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Carbon Dioxide Fluxes Associated with Prokaryotic and
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Abstract: Background and Methods: We assessed the prokaryotic and eukaryotic diversity
present in non-vegetated and vegetated soils on King George Island, Maritime Antarctic, in
combination with measurements of carbon dioxide fluxes. Results: For prokaryotes, 381 amplicon
sequence variants (ASVs) were assigned, dominated by the phyla Actinobacteriota, Acidobacte-
riota, Pseudomonadota, Chloroflexota, and Verrucomicrobiota. A total of 432 eukaryotic ASVs
were assigned, including representatives from seven kingdoms and 21 phyla. Fungi dominated
the eukaryotic communities, followed by Viridiplantae. Non-vegetated soils had higher diversity
indices compared with vegetated soils. The dominant prokaryotic ASV in non-vegetated soils was
Pyrinomonadaceae sp., while Pseudarthrobacter sp. dominated vegetated soils. Mortierella antarctica
(Fungi) 1and Meyerella sp. (Viridiplantae) were dominant eukaryotic taxa in the non-vegetated
soils, while Lachnum sp. (Fungi) and Polytrichaceae sp. (Viridiplantae) were dominant in the
vegetated soils. Measured CO2 fluxes indicated that the net ecosystem exchange values measured
in vegetated soils were lower than ecosystem respiration in non-vegetated soils. However, the total
flux values indicated that the region displayed positive ecosystem respiration values, suggesting
that the soils may represent a source of CO2 in the atmosphere. Conclusions: Our study revealed
the presence of rich and complex communities of prokaryotic and eukaryotic organisms in both
soil types. Although non-vegetated soils demonstrated the highest levels of diversity, they had
lower CO2 fluxes than vegetated soils, likely reflecting the significant biomass of photosyntheti-
cally active plants (mainly dense moss carpets) and their resident organisms. The greater diversity
detected in exposed soils may influence future changes in CO2 flux in the studied region, for
which comparisons of non-vegetated and vegetated soils with different microbial diversities are
needed. This reinforces the necessity for studies to monitor the impact of resident biota on CO2

flux in different areas of Maritime Antarctica, a region strongly impacted by climatic changes.
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1. Introduction
Antarctica hosts a variety of soil ecosystems, which face large and rapid variation in

temperature and water content, exposure to high levels of solar (including ultra-violet)
radiation, and typically low nutrient availability that ranges from moderate to ultra-
oligotrophic [1]. However, locally eutrophic nutrient levels can be present, especially
close to vertebrate aggregations [2]. Despite the typically extreme conditions, Antarctic
soils often contain considerable microbial biodiversity, offering unique opportunities for
ecological studies of the consequences of regional and global environmental change [3–7].

Soil development and properties vary widely across the different ice-free regions of
Antarctica, based on the underlying geology, abiotic and biotic weathering processes, envi-
ronmental conditions, and the biodiversity present [8]. They host all major microbial groups
(bacteria, archaea, microalgae, and fungi), microinvertebrates (protozoans, nematodes, ro-
tifers, and tardigrades), and microarthropods (mites and springtails), as well as providing
an important substratum for Antarctica’s dominant cryptogamic vegetation (bryophytes,
lichens, and macroscopic algae) and the continent’s two native flowering plant species [9].
Soils on the Keller Peninsula, located in Admiralty Bay (King George Island, South Shetland
Islands, Maritime Antarctic) are commonly acid–sulphate soils, which are known as ‘yellow
points’ due to their yellow–orange colour, which is produced by the oxidation reactions of
the sulphides present in the local geology (andesites) [8,9]. These acid–sulphate soils are
typically oligotrophic and have high concentrations of sulphides [10]. Sulphides can affect
the resident soil microbiota and their enzymatic activities, with consequential impacts on
the soil structure, nutrient cycling, and organic matter decomposition [11].

Globally, carbon dioxide (CO2) release from soils represents one of the major contribu-
tions to the global carbon cycle [12]. Small changes in these CO2 emissions can significantly
influence atmospheric CO2 concentration [13]. In the polar regions, soil temperature varia-
tion is considered the primary controlling factor of temporal and spatial variability in soil
CO2 emissions [14]. The Maritime Antarctic (which includes the western Antarctic Penin-
sula region and Scotia Arc archipelagos) hosts extreme environments and terrestrial habitats
that have been strongly impacted by regional climatic changes since the mid-twentieth
century, and their ecosystems are highly sensitive to environmental change [15,16].

Antarctic soils, therefore, provide a potentially important resource with which to
address questions about the relationships between temperature increase, CO2 uptake and
release, and flux changes over time [17]. They offer opportunities to investigate the regional-
to-global influence of their microbial community structure and function on climatic changes
and vice versa [3,7,18,19]. In this study, we applied a DNA metabarcoding approach to
detect and characterize the prokaryotic and eukaryotic communities of vegetated and
non-vegetated soils on Keller Peninsula (King George Island, South Shetland Islands),
relating these findings to measures of CO2 flux carried out at the same locations.

2. Methods
2.1. Study Areas

Seven locations on the Keller Peninsula (King George Island, South Shetland Islands,
Maritime Antarctic; 62◦5′23.695′′ S; 58◦24′24.162′′ W) were selected for soil sampling during
the austral summer in February 2022 (Figure 1). Three sites (1–3) comprised exposed soils at
an altitude of 13.6 m a.s.l., which were characterized as very gravelly (Leptosol skeletic) and
with no vegetation cover. The underlying geology comprises basalt and andesite, forming
a scree slope. Four sites (4–7) comprised vegetated soils at an altitude of 49.3 m a.s.l, with
a plant community mainly consisting of carpet-forming mosses (mostly Sanionia uncinata
and Polytrichastrum alpinum), small plants of the angiosperms Deschampsia antarctica and
Colobanthus quitensis, and the foliose lichen Usnea antarctica growing on rock fragments.
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Figure 1. Soil sample collection locations on the Keller Peninsula, King George Island. (a) The South
Shetland Islands, Maritime Antarctic; (b) King George Island; (c) Keller Peninsula in Admiralty Bay;
(d) oblique aerial photograph of Keller Peninsula; (e) paraglacial region (red rectangle) at Keller
Peninsula where the samples were obtained (62◦5′23.695′′ S; 58◦24′24.162′′ W); (f) vegetated soil; and
(g) non-vegetated soil. Photo d by L. H. Rosa; photos e and g M.R. Francelino.

2.2. Soil Sampling

Seven soil samples were collected, one from each study location—three from non-
vegetated areas (sampled to 10 cm depth below the surface) and four from vegetated areas
(sampled to 10 cm depth below the vegetation). Approximately 500 g of each sample was
then immediately sub-sampled (in triplicate), sealed, placed in sterile Whirl-pack bags, and
frozen at −20 ◦C until processing in the laboratory at the Federal University of Minas Gerais,
Brazil. There, the samples were gradually thawed at 4 ◦C for 24 h before DNA extraction.

2.3. DNA Extraction, Data Analyses, and Organism Identification

The three sub-samples from each of the seven sites were processed separately to
recover the total prokaryotic and eukaryotic DNA. Total DNA was extracted using the
FastDNA Spin Kit for Soil (MPBIO, Solon, OH, USA), following the manufacturer’s in-
structions. Extracted DNA was used as template for generating PCR-amplicons. For the
eukaryotic groups of plants, invertebrates, and fungi, the internal transcribed spacer 2
(ITS2) of the nuclear ribosomal DNA was used as a DNA barcode for molecular species
identification [20,21]. PCR-amplicons were generated using the universal primers ITS3 and
ITS4 [22]. For prokaryotes, we used the 16S rRNA gene V3–V4 region, and primers 341F
and 805R [23,24]. The amplicons obtained were subjected to high-throughput sequencing
at Macrogen Inc. (Seoul, Republic of Korea) on an Illumina MiSeq sequencer (3 × 300 bp),
using the MiSeq Reagent Kit v3 (600-cycle), following the manufacturer’s protocol. Raw
fastq files were filtered using BBDuk version 38.87 (BBMap) [25], with the following pa-
rameters: Illumina adapters removing (Illumina artefacts and the PhiX Control v3 Library);
ktrim = l; k = 23; mink = 11; hdist = 1; minlen = 50; tpe; tbo; qtrim = rl; trimq = 20; ftm = 5;
and maq = 20. The remaining sequences were imported to QIIME2 version 2022.2 for bioin-
formatics analyses [26]. For fungi, the qiime2-dada2 plugin (a complete pipeline) was used
for filtering, dereplication, merging paired-end fastq files, and the removal of chimeras [27].
Taxonomic assignments were determined for amplicon sequence variants (ASVs) using
the qiime2 feature classifier [28] classify-sklearn against the SILVA 138 Ref NR 99 for bacte-
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ria, the UNITE database version 10.0 for fungi and invertebrates [29], and the PLANiTS2
database for plants and microalgae [30], which was trained with Naive Bayes classifier
and a confidence threshold of 98.5%. The remaining unclassified ASVs were filtered and
aligned against the National Center for Biotechnological Information (NCBI) nonredundant
nucleotide sequences (nt) database (August 2024) using BLASTn with default parameters.
Krona [31] was used for generating taxonomic profiles. Sequences were submitted to
GenBank database under the accession numbers SAMN44524491-SAMN44524508.

Many factors, including extraction, PCR, and primer bias, as well as the number of 16S
(or ITS) sequences per genome, can affect the number of reads obtained [32], and thus lead
to the misinterpretation of abundance [33]. However, Giner et al. [34] concluded that such
biases did not affect the proportionality between reads and cell abundance, implying that
more reads are linked with higher abundance [35,36]. Therefore, for comparative purposes,
we used the number of reads as a proxy for relative abundance.

2.4. Diversity Indices

The number of DNA reads was used to quantify the prokaryotic and eukaryotic taxa
(assigned ASVs) present in the samples, with taxon diversity, richness, and dominance
described using (i) Fisher’s α, (ii) Margalef’s, and (iii) Simpson’s indices, respectively.
Organism ASVs with a relative abundance > 1% were considered dominant, while those
with <1% were considered as minor (rare) components of the fungal community [37].
Species accumulation curves were generated using the Mao Tao index. All results were
obtained with 95% confidence, and bootstrap values were calculated from 1000 replicates
using PAST 1.90 [38]. Venn diagrams were prepared following Bardou et al. [39] to visualize
the assemblages present in the different sampling areas.

2.5. Carbon Dioxide Flux

Carbon dioxide (CO2) fluxes were measured in two reference areas—one with exposed
soil and the other with vegetated soil. Measurements were taken under conditions that
allowed photosynthesis and conditions that prevented it, enabling distinction between net
CO2 exchange and ecosystem respiration. In this approach, the net ecosystem exchange of
CO2 (NEE) corresponds to the balance between the CO2 flux emitted and absorbed by the
ecosystem. This flux was measured using a transparent chamber, which allows light to enter,
enabling both photosynthesis and respiration. In contrast, ecosystem respiration (ER) repre-
sents the CO2 released by the respiration of autotrophic and heterotrophic organisms. This
flux was measured using an opaque chamber, which blocks light and prevents photosynthesis,
recording only the CO2 release from respiration. Negative values indicate CO2 uptake by soil
and vegetation (carbon sink), while positive values indicate CO2 release (carbon source).

Carbon dioxide (CO2) fluxes were measured using optical absorption spectroscopy
with a gas exchange system equipped with an infrared gas analyzer (IRGA) LI-8100A
(LI-COR, Lincoln, NE, USA). This system comprised a control unit and two chambers—one
transparent and one opaque. To execute measurements, polyvinyl chloride (PVC) rings
with a diameter of 20 cm were inserted into the soil to a depth of 3 ± 1 cm. A laptop was
used for system operation and data storage. Collection times ranged from 1 min to 1.5 min,
the number of replicates per collection area ranged from 9 to 14, and measurement locations
were arranged in a semicircle, according to terrain conditions. Measurements were made
during the day, between 08:00 and 17:30 local time.

The stored raw data were individually preprocessed using “FileViewer 3.0” software.
Linear regression models were adjusted for each reading, and their angular coefficients
were considered as the CO2 flux rate (µmol CO2 m−2 s−1) for NEE and ER measures at each
measurement location. The data were filtered, and inconsistencies such as low coefficients
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of determination (R2), high variability, excessive noise (indicative of chamber leakage), or
absence of CO2 flow pattern were excluded. After filtering, an exploratory analysis of the
data was performed. Measures of central tendency and descriptive statistics were used to
present the flux data, along with the application of a non-parametric test (Kruskal–Wallis
test at a 5% significance), using R software v4.1.2 (R CORE TEAM).

3. Results
3.1. Prokaryotic Taxonomy and Abundance

For bacteria, a total of 1,389,942 DNA reads were obtained from all soil samples, which were
assigned to 381 ASVs (Supplementary Table S1). In terms of relative abundance (RA), the most
abundant bacterial phylum was Actinobacteriota, followed in rank order by Acidobacteriota, Pseu-
domonadota, Chloroflexota, and Verrucomicrobiota (Figure 2), with this pattern being the same in
both vegetated and non-vegetated soils. Additionally, Bacteroidota, Cyanobacteriota, Bdellovibri-
onota, Deinococcota, Babelota, Desulfobacterota, Elusimicrobiota, Bacillota, Gemmatimonadota,
Latescibacterota, Methylomirabilota, Myxococcota, Nitrospirota, Patescibacteria, Planctomycetota,
and Sumerlaeota were detected in low abundance. The dominant bacterial taxa (RA > 1%) were
Chthoniobacteraceae sp., Gaiellales sp., Chloroflexi sp., Pseudarthrobacter sp., Pyrinomonadaceae sp.,
Xanthobacteraceae sp., Burkholderiales sp., Acidimicrobiia sp., Ktedonobacteraceae sp., Bacteria sp., and
Sphingomonas sp. All dominant bacterial taxa displayed a higher RA in the non-vegetated soil
samples (Supplementary Figure S1).
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3.2. Eukaryotic Taxonomy and Abundance

A total of 1,804,201 eukaryotic DNA reads were detected across all seven sampling
sites (Figure 3), which were assigned to 432 ASVs and included representatives of seven
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Kingdoms and 21 phyla (Supplementary Table S2; Supplementary Figure S2). Fungi
dominated the ASVs, followed by Viridiplantae. The ranking of the dominant eukaryotic
higher taxa of Ascomycota, Basidiomycota, Mortierellomycota, Rozellomycota (Fungi),
Chlorophyta, and Streptophyta (Viridiplantae) differed between the non-vegetated and
vegetated soils (Supplementary Figure S2). Most of the assemblages comprised rare taxa
(RA < 1%).
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3.3. Fungi

A total of 1,259,272 fungal DNA reads were detected across the seven sampling sites,
representing 291 ASVs (Supplementary Table S2). Across all sites, the most abundant phyla
detected were Ascomycota and Basidiomycota, followed in rank order by Mortierellomycota,
Chytridiomycota, Rozellomycota, Zoopagomycota, Monoblepharomycota, Aphelidiomycota,
Calcarisporiellomycota, and Blastocladiomycota. However, the RAs of the different phyla
varied between the seven sites. Eighteen taxa were classified as dominant (RA > 1%), with
Lachnum sp., Mortierella sp., Helotiales sp., Pseudogymnoascus pannorum, Mastigobasidium sp.,
and Mrakia blollopis displaying the highest RAs (>6%). Among the dominant fungal taxa,
P. pannorum, Pseudeurotium sp., Verrucariaceae sp., Glaciozyma sp., Mortierella antarctica,
Linnemannia amoeboidea, and Rozellomycota sp. had higher RA in the non-vegetated soils, while
Lachnum sp., Helotiales sp., Chaetothyriales sp., Epibryon sp., Leotiaceae sp., Mastigobasidium sp.,
Mrakia blollopis, and Mortierella sp. had higher RA in the vegetated soils.
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3.4. Viridiplantae

A total of 500,494 DNA reads were assigned to Viridiplantae, representing 97 ASVs and
five phyla—Bryophyta, Chlorophyta, Magnoliophyta, Marchantiophyta, and Streptophyta
(Supplementary Table S3). Chlorophyta was the most diverse and abundant group, with
Meyerella sp. displaying the highest RA. Amongst the assigned Bryophyta, Sanionia sp.
was the most abundant ASV, followed by Polytrichaceae. Assignments to Mnium sp.
and Syntrichia ruraliformis were to taxa not recorded from Antarctica, likely illustrating
limitations of the available databases. Several species of Syntrichium, or close relatives, are
present in the Maritime Antarctic, including on the South Shetland Islands.

3.5. Stramenopila, Chromista, Protozoa, Holozoa, and Metazoa

Supplementary Table S4 shows the ASV assignments to Stramenopila, Chromista,
Protozoa, Holozoa, and the Kingdom Metazoa, which, in total, generated 44,435 DNA reads
representing 44 ASVs. Among the invertebrates, 11 ASVs representing three phyla were found,
including seven Arthropoda, three Nematoda, and one Tardigrada. Seven ASVs were as-
signed to Protozoa, representing four phyla—Apuzozoa, Cercozoa, Evosea, and Heterolobosea.
The majority of these groups were only identified at a higher rank level (class and order).
Amongst the Chromista, 22 ASVs were assigned representing two phyla—Bacillariophyta and
Ciliophora. Phaeodactylum tricornutum is a globally widespread and commonly found diatom
that has not yet been reported in Antarctica. The majority of ASVs were again only assigned to
a higher taxonomic level (class and order), although representatives of these taxa are generally
common and widespread in Antarctica. The most abundant ASVs were Urostylida sp. and
Ciliophora sp. (Chromista), followed by Cercozoa sp. (Protozoa).

3.6. Prokaryotic and Eukaryotic Diversity and Distribution

The Mao Tao rarefaction curves of the prokaryotic and eukaryotic assemblages de-
tected in all seven sampling sites reached asymptote, suggesting that the DNA reads gave
an accurate representation of the local diversity in each sample (Supplementary Figure S3).
The prokaryotic and eukaryotic diversity indices across the samples are given in Table 1.
Non-vegetated soil 1 displayed the highest diversity (Fisher α), richness (Margalef), and
dominance (Simpson), while vegetated soil 5 showed the lowest indices. The non-vegetated
soils generally showed higher diversity indices than the vegetated soils, although the total
numbers of DNA reads were greater in the vegetated soils (Table 2).

Table 1. Diversity indices of prokaryotic (Prok) and eukaryotic (Euk) assigned amplicon sequence
variant (ASV) assemblages detected in the seven soil samples obtained on Keller Peninsula, King
George Island, assessed using metabarcoding.

Non-Vegetated Soils Vegetated Soils

Diversity Indices Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7

Prok Euk Prok Euk Prok Euk Prok Euk Prok Euk Prok Euk Prok Euk

Number of DNA reads 244,718 370,446 195,018 408,136 216,630 427,360 173,407 306,007 62,644 162,660 263,922 690,288 233,629 700,190
Number of ASVs 239 214 198 211 178 175 176 201 170 124 198 134 214 171

Fisher’s-α (diversity) 26.14 21.99 21.76 21.41 19.06 17.3 19.34 20.96 21.28 13.16 20.97 12.25 23.22 16
Margalef (richness) 19.18 16.61 16.17 16.25 14.41 13.42 14.51 15.83 15.3 10.25 15.78 9.9 17.23 12.63

Simpson’s (dominance) 0.97 0.91 0.97 0.84 0.97 0.83 0.96 0.79 0.97 0.82 0.97 0.72 0.97 0.75
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Table 2. General prokaryotic and eukaryotic diversity detected in the non-vegetated and vegetated soil
samples obtained on Keller Peninsula, King George Island, and the measured carbon dioxide fluxes.

Soil Samples

Non-Vegetated Soil Vegetated Soil

Diversity Indices Prok Euk Prok Euk

Number of DNA reads 656,366 1,205,942 733,602 1,859,145
Number of ASVs 307 316 279 279

Fisher’s-α (diversity) 30.8 29.79 27.36 24.86
Margalef (richness) 22.85 22.5 20.58 19.26

Simpson’s (dominance) 0.97 0.88 0.97 0.76

µmol CO2 m−2 s−1

NEE 0.13 ± 0.043 0.19 ± 0.297
ER 0.206 ± 0.060 0.567 ± 0.346

Prok = prokaryote; Euk = eukaryote; CO2 = carbon dioxide flux; ASVs = amplicon sequence variants; NEE = net
ecosystem exchange; and ER = ecosystem respiration (ER).

The prokaryotic and eukaryotic communities detected in the non-vegetated and vegetated
soils were compared using a Venn diagram (Figure 4). Of the 381 prokaryotic ASVs detected,
203 (53.28%) were present in both the non-vegetated and vegetated soils, while, of the total of
432 eukaryotic ASVs, a somewhat lower proportion of 158 (36.57%) were shared. The dominant
prokaryotic taxa differed between the non-vegetated and vegetated soils. Pyrinomonadaceae sp.
(Acidobacteriota) was dominant in the former, and Pseudarthrobacter sp. (Actinobacteria) in
the latter. Among the dominant eukaryotic taxa, M. antarctica (Mortierellomycota, Fungi) and
Meyerella sp. (Chlorophyta, Viridiplantae) dominated the non-vegetated soils, while
Lachnum sp. (Ascomycota, Fungi) and Polytrichaceae sp. (Streptophyta, Viridiplantae) domi-
nated the vegetated soils.
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3.7. CO2 Flux and Prokaryotic and Eukaryotic Diversity

The measured values of CO2 fluxes ranged between −0.26 and +1.29 µmol CO2 m−2 s−1.
The NEE values for non-vegetated soil and vegetated soil did not show a statistically significant
difference, while the ER values differed significantly, with vegetated soils having a higher ER
(Figure 5). While prokaryotic and eukaryotic diversity was greater specifically in the non-vegetated
soils, this difference in ER likely reflects the considerable biomass of macroscopic photosynthetic
vegetation present on the vegetated soils (Table 2).
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Based on the average NEE and ER values obtained during the daytime period, the net CO2

exchange in the ecosystem indicates an emission of 8.208 mg C m−2 h−1 in the vegetated area and
5.616 mg C m−2 h−1 in the non-vegetated area. When considering only ecosystem respiration
(ER), the potential carbon emission was significantly higher, reaching 24.4944 mg C m−2 h−1 in
the vegetated area and 8.8992 mg C m−2 h−1 in the non-vegetated area.

4. Discussion
4.1. Prokaryotic Taxonomy

The bacterial communities present in Antarctic soils are generally dominated by
Acidobacteriota, Actinobacteriota, Bacteroidota, Bacillota, Gemmatimonadota, and Pseu-
domonadota [40–44]. Our data are consistent with these findings, with the dominant
prokaryotic phyla in both vegetated and non-vegetated soils of the Keller Peninsula be-
ing Actinobacteria, followed by Acidobacteriota, Pseudomonadota, Chloroflexota, and
Verrucomicrobiota. Bacterial diversity in Antarctic soils can be influenced by soil physico-
chemical characteristics [45], local microclimate [46], vegetation cover, and cryoturbation
processes (bulk density and soil temperature) [47].

The dominant prokaryotic ASV in non-vegetated soils was an unassigned Pyrinomon-
adaceae sp. (Acidobacteriota), while Pseudarthrobacter sp. (Actinobacteriota) dominated in
the vegetated soils. The family Pyrinomonadaceae includes diverse aerobic and chemo-
heterotrophic mesophilic or thermophilic bacteria that are also able to grow in mildly aci-
dophilic environments [48], with representatives being reported from a range of extreme envi-
ronments such as semi-arid savannah and volcanic soils [49]. Representatives of Pyrinomon-
adaceae have been reported in environmental DNA (eDNA) studies of diesel-contaminated
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Antarctic soil on King George Island [50], as well as being abundant in Antarctic marine
sediments [51]. Pseudarthrobacter species are common in Antarctic soils [52]. Naloka et al. [53]
reported a Pseudarthrobacter sp. strain as being dominant in an Antarctic soil study, which
displayed the ability to degrade phenanthrene at low temperatures, suggesting the possession
of a complex metabolism to enable survival in the extreme Antarctic environment.

4.2. Eukaryotic Taxonomy

Representatives of 12 eukaryotic kingdoms and 24 phyla were assigned in this study,
with the soil communities dominated by Fungi followed by Viridiplantae. Fungi are generally
the most diverse eukaryotic group present in various Antarctic ecosystems [7,54,55], followed
by Viridiplantae, is the latter primarily represented by bryophytes (mosses and liverworts)
and, to a lesser extent, flowering plants (of which there are only two native species) [56].
Among the Fungi, Ascomycota, Basidiomycota, Mortierellomycota, and Rozellomycota dom-
inated the Keller Peninsula soils sampled. Members of the first three of these phyla have
generally been reported as common in many different Antarctic substrates/habitats in studies
using either culture-based or metagenomic methodologies [7]. However, more cryptic phyla
such as Rozellomycota have been detected primarily in eDNA studies using metabarcoding
approaches [55].

Among Viridiplantae, Chlorophyta and Bryophyta were the dominant groups.
Amongst the top five most abundant chlorophytes assigned, Meyerella is a small freshwater
genus with only three known species from Europe, Asia, and North America. Such findings
remain common in Antarctic eDNA studies [57]; however, while they could represent
new continental records or as yet undescribed species, they are more likely illustrations
of the limitations of sequence assignment methodologies or of the completeness of the
currently available sequence databases. Myrmecia pyriformis provides a similar example
at the species level, being recorded from Atlantic islands, Asia, and Europe, although
an assigned representative of the genus has been reported from Antarctica in an eDNA
study [57]. Lobosphaera is a freshwater genus that includes three described species, of
which Lobosphaera incisa has been reported from Antarctica [58]. Finally, Planophila is a
marine genus commonly reported from Antarctica [57], and Trebouxia is a widespread
terrestrial and freshwater genus also commonly reported from Antarctica and which is also
a photobiont in multiple lichen species.

Comparing the dominant assigned sequences in non-vegetated and vegetated soils,
M. antarctica (Mortierellomycota, Fungi) and Meyerella sp. (Chlorophyta, Viridiplantae)
dominated the former, while Lachnum sp. (Ascomycota, Fungi) and Polytrichaceae sp.
(Streptophyta, Viridiplantae) dominated the latter. Lachnum (order Helotiales, Fungi) is a
genus with representatives present in many parts of the world, commonly occurring in
association with plants [59]. Bruyant et al. [60] considered that Helotiales is a diverse and
understudied fungal order, which is emerging as a key lineage in fungus-mediated nutrient
acquisition by plants, with the ability to form ericoid mycorrhizae or ectomycorrhizae,
which is capable of transferring nutrients to their hosts without forming differentiated
cellular structures inside plant roots and, as yet, without proven nutritional reciprocity from
the plant. Separately, Helotiales taxa display high levels of dominance in Antarctic moss
carpets showing symptoms of ‘fairy ring’ infection [18]. The genus Mortierella includes
species known as “snow moulds”, which are often recovered from cold environment soils
where they are considered saprophytes [61]. They include many Antarctic representatives
that have been isolated from different terrestrial sources, including mosses, lichens, and
soil [7]. Rosa et al. [55] considered that the abundance of Mortierella representatives in fairy
rings on Antarctic mosses suggests that they may be opportunistic secondary invaders
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degrading already dead moss. Many of the dominant taxa reported here in vegetated soils
are also common in eDNA studies of Antarctic moss carpets [18,62].

Meyerella sp. (Chlorophyta, Viridiplantae) was the dominant algae in the non-
vegetated soils. Polytrichaceae sp. (Streptophyta, Viridiplantae), a group including several
common and widespread Antarctic moss species, dominated the vegetated soils and was
not detected in the non-vegetated soils. Similarly, sequences assigned to the moss genus
Dicranum, another widespread Antarctic moss, were only detected in the vegetated soil.
Amongst the other assigned moss sequences, Conostomum pentastichum is a rare species in
Admiralty Bay [63]. Conversely, while Brachytheciaceae includes common moss species
in Maritime Antarctica (particularly in the South Shetland Islands), it was not assigned in
the vegetated soil samples. Antarctic members of the genus Sanionia include S. uncinata,
one of the most common and abundant mosses in Maritime Antarctica (and the Keller
Peninsula specifically), which often forms large monoclonal carpets [57], consistent with the
abundance of its assigned sequences in both non-vegetated and vegetated soils. Amongst
the Chlorophyta, Meyerella dominated the non-vegetated soils and was almost absent from
vegetated soil, a pattern also shown by Myrmecia, Lobosphaeria, and many other algal taxa. It
is likely that the dense overlying moss carpet at the vegetated study site may have restricted
the ability of microalgae to develop in the soil. Finally, little inference could be made about
the distribution of the remaining groups of Protozoa and Chromista, as they showed only
limited diversity and were assigned mostly to higher taxonomic levels.

4.3. Prokaryotic and Eukaryotic Diversity and CO2 Flux

The highest CO2 fluxes we observed in net ecosystem exchange (NEE) and ecosystem
respiration (ER) in vegetated soils reinforce the essential role of vegetation in carbon
dynamics. Root respiration can account for up to 50% of total emissions in areas vegetated
by higher plants [64], highlighting its contribution to the carbon cycle. Additionally,
photosynthetic activity contributes to the accumulation of organic carbon in plant biomass
and alters the composition and activity of soil microbial communities, intensifying CO2

fluxes [65].
Vegetation facilitates the release of exudates and the accumulation of organic matter,

stimulating microbial activity and increasing heterotrophic respiration [66]. In this study,
ER measured in vegetated soil was more than twice as high as that in non-vegetated
soils, but the relative contributions of the soil microbial community and the overlying
vegetation could not be separated in our analysis. The presence of the overlying dense
moss carpets may have reduced the associated soil microbial diversity by promoting the
dominance of species better adapted to this environment [67]. However, the increase in
CO2 emissions through ER in vegetated sites was offset by the greater carbon sequestration
potential provided through plant photosynthesis. Although non-vegetated soils in this
study exhibited higher prokaryotic and eukaryotic diversity, their CO2 fluxes remained
lower, indicating that despite greater biodiversity, they show reduced functional activity
related to carbon mineralization [68]. Studies in polar desert ecosystems have shown that
soil moisture, often regulated by vegetation cover, also influences CO2 fluxes. Specifically,
increased moisture enhanced microbial biomass and organic carbon availability, leading to
higher CO2 emissions, whereas drier conditions restricted microbial activity and reduced
CO2 fluxes [69].

5. Conclusions
Our eDNA metabarcoding data revealed the presence of rich and complex communi-

ties of prokaryotic and eukaryotic organisms in both non-vegetated and vegetated soils
of the Keller Peninsula on King George Island, including autotrophic and heterotrophic
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groups, which are likely display diverse ecological roles. The non-vegetated soils demon-
strated the highest levels of assigned diversity and had a lower ER compared to vegetated
soils. The high respiration value measured over vegetated soils is likely due to the signif-
icant biomass of photosynthetically active plants (mainly dense moss carpets) and their
resident organisms. The greater diversity detected in exposed soils may influence future
changes in CO2 flux in the region studied, for which studies comparing non-vegetated
and vegetated soils with different microbial diversities will be necessary. This reinforces
the requirement for future studies to monitor the impact of resident biota on CO2 fluxes
in different areas of Maritime Antarctica and related to different soil types and differing
influences of vegetation.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/dna5010015/s1, Table S1: Prokaryotic taxa detected along
the seven soil samples obtained in Keller Peninsula, King George Island, Maritime Antarctica.
Table S2: Relative abundances of the fungal amplicon sequence variants (ASVs) detected along
the seven soil samples obtained in Keller Peninsula, King George Island, Maritime Antarctica.
Table S3: Relative abundances of the Viridiplantae amplicon sequence variants (ASVs) detected
along the seven soil samples obtained in Keller Peninsula, King George Island, Maritime Antarctica.
Table S4: Relative abundances of the Stramenopila, Chromista, Protozoa, Holozoa, and Metazoa am-
plicon sequence variants (ASVs) detected along the seven soil samples obtained in Keller Peninsula,
King George Island, Maritime Antarctica. Figure S1: Krona chart illustrating the prokaryote ASV
assemblages assigned in each of the seven soil samples obtained on Keller Peninsula, King George
Island. (a) exposed soil 1, (b) exposed soil 2, (c) exposed soil 3, (d) vegetated soil 4, (e) vegetated
soil 5, (f) vegetated soil 6, (g) vegetated soil 7. Figure S2: Krona chart illustrating eukaryote ASVs
assigned from each of the seven sampling sites on Keller Peninsula, King George Island. (a) exposed
soil 1, (b) exposed soil 2, (c) exposed soil 3, (d) vegetated soil 4, (e) vegetated soil 5, (f) vegetated soil
6, (g) vegetated soil 7. Figure S3: Rarefaction curves, with 95% confidence limits, of prokaryotic (a)
and eukaryotic (b) amplicon sequence variants (ASVs) obtained from the seven soils sampled on
Keller Peninsula, King George Island.

Author Contributions: L.H.R., M.R.F. and P.E.A.S.C. conceived the study. L.H.R., V.N.G. and D.L.C.B.
performed DNA extraction from soil samples. F.A.C.L. and K.C.R.S. performed the metabarcoding
analysis. M.R.F., C.G.O.B. and D.C.M. collected soil and gas samples. L.H.R., V.N.G., D.L.C.B., M.R.F.,
C.G.O.B., D.C.M., K.C.R.S., F.A.C.L., M.C.-S., P.C. and P.E.A.S.C. analyzed the results and wrote the
manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Conselho Nacional de Desenvolvimento Científico
e Tecnológico (CNPq) grant number 440218/2023-3.

Institutional Review Board Statement: The collections and studies performed in Antarctica were
authorized by PROANTAR.

Data Availability Statement: Sequences have been submitted to GenBank under the accession
numbers SAMN44524491-SAMN44524508.

Acknowledgments: This study received financial support from CNPq, CAPES, FNDCT, INCT
Criosfera, and PROANTAR. PC is supported by NERC core funding to the British Antarctic Survey’s
‘Biodiversity, Evolution and Adaptation’ Team.

Conflicts of Interest: The authors declare that they have no conflicts of interest.

https://www.mdpi.com/article/10.3390/dna5010015/s1


DNA 2025, 5, 15 13 of 15

References
1. Godinho, V.M.; Gonçalves, V.N.; Santiago, I.F.; Figueredo, H.M.; Vitoreli, G.A.; Schaefer, C.E.G.R.; Barbosa, E.C.; Oliveira, J.G.;

Alves, T.M.A.; Zani, C.L.; et al. Diversity and bioprospection of fungal community present in oligotrophic soil of continental
Antarctica. Extremophiles 2015, 19, 585–596. [CrossRef]

2. Bokhorst, S.; Convey, P.; Aerts, R. Nitrogen inputs by marine vertebrates drive abundance and richness in Antarctic terrestrial
ecosystems. Curr. Biol. 2019, 29, 1721–1727. [CrossRef] [PubMed]

3. Fell, J.W.; Scorzetti, G.; Connell, L.; Craig, S. Biodiversity of microeukaryotes in Antarctic Dry Valley soils with >5% soil moisture.
Soil Biol. Biochem. 2006, 38, 3107–3119. [CrossRef]

4. Ruisi, S.; Barreca, D.; Selbmann, L.; Zucconi, L.; Onofri, S. Fungi in Antarctica. Rev. Environ. Sci. Biotechnol. 2007, 6, 127–141. [CrossRef]
5. Cowan, D.A.; Chown, S.L.; Convey, P.; Tuffin, M.; Hughes, K.; Pointing, S.; Vincent, W.F. Non-indigenous microorganisms in the

Antarctic: Assessing the risks. Trends Microbiol. 2011, 19, 540–548. [CrossRef]
6. Cavicchioli, R. Microbial ecology of Antarctic aquatic systems. Nat. Rev. Microbiol. 2015, 13, 691–706. [CrossRef] [PubMed]
7. Rosa, L.H.; Zani, C.L.; Cantrell, C.L.; Duke, S.O.; Dijck, P.V.; Desideri, A.; Rosa, C.A. Fungi in Antarctica: Diversity, ecology, effects

of climate change, and bioprospection for bioactive compounds. In Fungi of Antarctica: Diversity, Ecology and Biotechnological
Applications; Springer: Cham, Switzerland, 2019; pp. 1–18. [CrossRef]

8. Lopes, D.V.; Schaefer, C.E.G.R.; Souza, J.J.L.; de Oliveira, F.S.; Simas, F.N.B.; Daher, M.; Gjorup, D.F. Concretionary horizons,
unusual pedogenetic processes and features of sulfate affected soils from Antarctica. Geoderma 2019, 347, 13–24. [CrossRef]

9. Porto, B.A.; da Silva, T.H.; Machado, M.R.; de Oliveira, F.S.; Rosa, C.A.; Rosa, L.H. Diversity and distribution of cultivable
fungi present in acid sulphate soils in chronosequence under para-periglacial conditions in King George Island, Antarctica.
Extremophiles 2020, 24, 797–807. [CrossRef]

10. Simas, F.N.B.; Schaefer, C.G.R.; Filho, M.R.A.; Francelino, M.R.; Fernandes Filho, E.I.; da Costa, L.M. Genesis, properties and
classification of Cryosols from Admiralty Bay, Maritime Antarctica. Geoderma 2008, 144, 116–122. [CrossRef]

11. Cao, J.J.; Li, Y.K.; Jiang, T.; Hu, G. Sulphur-containing particles emitted by concealed sulfide ore deposits: An unknown source of
sulphur-containing particles in the atmosphere. Atmos. Chem. Phys. 2015, 12, 6959–6969. [CrossRef]

12. Raich, J.W.; Schlesinger, W.H. The global carbon-dioxide flux in soil respiration and its relationship to vegetation and climate.
Tellus Ser. B 1992, 44, 81–99. [CrossRef]

13. La Scala, N.; de Sá Mendonça, E.; de Souza, J.V.; Panosso, A.R.; Simas, F.N.; Schaefer, C.E. Spatial and temporal variability in soil
CO2-C emissions and relation to soil temperature at King George Island, Maritime Antarctica. Polar Sci. 2010, 4, 479–487. [CrossRef]

14. Reichstein, M.; Rey, A.; Freibauer, A.; Tenhunen, J.; Valentini, R.; Banza, J.; Casals, P.; Cheng, Y.; Grunzweig, J.M.; Irvine, J.; et al.
Modeling temporal and large-scale spatial variability of soil respiration from soil water availability, temperature and vegetation
productivity indices. Glob. Biogeochem. Cycles 2003, 17, 1104. [CrossRef]

15. Convey, P.; Peck, L.S. Antarctic environmental change and biological responses. Sci. Adv. 2019, 5, eaaZ0888. [CrossRef] [PubMed]
16. Siegert, M.; Atkinson, A.; Banwell, A.; Brandon, M.; Convey, P.; Davies, B.; Downie, R.; Edwards, T.; Hubbard, B.; Marshall, G.;

et al. The Antarctic Peninsula under a 1.5 ◦C global warming scenario. Front. Environ. Sci. 2019, 7, 102. [CrossRef]
17. Shanhun, F.L.; Almond, P.C.; Clough, T.J.; Smith, C.M.S. Abiotic processes dominate CO2 fluxes in Antarctic soils. Soil Biol.

Biochem. 2012, 53, 99–111. [CrossRef]
18. Rosa, L.H.; da Costa Coelho, L.; Pinto, O.H.B.; Carvalho-Silva, M.; Convey, P.; Rosa, C.A.; Câmara, P.E.A.S. Ecological succession of

fungal and bacterial communities in Antarctic mosses affected by a fairy ring disease. Extremophiles 2021, 25, 471–481. [CrossRef]
19. Newsham, K.K.; Davey, M.L.; Hopkins, D.W.; Dennis, P.G. Regional diversity of Maritime Antarctic soil fungi and predicted

responses of guilds and growth forms to climate change. Front. Microbiol. 2021, 11, 615659. [CrossRef]
20. Chen, S.; Yao, H.; Han, J.; Liu, C.; Song, J.; Shi, L.; Zhu, Y.; Ma, X.; Gao, T.; Pang, X.; et al. Validation of the ITS2 region as a novel

DNA barcode for identifying medicinal plant species. PLoS ONE 2010, 5, e8613. [CrossRef]
21. Richardson, R.T.; Lin, C.H.; Sponsler, D.B.; Quijia, J.O.; Goodell, K.; Johnson, R.M. Application of ITS2 metabarcoding to determine

the provenance of pollen collected by honeybees in an agroecosystem. Appl. Plant Sci. 2015, 3, 1400066. [CrossRef]
22. White, T.J.; Bruns, T.; Lee, S.J.W.T.; Taylor, J. Amplification and direct sequencing of fungal ribosomal RNA genes for phylogenetics.

In PCR Protocols: A Guide to Methods and Applications; Academic Press: New York, NY, USA, 1990; pp. 315–322.
23. Herlemann, D.; Labrenz, M.; Jürgens, K.; Bertilsson, S.; Waniek, J.J.; Andersson, A.F. Transitions in bacterial communities along

the 2000 km salinity gradient of the Baltic Sea. ISME J. 2011, 5, 1571–1579. [CrossRef]
24. Klindworth, A.; Pruesse, E.; Schweer, T.; Peplies, J.; Quast, C.; Horn, M.; Glöckner, F.O. Evaluation of general 16S ribosomal RNA gene PCR

primers for classical and next-generation sequencing-based diversity studies. Nucleic Acids Res. 2013, 41, e1. [CrossRef] [PubMed]
25. Bushnell, B. BBMap: A Fast, Accurate, Splice-Aware Aligner; Lawrence Berkeley National Laboratory: Berkeley, CA, USA, 2014.

Available online: https://sourceforge.net/projects/bbmap (accessed on 20 July 2024).
26. Bolyen, E.; Rideout, J.R.; Dillon, M.R.; Bokulich, N.A.; Abnet, C.C.; Al-Ghalith, G.A.; Alexander, H.; Alm, E.J.; Arumugam, M.;

Asnicar, F.; et al. Reproducible, interactive, scalable and extensible microbiome data science using QIIME 2. Nat. Biotechnol.
2019, 37, 852–857. [CrossRef]

https://doi.org/10.1007/s00792-015-0741-6
https://doi.org/10.1016/j.cub.2019.04.038
https://www.ncbi.nlm.nih.gov/pubmed/31080085
https://doi.org/10.1016/j.soilbio.2006.01.014
https://doi.org/10.1007/s11157-006-9107-y
https://doi.org/10.1016/j.tim.2011.07.008
https://doi.org/10.1038/nrmicro3549
https://www.ncbi.nlm.nih.gov/pubmed/26456925
https://doi.org/10.1007/978-3-030-18367-7_1
https://doi.org/10.1016/j.geoderma.2019.03.024
https://doi.org/10.1007/s00792-020-01195-9
https://doi.org/10.1016/j.geoderma.2007.10.019
https://doi.org/10.5194/acp-15-6959-2015
https://doi.org/10.3402/tellusb.v44i2.15428
https://doi.org/10.1016/j.polar.2010.07.001
https://doi.org/10.1029/2003GB002035
https://doi.org/10.1126/sciadv.aaz0888
https://www.ncbi.nlm.nih.gov/pubmed/31807713
https://doi.org/10.3389/fenvs.2019.00102
https://doi.org/10.1016/j.soilbio.2012.04.027
https://doi.org/10.1007/s00792-021-01240-1
https://doi.org/10.3389/fmicb.2020.615659
https://doi.org/10.1371/journal.pone.0008613
https://doi.org/10.3732/apps.1400066
https://doi.org/10.1038/ismej.2011.41
https://doi.org/10.1093/nar/gks808
https://www.ncbi.nlm.nih.gov/pubmed/22933715
https://sourceforge.net/projects/bbmap
https://doi.org/10.1038/s41587-019-0209-9


DNA 2025, 5, 15 14 of 15

27. Callahan, B.J.; McMurdie, P.J.; Rosen, M.J.; Han, A.W.; Johnson, A.J.A.; Holmes, S.P. DADA2: High-resolution sample inference
from Illumina amplicon data. Nat. Methods 2016, 13, 581–583. [CrossRef]

28. Bokulich, N.A.; Kaehler, B.D.; Rideout, J.R.; Dillon, M.; Bolyen, E.; Knight, R.; Huttley, G.A.; Gregory Caporaso, J. Optimizing taxonomic
classification of marker-gene amplicon sequences with QIIME 2’s q2-feature-classifier plugin. Microbiome 2018, 6, 90. [CrossRef]

29. Abarenkov, K.; Allan, Z.; Timo, P.; Raivo, P.; Filipp, I.; Nilsson, H.R.; Urmas, K. UNITE QIIME Release for Eukaryotes; UNITE
Community: London, UK, 2020. [CrossRef]
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