. In comparison with the
comparatively well described region of the South Shetland
Islands in the northern maritime Antarctic, there was no
suggestion of reduced diversity in rhizosphere microbiomes,
which is consistent with the findings of previous studies
on the microbiomes of moss-covered soil in the Antarctic
Peninsula and Scotia Arc. Vegetation cover may protect
the underlying soil and the rhizosphere microbiome from
exposure to environmental extremes. Variations in environ-
mental parameters at the microscale level may still occur
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within these habitats, underlying the overall heterogeneity
observed between microbial communities; however, few
significant relationships were detected in the present study.
These parameters include the physical and chemical charac-
teristics of soil, temperature fluctuations, water availability,
and freeze-thaw cycles.

Rhizosphere microbial communities were similar in terms
of their potential functional capacity, as revealed by the
PICRUSt2.0 tool. Besides basic metabolic processes (bio-
synthesis and central metabolism), a large component of
their predicted functional repertoire was devoted to breaking
down organic compounds and their derivatives, supporting
the involvement of the rhizosphere microbiota in the
development of primary Antarctic soil and the accumula-
tion of labile carbon. Bacterial functions responsible for
plant growth promotion potentially facilitate plant resource
acquisition and modulate phytohormone levels. Therefore,
these mechanisms may be a significant factor in Antarctic
vascular plant performance.

Funding

This work was supported by the National Antarctic
Scientific Center of Ukraine (State Target Scientific and
Technical Program for Antarctic Research in 2011-2020),
the State Special-Purpose Research Program in Antarctica
for 2011-2023. Peter Convey is supported by NERC core
funding to the BAS ‘Biodiversity, Evolution and Adapta-
tion” Team.

Acknowledgements

The authors are thankful to Ukrainian Armed Forces, who are
making the research and science in Ukraine possible every day,
protecting us from the Russian invasion. The authors thank Dr.
Angélica Casanova-Katny for her cooperation during sampling and
Olexandr Petrov for his computational assistance, Hanna Yevchun
for her assistance with Qgis, and Oleksii Boldyrev and Kseniia
Gulak for their assistance with laboratory resources and kind sup-
port.

References

Abaydulla, G., Luo, X., Shi, J., Peng, F., Liu, M., Wang, Y., et al. (2012)
Rufibacter tibetensis gen. nov., sp. nov., a novel member of the
family Cytophagaceae isolated from soil. Antonie van Leeuwenhoek
101: 725-731.

Alberdi, M., Bravo, L.A., Gutiérrez, A., Gidekel, M., and Corcuera, L.J.
(2002) Ecophysiology of Antarctic vascular plants. Physiol Plant
115: 479-486.

Barcikowski, A., Czaplewska, 1., Gietlwanowska, 1., Loro, P., Smykla,
J., and Zarzycki, K. (2001) Deschampsia antarctica (Poaceae)—the
only native grass from Antarctica. In Studies of Grasses in Poland.
Frey, L. (ed.) Warsaw, Poland: W. Szafer Institute of Botany, Polish
Academy of Sciences, pp. 367-377.

Barrientos-Diaz, L., Gidekel, M., and Gutiérrez-Moraga, A. (2008)
Characterization of rhizospheric bacteria isolated from Deschampsia
antarctica Desv. World J Microbiol Biotechnol 24: 2289.

Benjamini, Y., and Hochberg, Y. (1995) Controlling the false discovery
rate: a practical and powerful approach to multiple testing. J R Stat
Soc Ser B 57: 289-300.

Berg, G., and Smalla, K. (2009) Plant species and soil type cooperatively
shape the structure and function of microbial communities in the
rhizosphere. FEMS Microbiol Ecol 68: 1-13.

13/15

Berrios, G., Cabrera, G., Gidekel, M., and Gutiérrez-Moraga, A.
(2013) Characterization of a novel antarctic plant growth-promoting
bacterial strain and its interaction with Antarctic hair grass
(Deschampsia antarctica Desv). Polar Biol 36: 349-362.

Bokhorst, S., Huiskes, A., Convey, P., and Aerts, R. (2007) The effect of
environmental change on vascular plant and cryptogam communities
from the Falkland Islands and the Maritime Antarctic. BMC Ecol
7: 15.

Bolyen, E., Rideout, J.R., Dillon, M.R., Bokulich, N.A., Abnet, C.C., Al-
Ghalith, G.A., et al. (2019) Reproducible, interactive, scalable and
extensible microbiome data science using QIIME 2. Nat Biotechnol
37: 852-857.

Bulgarelli, D., Schlaeppi, K., Spaepen, S., Van Themaat, E.V.L., and
Schulze-Lefert, P. (2013) Structure and functions of the bacterial
microbiota of plants. Annu Rev Plant Biol 64: 807-838.

Burton-Johnson, A., Black, M., Fretwell, P.T., and Kaluza-Gilbert, J.
(2016) An automated methodology for differentiating rock from
snow, clouds and sea in Antarctica from Landsat 8 imagery: A
new rock outcrop map and area estimation for the entire Antarctic
continent. Cryosphere 10: 1665-1677.

Cardman, Z., Arnosti, C., Durbin, A., Ziervogel, K., Cox, C., Steen,
A.D., and Teske, A. (2014) Verrucomicrobia are candidates for
polysaccharide-degrading bacterioplankton in an Arctic fjord of
Svalbard. Appl Environ Microbiol 80: 12.

Cesco, S., Neumann, G., Tomasi, N., Pinton, R., and Weisskopf, L.
(2010) Release of plant-borne flavonoids into the rhizosphere and
their role in plant nutrition. Plant Soil 329: 1-25.

Chen, H.P., Chow, M., Liu, C.C., Lau, A., Liu, J., and Eltis, L.D. (2012)
Vanillin catabolism in Rhodococcus jostii RHAL. Appl Environ
Microbiol 78: 586-588.

Chong, C.W., Dunn, M.J., Convey, P., Tan, G.Y.A., Wong, R.C.S., and
Tan, L.K.P. (2009) Environmental influences on bacterial diversity of
soils on Signy Island, maritime Antarctic. Polar Biol 32: 1571-1582.

Chong, C.W., Pearce, D.A., Convey, P., Tan, G.Y.A., Wong, R.C.S.,
and Tan, L.LK.P. (2010) High levels of spatial heterogeneity in the
biodiversity of soil prokaryotes on Signy Island, Antarctica. Soil Biol
Biochem 42: 601-610.

Chong, C.W., Convey, P., Pearce, D.A., and Tan, LK.P. (2012)
Assessment of soil bacterial communities on Alexander Island (in
the maritime and continental Antarctic transitional zone). Polar Biol
35:387-399.

Chung, E.J., Park, T.S., Jeon, C.O., and Chung, Y.R. (2012)
Chitinophaga oryziterrae sp. nov., isolated from the rhizosphere soil
of rice (Oryza sativa L.). Int J Syst Evol Microbiol 62: 3030-3035.

Convey, P., Hopkins, D.W., Roberts, S.J., and Tyler, A.N. (2011) Global
southern limit of flowering plants and moss peat accumulation.
Polar Res 30: 8929.

Convey, P., Chown, S.L., Clarke, A., Barnes, D.K.A., Bokhorst, S.,
Cummings, V., et al. (2014) The spatial structure of Antarctic
biodiversity. Ecol Monogr 84: 203-244.

Convey, P., Coulson, S.J., Worland, M.R., and Sjoblom, A. (2018) The
importance of understanding annual and shorter term temperature
patterns and variation in the surface levels of polar soils for
terrestrial biota. Polar Biol 41: 1587-1605.

da Silva AC, Rachid CTCDC, de Jesus HE, Rosado AS, Peixoto RS.
2017. Predicting the biotechnological potential of bacteria isolated
from Antarctic soils, including the rhizosphere of vascular plants.
Polar Biol, in press. doi:10.1007/s00300-016-2065-0.

del Rio, T.G., Abt, B., Spring, S., Lapidus, A., Nolan, M., Tice, H., et
al. (2010) Complete genome sequence of Chitinophaga pinensis type
strain (UQM 2034 T). Stand Genomic Sci 2: 1.

Delgado-Baquerizo, M., Oliverio, A.M., Brewer, T.E., Benavent-
Gonzalez, A., Eldridge, D.J., Bardgett, R.D., ef al. (2018) A global
atlas of the dominant bacteria found in soil. Science 359: 320-325.

Dennis, P.G., Newsham, K.K., Rushton, S.P., O’Donnell, A.G., and
Hopkins, D.W. (2019) Soil bacterial diversity is positively associated
with air temperature in the maritime Antarctic. Sci Rep 9: 2686.

Dodd, I.C., Zinovkina, N.Y., Safronova, V.I., and Belimov, A.A. (2010)
Rhizobacterial mediation of plant hormone status. Ann Appl Biol
157: 361-379.

Fierer, N., Bradford, M.A., and Jackson, R.B. (2007) Toward an
ecological classification of soil bacteria. Ecology 88: 1354-1364.

Article ME21069



Gallardo-Cerda, J., Levihuan, J., Lavin, P., Oses, R., Atala, C., Torres-
Diaz, C., et al. (2018) Antarctic rhizobacteria improve salt tolerance
and physiological performance of the Antarctic vascular plants.
Polar Biol 41: 1973-1982.

Ganzert, L., Lipski, A., Hubberten, H.W., 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: 476-491.

Gielwanowska, 1., and Szczuka, E. (2005) New ultrastructural features of
organelles in leaf cells of Deschampsia antarctica Desv. Polar Biol
28: 951-955.

Glick, B.R., Cheng, Z., Czarny, J., and Duan, J. (2007) Promotion of
plant growth by ACC deaminase-producing soil bacteria. Eur J Plant
Pathol 119: 329-339.

Glick, B.R. (2012) Plant growth-promoting bacteria: mechanisms and
applications. Scientifica 2012: 963401.

Gold, M.H., and Alic, M. (1993) Molecular biology of the lignin-
degrading basidiomycete Phanerochaete chrysosporium. Microbiol
Rev 57: 605-622.

Gray, A., Krolikowski, M., Fretwell, P., Convey, P, Peck, L.S.,
Mendelova, M., et al. (2020) Remote sensing reveals Antarctic
green snow algae as important terrestrial carbon sink. Nat Commun
11: 2527.

Hara, H., Masai, E., Katayama, Y., and Fukuda, M. (2000) The 4-
oxalomesaconate hydratase gene, involved in the protocatechuate
4,5-cleavage pathway, is essential to vanillate and syringate
degradation in Sphingomonas paucimobilis SYK-6. J Bacteriol 182:
6950-6857.

Harris, J.M., and Tibbles, B.J. (1997) Factors affecting bacterial
productivity in soils on isolated inland nunataks in continental
Antarctica. Microb Ecol 33: 106—-123.

Hartmann, A., Schmid, M., van Tuinen, D., and Berg, G. (2009) Plant-
driven selection of microbes. Plant Soil 321: 235-257.

Horwath, W.R. (2017) The role of soil microbial biomass in cycling
nutrients. In Microbial Biomass: A Paradigm Shift in Terrestrial
Biogeochemistry. Tate, K.R. (ed.) London, UK: World Scientific, pp.
41-66.

Hu, L., Robert, C.A.M., Cadot, S., Zhang, X., Ye, M., Li, B., et
al. (2018) Root exudate metabolites drive plant-soil feedbacks on
growth and defense by shaping the rhizosphere microbiota. Nat
Commun 9: 2738.

Johnson, D., Campbell, C., Lee, J., Callaghan, T.V., and Gwynn-Jones,
D. (2002) Arctic microorganisms respond more to elevated UV-B
radiation than CO,. Nature 416: 82-83.

Klindworth, A., Pruesse, E., Schweer, T., Peplies, J.,, Quast, C.,
Horn, M., and Glockner, F.O. (2013) Evaluation of general 16S
ribosomal RNA gene PCR primers for classical and next-generation
sequencing-based diversity studies. Nucleic Acids Res 41: el.

Legendre, P., Fortin, M.J., and Borcard, D. (2015) Should the Mantel test
be used in spatial analysis? Methods Ecol Evol 6: 1239-1247.

Lim, P.P., Pearce, D.A., Convey, P., Lee, L.S., Chan, K.G., and Tan,
G.Y.A. (2020) Effects of freeze-thaw cycles on High Arctic soil
bacterial communities. Polar Sci 23: 100487.

Lugtenberg, B., and Kamilova, F. (2009) Plant-growth-promoting
rhizobacteria. Annu Rev Microbiol 63: 541-556.

Mantovani, A., and Vieira, R.C. (2000) Leaf micromorphology of
Antarctic pearlwort Colobanthus quitensis (Kunth) Bartl. Polar Biol
23:531-538.

Masai, E., Yamamoto, Y., Inoue, T., Takamura, K., Hara, H., Kasai, D.,
et al. (2007) Characterization of ligV essential for catabolism of
vanillin by Sphingomonas paucimobilis SYK-6. Biosci Biotechnol
Biochem 71: 2487-2492.

Miryuta, N., Wojciechowski, K., and Parnikoza, 1. (2019) Calculation of
the external factors influence indices on plants and its application
to Deschampsia antarctica E. Desv. populations. Ukr Antarkt 7 2:
94-116.

Molina-Montenegro, M.A., Ballesteros, G.1., Castro-Nallar, E., Meneses,
C., Gallardo-Cerda, J., and Torres-Diaz, C. (2019) A first insight
into the structure and function of rhizosphere microbiota in Antarctic
plants using shotgun metagenomic. Polar Biol 42: 1825-1835.

Mwajita, M.R., Murage, H., Tani, A., and Kahangi, EM. (2013)
Evaluation of rhizosphere, rhizoplane and phyllosphere bacteria
and fungi isolated from rice in Kenya for plant growth promoters.
SpringerPlus 2: 606.

14/15

PREKRASNA ef al.

Ozheredova, I.P., Parnikoza, 1.Y., Poronnik, O.0., Kozeretska, I.A.,
Demidov, S.V., and Kunakh, V.A. (2015) Mechanisms of Antarctic
vascular plant adaptation to abiotic environmental factors. Cyfol
Genet (Engl Transl) 49: 139-145.

Parnikoza, 1., Convey, P., Dykyy, 1., Trokhymets, V., Milinevsky, G.,
Tyschenko, O., et al. (2009) Current status of the Antarctic herb
tundra formation in the Central Argentine Islands. Glob Chang Biol
15: 1685-1693.

Parnikoza, 1., Dykyy, L., Ivanets, V., Kozeretska, I., Kunakh, V., Rozhok,
A., et al. (2012) Use of Deschampsia antarctica for nest building by
the kelp gull in the Argentine Islands area (maritime Antarctica) and
its possible role in plant dispersal. Polar Biol 35: 1753-1758.

Parnikoza, 1., Abakumov, E., Korsun, S., Klymenko, I., Netsyk, M.,
Kudinova, A., and Kozeretska, I. (2016) Soils of the Argentine
Islands, Antarctica: Diversity and characteristics. Polarforschung 86:
83-96.

Parnikoza, 1., Rozhok, A., Convey, P., Veselski, M., Esefeld, J., Ochyra,
R., et al. (2018) Spread of Antarctic vegetation by the kelp gull:
comparison of two maritime Antarctic regions. Polar Biol 41:
1143-1155.

Parnikoza, 1.Y., Miryuta, N.Y., Maidanyuk, D.N., Loparev, S.A., Korsun,
S.G., Budzanivska, I.G., et al. (2007) Habitat and leaf cytogenetic
characteristics of Deschampsia antarctica Desv. in the Maritime
Antarctica. Polar Sci 1: 121-128.

Parnikoza, 1.Y., Loro, P., Miryuta, N.Y., Kunakh, V.A., and Kozeretska,
LLA. (2011) The influence of some environmental factors on
cytological and biometric parameters and chlorophyll content of
Deschampsia antarctica Desv. in the maritime Antarctic. Tsitol
Genet 45: 170.

Pavlovska, M., Prekrasna, 1., Parnikoza, I., and Dykyi, E. (2021)
Soil sample preservation strategy affects the microbial community
structure. Microbes Environ 36: ME20134.

Peixoto, R.J.M., Miranda, K.R., Lobo, L.A., Granato, A., de Carvalho
Maalouf, P., de Jesus, H.E., et al. (2016) Antarctic strict anaerobic
microbiota from Deschampsia antarctica vascular plants rhizosphere
reveals high ecology and biotechnology relevance. Extremophiles
20: 875-884.

Pointing, S.B., Chan, Y., Lacap, D.C., Lau, M.C.Y., Jurgens, J.A., and
Farrell, R.L. (2009) Highly specialized microbial diversity in hyper-
arid polar desert. Proc Natl Acad Sci U S A 106: 19964—19969.

Pollard, J.H.P. (1982) A4 Handbook of Numerical and Statistical
Techniques. Moscow, Russia: Finances and Statistics (in Russian).

Richardson, A.E. (2001) Prospects for using soil microorganisms to
improve the acquisition of phosphorus by plants. Funct Plant Biol
28: 897-906.

Rodriguez, H., and Fraga, R. (1999) Phosphate solubilizing bacteria and
their role in plant growth promotion. Biotechnol Adv 17: 319-339.

Rodriguez, H., Gonzalez, T., Goire, 1., and Bashan, Y. (2004) Gluconic
acid production and phosphate solubilization by the plant growth-
promoting bacterium Azospirillum spp. Naturwissenschaften 91:
552-555.

Roesch, L.F.W., Fulthorpe, R.R., Pereira, A.B., Pereira, C.K., Lemos,
L.N., Barbosa, A.D., et al. (2012) Soil bacterial community
abundance and diversity in ice-free areas of Keller Peninsula,
Antarctica. Appl Soil Ecol 61: 7-15.

Shen, C., Ge, Y., Yang, T., and Chu, H. (2017) Verrucomicrobial
elevational distribution was strongly influenced by soil pH and
carbon/nitrogen ratio. J Soils Sediments 17: 2449-2456.

Smith, R. (2003) The enigma of Colobanthus quitensis and Deschampsia
antarctica in Antarctica. In Antarctic Biology in a Global Context.
Huiskes, A.H.L., Gieskes, W.W.C., Rozema, J., Schorno, RM.L.,
van der Vies, S.M., and Wolff, W.J. (eds). Leiden, Netherlands:
Backhuys, pp. 234-239.

Spaepen, S., and Vanderleyden, J. (2011) Auxin and plant-microbe
interactions. Cold Spring Harbor Perspect Biol 3: a001438

Stomeo, F., Makhalanyane, T.P., Valverde, A., Pointing, S.B., Stevens,
M.L, Cary, C.S., et al. (2012) Abiotic factors influence microbial
diversity in permanently cold soil horizons of a maritime-associated
Antarctic Dry Valley. FEMS Microbiol Ecol 82: 326-340.

Strauss, S.L., Ruhl, C.T., and Day, T.A. (2009) Trends in soil
characteristics along a recently deglaciated foreland on Anvers
Island, Antarctic Peninsula. Polar Biol 32: 1779-1788.

Article ME21069



Antarctic hairgrass’ microorganisms

Teixeira, L.C.R.S., Peixoto, R.S., Cury, J.C., Sul, W.J., Pellizari, V.H.,
Tiedje, J., and Rosado, A.S. (2010) Bacterial diversity in rhizosphere
soil from Antarctic vascular plants of Admiralty Bay, maritime
Antarctica. ISME J 4: 989-1001.

Terauds, A., Chown, S.L., Morgan, F., Peat, H.J., Watts, D.J., Keys, H.,
et al. (2012) Conservation biogeography of the Antarctic. Divers
Distrib 18: 726-741.

Wang, N.F., Zhang, T., Zhang, F., Wang, E.T., He, J.F., Ding, H., et
al. (2015) Diversity and structure of soil bacterial communities
in the Fildes Region (maritime Antarctica) as revealed by 454
pyrosequencing. Front Microbiol 6: 1188.

Ward, N.L., Challacombe, J.F., Janssen, P.H., Henrissat, B., Coutinho,
PM., Wu, M., er al (2009) Three genomes from the phylum
Acidobacteria provide insight into the lifestyles of these
microorganisms in soils. App! Environ Microbiol 75: 2046-2056.

Whipps, J.M. (2001) Microbial interactions and biocontrol in the
rhizosphere. J Exp Bot 52: 487-511.

15/15

Wynn-Williams, D.D. (1990) Ecological aspects of Antarctic
microbiology. In Advances in Microbial Ecology, vol 11. Marshall,
K.C. (ed.) Boston, MA: Springer, pp. 71-146.

Xu, L., Zeng, X.C., Nie, Y., Luo, X., Zhou, E., Zhou, L., et al
(2014) Pontibacter diazotrophicus sp. nov., a novel nitrogen-fixing
bacterium of the family Cytophagaceae. PLoS One 9: €92294.

Yergeau, E., Newsham, K.K., Pearce, D.A., and Kowalchuk, G.A. (2007)
Patterns of bacterial diversity across a range of Antarctic terrestrial
habitats. Environ Microbiol 9: 2670-2682.

Yergeau, E., Bokhorst, S., Kang, S., Zhou, J., Greer, C.W., Aerts, R., and
Kowalchuk, G.A. (2012) Shifts in soil microorganisms in response
to warming are consistent across a range of Antarctic environments.
ISME J 6: 692-702.

Yu, Z., Beilman, D.W., and Loisel, J. (2016) Transformations of
landscape and peat-forming ecosystems in response to late Holocene
climate change in the western Antarctic Peninsula. Geophys Res Lett
43: 7186-7195.

Article ME21069



