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Abstract: The recession of glaciers in the Antarctic is a global concern under climate change, but the impact of
deglaciation on soil microbiomes is still limited. Here, soil samples were collected from permafrost (P), moraine
(M) and Deschampsia antartica rhizospheres (R) soils near Ecology Glacier (Antarctic), and their soil
physicochemical properties and microbial communities were characterized. Our results revealed significant
differences in the soil properties and microbial communities between the R samples and the P and M samples.
Specifically, the amplicon sequencing technique revealed high bacterial richness and diversity in the studied
soils, dominated mainly by the phyla Proteobacteria, Actinobacteriota and Bacteroidota. Lower richness and
diversity were observed in the archaeal communities, which were dominated by the phyla Chenarchaeota (M
and R) and Thermoplasmadota (M). The fungal community analysis also revealed a lower richness and
diversity (M and R), dominated by the phylum Ascomycota. Our observations are consistent with previous
reports describing the relevant changes in soil microbial communities during glacial recession, including fewer
microbial groups studied in soils (archaea and fungi). However, further studies are still needed to elucidate the
contributions of microbial communities to soil formation and plant colonization in ice-free soils in Antarctica
under global climate change.

Keywords: Amplicon sequencing; permafrost melting; Antarctic soil; plant-microbe interactions;
soil microbiota

1. Introduction

Microorganisms (such as bacteria, archaea, and fungi) are among the most diverse and versatile
organisms on Earth and colonize and proliferate in various ecosystems. Antarctica is not an
exception, since microorganisms are dominant and crucial for the functioning and stability of the
different ecological niches that they occupy in soils [1]. Antarctic microorganisms have coevolved
and adapted to the extreme and unpredictable Antarctic climate [2—4], which has led to the selection
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of strains and species with unusual metabolic properties that have sparked the interest of scientists
and industry [5-7]. As a result, diverse studies in Antarctica have focused on revealing the structures
and functions of the microbial communities in soils and plants and evaluating their biotechnological
potential [8-11]. However, most of these studies have focused on tropical and temperate latitudes,
and our knowledge of the diversity, role and dynamics of microbial communities in the plant-soil-
microbe continuum in Antarctica is still lacking.

Climate change is currently the main challenge facing our planet, particularly concerning soils
and their biodiversity [12]. In this sense, the expansion of ice-free habitats in the Antarctic Peninsula
is projected [13,14], where microorganisms play crucial roles in soil-forming processes and
biogeochemical cycling, promoting environmental changes that facilitate the colonization and
succession of organisms with higher trophic levels (e.g., lichens, mosses, fungi, small invertebrates
and birds) [15-20]. These organisms incorporate organic compounds into the soil matrix and promote
the colonization and establishment of specific native vascular plant species, such as Deschampsia
antarctica and Colobanthus quitensis, which also regulate soil properties [21].

Under a climate warming scenario in Antarctica, studies have recently described the influence
of microorganisms on initial soil formation near glaciers [22] and the influence of site conditions and
vegetation on nutrient speciation (phosphorus and sulfur) in ice-free soils [23]. In addition, studies
have revealed not only high microbial diversity in Antarctic soils and plants but also beneficial plant—
microbe interactions [24] and microbial differentiation between plant compartments, such as the
rhizosphere, endosphere and phyllosphere [25]. Studies on soils obtained from deglaciation and their
concomitant succession of microbial communities could also provide indications of how climate
change at the global scale may modulate the formation, biogeochemical processes and biodiversity
of soils at the regional scale [22,23]. In this context, Ecology Glacier, located on King George Island
(South Shetland Islands, Maritime Antarctic), is a highly relevant site for studying soil formation and
associated microbial communities because it has experienced a high level of deglaciation over the
past decades [26]; therefore, it has traditionally been subjected to multiple interdisciplinary studies
[27-29]. For this reason, in this study, we aimed to describe the compositions of prokaryote (bacteria
and archaea) and eukaryote (fungi) communities associated with soils collected from permafrost
(frozen soil), moraine (debris and sediment left behind by deglaciation) and D. antartica rthizosphere
(colonized soil) near Ecology Glacier.

2. Materials and Methods

2.1. Sampling

Soil samples were collected near Ecology Glacier, which is located inside the Antarctic specially
protected area (ASPA, N°128: Occidental coast of Admiralty Bay), during the 58t Scientific Antarctic
Expedition (ECA58) in the summer season (November 2021 to March 2022), and following the
protocols and supervision of the Chilean Antarctic Institute (INACH; https://www.inach.cl/). The
samples were coded as ‘Permafrost (P)’, ‘Moraine (M)’ or ‘Rhizosphere (R)" and were collected at the
sites described in Figure 1. Soil samples of both P (62°1015.4” S, 58°28'21.6” W) and M (62°10'14.4”
S, 58°28'20.5” W) were collected by removing a 10-cm surface layer and then placing 0.5 to 1 kg of the
underlying soil into Whirl-Pak® sterile bags (Madison, WI, USA) using an aseptic spade. The R
samples were subsequently collected from soil patches covered with the vascular plant D. antarctica.
Six samples were randomly taken along a 500-m transect from the moraine to the Henryk Arctowski
Polish Antarctic Station (Figure 1), and a clean spade was used to remove intact roots from the soil.
Fifty grams of collected rhizosphere samples were placed within sterile 50-mL Falcon plastic tubes.
The samples were kept at low temperature and transported for analysis.
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Figure 1. Map showing the sites for the collection of soil samples near Ecology Glacier and the Henryk
Arctowski Polish Antarctic Station (red dots) (King George Island, Antarctic Peninsula) used in this
study. Soil samples were collected during the 58t Scientific Antarctic Expedition (2021-2022), and the
sampling sites were coded as ‘Permafrost’ (P), ‘Moraine” (M) and ‘Rhizosphere’ (R). The map was
freely taken from the https://coordinates-converter.com/ website.

2.2. Soil Physicochemical Properties

The soil samples were subjected to physicochemical analysis following standard procedures by
the Soil Laboratory at the Universidad de La Frontera (Temuco, Chile). The pH and electrical
conductivity (EC) were measured in 1:2.5 and 1:5 sediment/deionized water suspensions with a high-
grade benchtop meter (model HI5522; Hanna Instruments Ltd., Leighton Buzzard, UK), respectively.
The organic matter (OM) contents were estimated via wet digestion (the Walkley-Black method; [30].
Inorganic phosphorus (Poisen) was extracted using the bicarbonate method (pH 8.5 in 0.5 M NaHCO:s)
and analyzed using the molybdate-blue method [31]. Total carbon (TC) and total nitrogen (TN) were
determined on an automated elemental analyzer EA 3000 (Eurovector, Milano, IT) in aliquots (1.5 to
2.5 mg) of sieved freeze-dried soils (150 pm pore size) as recommended by Schumacher [32]. The
elemental compositions of TC and TN were calculated using a calibration curve with EDTA as a
standard (99.4% purity; LECO®, USA) and expressed as mg kg™ dw. Exchangeable cations (e.g., Ca*?,
Mg?, Na* and K*) were extracted with 1 M CHsCOONHas at pH 7.0 and analyzed via flame atomic
absorption spectrophotometry (FAAS) [33]. Exchangeable iron (Fe**) was extracted with wet soil-
water at a ratio of 1:1 and analyzed via FAAS [34].

Significant differences in the physiochemical properties among the soil samples were analyzed
via one-way Analysis of Variance (ANOVA) and Tukey’s HSD test (p < 0.05). In addition, with the
centered and scaled values of the physicochemical properties of the soil samples, a principal
component analysis (PCA) was performed via R version 4.2.3 (https://cran.r-project.org/ ) to visualize
their influence on each soil sample.

2.3. DNA Isolation

First, each soil sample was sieved to remove rocks, small stones and/or root debris from the
collected samples. Then, 500 mg of each soil sample was used for total DNA isolation using a
FastDNA™ Spin Kit (MP Biomedicals, Irvine, CA, USA). Mechanical lysis was performed using glass
beads of different sizes (0.1 mm, 1.4 mm and 4 mm) inside a 2-mL cryotube under shaking at 6 m s
for 45 s (three pulses) with a FastPrep-24™ homogenizer (MP Biomedicals), placing the samples on
ice between each pulse, and then proceeding according to the manufacturer's recommendations. The
DNA integrity was corroborated by 1% agarose gel electrophoresis and quantified with an Invitrogen
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Qubit® 4 Fluorometer (Thermo Fisher Scientific Inc.,, Waltham, MA, USA) using a Qubit® dsDNA
BR Assay Kit (Thermo Fisher Scientific Inc.). Finally, the DNA extracts were stored at -20°C until use.

2.4. Amplicon Sequencing and Data Analysis

Primer sets targeting bacteria, archaea and fungi were used to construct 16S rRNA and ITS
libraries (Table 1), which were sequenced with a NovaSeq 6000 Sequencing System (Illumina Inc.,
San Diego, CA, USA) using the services provided by the Novogene Corporation Inc.
(https://www.novogene.com/us-en/; Sacramento, CA, USA). The multiplexed reads were processed
using the QIIME 2 version 2022.2 plugin [38]. Amplicon sequence variants (ASVs) were generated
via the paired-read DADA2 plugin [39] and taxonomically assigned using the scikit-learn plugin with
a naive Bayes classifier trained on the SILVA 138 database ([40]; https://www.arb-
silva.de/documentation/release-138/) for bacterial and archaeal ASVs or the UNITE database version
9.0 ([41]; https://unite.ut.ee/) for fungal ASVs. Only ASVs classified at least at the phylum level in the
respective domain (bacteria, archaea, or fungi) were retained. Unfortunately, libraries of archaeal
rRNA and fungal ITS could not be obtained by PCR in the P samples; therefore, they were discarded
in this study.

For the diversity analyses, ASV abundance tables were first rarefied to 38,000, 1,000 and 3,000
counts per sample for bacteria, archaea and fungi, respectively. Then, the R package, vegan version
2.6-6.1 by Oksanen et al. [42]; (https://doi.org/10.32614/CRAN.package.vegan), was used to calculate
the alpha diversity indices (Shannon index, richness, and Pielou’s evenness) for each sample. Using
R version 4.2.3, the Kruskal-Wallis test was applied to assess statistically significant differences in
the alpha diversity indices among groups when there were more than two groups. For pairwise
comparisons, the Wilcoxon rank sum test was used. Additionally, using Bray—Curtis dissimilarities
between samples and nonmetric multidimensional scaling (NMDS) were performed with the vegan
package to visualize the beta diversity, and permutational multivariate analysis of variance
(PERMANOVA) implemented in QIIME 2 was used to test for significant differences between groups
of samples.

Raw sequencing data obtained from amplicon sequencing were deposited in the Sequence Read
Archive (SRA; https://www.ncbinlm.nih.gov/sra) from the National Center for Biotechnology
Information (NCBI) under BioProject PRINA11786053.

Table 1. Specific primer sets used to construct TRNA and ITS (internal transcribed spacer) gene
libraries in this study.

Domain Gene Target Primer Set Sequence (5'—3’) Amplicon Size  Referenc
(region) (bp) e
Bacteria 16S rRNA 341F CCTAYGGGRBGCASCAG 450 [35]
(V3~V4) 806R GGACTACNNGGGTATCT
AAT
Archaea 165 rRNA Arch519F CAGCCGCCGCGGTAA 400~500 [36]
(V4~V5) Arch915R GTGCTCCCCCGCCAATTC
CT
Fungi ITS ITS3-2024F GCATCGATGAAGAACGC 380 [37]
ITS4-2409R AGC
TCCTCCGCTTATTGATAT

GC
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3. Results

The physicochemical properties of the soil samples are shown in Table 2. The P and M soil
samples presented neutral pH levels, with average values of 7.6 and 7.8, respectively. Moreover, the
pH of the R soil samples was slightly acidic, with an average value of 5.3. A significantly (p < 0.05)
greater average value of EC (51.2 uS cm™) was observed in the R samples than in the P (32.2 uS cm™)
and M (32.7 uS cm™) samples. In terms of soil nutrients, significantly (p < 0.05) greater average values
of total P (366 mg kg™), total N (8.5 mg kg™), total C (79.7 mg kg) and Pouen (119 mg kg™) were
detected in the R samples than in the P (109.9, 1.1, 3.3 and 16 mg kg™ respectively) and M (109, 1.5, 4
and 11.3 mg kg™ respectively) samples. Similarly, significantly (p <0.05) higher average values of Mg
(1,013.3mg kg™), K(396.9 mg kg™') and Fe (152.1 mg kg') were obtained for the R samples. In contrast,
the P and M samples presented significantly (p < 0.05) greater average values of Na (669 mg kg') and
Ca (3,392 mg kg). The considerable influence of the physicochemical properties on the R samples
with respect to the P and M samples was visualized via PCA (Figure 2).
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Figure 2. Principal component analysis (PCA) of the soil physicochemical properties of samples
collected from permafrost (P), moraine (M) and the rhizosphere (R) during the 58th Scientific
Antarctic Expedition (2021-2022) organized by the Chilean Antarctic Institute (INACH).

Table 2. Specific primer sets used to construct rRNA and ITS (internal transcribed spacer) gene
libraries in this study.

Samples Permafrost Moraine Rhizosphere
pHmo 7.6 £0.3* a*™* 78+02a 53104 b
Electrical conductivity (uS 32.2+8.3 32.7+7.7 51.2+10.9
cm?)

Organic matter (%) 03+£0.1b 05+02b 10.6+29a
Total P (mg kg™) 109.9£59b 109 £16.1b 366+38.2a
Total N (mg kg™) 1.1+02b 1.5+04Db 85x11a
Total N (mg kg™) 33+£03b 4+04b 79.7+11.8 a
Potsen (mg kg1) 16 £2.8b 11.3+£33Db 119+36.1a
Ca*2 (mg kg™) 2,340.5+197 b 3,392+£3285a 1,402.5 * 232.2

C
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6
Mg (mg kg™) 405.7 +54 ¢ 667.6£1103b  1,013.3 + 175.1
a
Na* (mg kg™) 669+ 65.1a 4554 +26.6b  557.8 £88.8 ab
K* (mg kg?) 155.4+14.1b 1642+481b  3969+51.4a
Fe*? (mg kg™) 11.5+£0.6Db 15.7£32Db 152.1+£32.7 a

* Values represent the means o standard deviations. ** Different lower-case letters in the same row represent
significant differences (one-way ANOVA, Tukey HSD test, p <0.05) among samples.

With respect to the bacterial communities, our results revealed a greater richness of ASVs in the
M (1,853 to 2,601) and R (1,710 to 2,567) samples than in the P samples (1,059 to 1,968); however, these
differences were not significant (p > 0.05) according to the Kruskal-Wallis test (Figure 3A). Similarly,
the Shannon and Pielou evenness indices did not significantly differ among the samples. The
Shannon index ranged from 5.87 to 7.14, whereas Pielou’s evenness index ranged from 0.79 to 0.91.
In contrast, NMDS analysis revealed significant (p < 0.05) differences among the soil bacterial
communities in the soil samples according to the Bray—Curtis dissimilarity metric (Figure 3B).
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Figure 3. Alpha diversity (A), beta diversity (B) and relative abundances of the 165 rRNA-based
bacterial communities at the phylum (C), class (D) and family (E) taxonomic levels in soil samples
collected from permafrost (P), moraine (M) and rhizosphere (R) areas during the 58th Scientific
Antarctic Expedition (2021-2022) organized by the Chilean Antarctic Institute (INACH). Significant
(p <0.05) differences in the alpha diversity indices between samples were determined via the Kruskal—
Wallis test. For the beta diversity analysis, a nonmetric MDS was performed using the Bray—Curtis

dissimilarities between samples.
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All the samples presented relatively high relative abundances of members belonging to the
phylum Proteobacteria (Pseudomonadota), ranging from 35.8% to 51.5%, 37.6% to 49.7% and 20.9%
to 35.6% in P, M and R, respectively (Figure 3C). In the P and M samples, members of the phyla
Actinobacteria and Bacteroidetes also presented relatively high relative abundance values, ranging
from 8.2% to 23.2% and from 7.3% to 22.7%, respectively, whereas in the R samples, the phyla
Acidobacteria (12.2% to 20.6%), Actinobacteria (8.2% to 18.9%) and Bacteroidota (8.9% to 13.7%) were
more abundant. At the class level, the P and M samples were dominated by Gammaproteobacteria
(21.6% to 36.9%) and Alphaproteobacteria (7.3% to 26.2%), followed by Bacteroidia (7.2% to 22.2%)
and Actinobacteria (4.8% to 15.9%) (Figure 3D). Interestingly, in addition to other dominant classes,
Acidobacteria (Terriglobia) was exclusively observed as a dominant taxon (6.47% to 17.42%) in the R
samples. At the family level, the P samples were characterized mainly by members belonging to the
families, Sphingomonadaceae (4.3% to 16.7%), Comamonadaceae (6.3% to 17.5%) and
Chitinophagaceae (2.9% to 6.9%) (Figure 3E). The dominance of the same families was also observed
in the M samples, with ranges of 6.2% to 16.3% and 4.2% to 8.1% for Sphingomonadaceae and
Chitinophagaceae, respectively. In contrast, the R samples were dominated by the families
Gemmatimonadaceae (5.2% to 9.8%), Chitinophagaceae (3.9% to 9.5%) and Ktedonobacteraceae (0.9%
to 16.1%).

In contrast to the bacterial communities, our results for the soil archaeal communities revealed
significantly (p < 0.05) greater richness and diversity in the M soil samples (17 to 38 for ASV richness,
1.59 to 3.13 for the Shannon index and 0.52 to 0.86 for the Pielou evenness index) than in the R samples
(7 to 13 for ASV richness, 0.27 to 1.74 for the Shannon index and 0.11 to 0.68 for the Pielou evenness
index) (Figure 4A). These differences were also evident in the NMDS analysis, which revealed clear
and significant (p < 0.05) differences between both soil samples according to the Bray—Curtis
dissimilarity metric (Figure 4B).

In the M samples, the soil archaeal community was dominated by members of the phyla
Thermoplasmatota (2.5% to 83.9%) and Crenarchaeota (15.5% to 96.7%). In comparison, the archaeal
community in the R samples was almost exclusively dominated by members of Crenarchaeota (14.9%
t0 99.9%), except for the R3 sample, which contained 85.10% Nanoarchaeota (Figure 4C). At the class
level, the M samples were dominated by members of the classes Thermoplasmata (2.5% to 83.9%)
and Nitrososphaeria (15.5% to 96.7%) (Figure 4D). Accordingly, the dominant family in the M
samples was Nitrososphaeraceae (15.5% to 96.5%) (Figure 4E). In the R samples, most of the
sequences were assigned to Nitrososphaeraceae (14.9% to 98.9%); however, Woesearchaeales was
also dominant in two samples (21.8% and 85.1%) (Figure 4E).

Our analysis did not reveal significant (p < 0.05) differences in the richness or diversity of the
soil fungal communities, with narrower ranges for the M samples (74 to 116 for ASV richness, 2.89 to
3.26 for the Shannon index and 0.67 to 0.72 for the Pielou evenness index) than the R samples (58 to
127 for ASV richness, 1.94 to 3.26 for the Shannon index and 0.46 to 0.74 for the Pielou evenness index)
(Figure 5A). However, regarding the beta diversity, the groups were significantly (p < 0.05) different
on the basis of Bray—Curtis dissimilarity metric (Figure 5B). In terms of the structures of the soil fungal
communities, the M samples were dominated by the phylum Ascomycota (43.7% to 82.8%), but high
relative abundances of the Chytridiomycota (1.1% to 51.1%) and Mortierellomycota (0.6% to 25.7%)
phyla were also observed in some of the analyzed samples. The R samples also presented relatively
high relative abundances of the phylum Ascomycota (64.5% to 91%), followed by the
Mortierellomycota (1.9% to 19.2%) and Basidiomycota (1.1% to 33.6%) phyla (Figure 5C). Varied
structures were observed at the class level, where the classes Leotiomycetes (24.6% to 49.8%),
Rhizophydiomycetes (0.7% to 50.9%), Mortierellomycetes (0.6% to 25.7%) and Lecanoromycetes
(1.24% to 24.15%) were representative of the M samples. In contrast, the R samples were dominated
by members of the class Eurotiomycetes (0.2% to 69.6%), followed by the classes Leotiomycetes (8.8%
to 44.5%) and Mortierellomycetes (1.9% to 1.9%) (Figure 5D). The varied taxonomic diversity was
also observed at the family level, where the families Alphamycetaceae, Mortierellaceae and
Parmeliaceae were dominant in some M samples, and the families Verrucariaceae, Mortierellaceae
and Hyaloscyphaceae were dominant in the R samples.


https://doi.org/10.20944/preprints202412.0638.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 December 2024 d0i:10.20944/preprints202412.0638.v1

( A) (C) MORAINE | [ RHzospHERE
ronness Shamon e Pricrs ewnoess 100% -
%0 T oo oo
3
8
015 € 75%-
k]
30 . ° c
" E Phylum
g 2 . «© W Crenarchasota
3 o o I Themoplasmatota
= . 050 B . M Nanoarchasota
® Halobacterota
» K] W Euryarchaeota
o« B Aenigmarchaeota
1 26% -
028
o E=
0%-
M R M R M L A R T R A A e
M1MZM3MAMSME  R1R2R3R4 RS RE
(B) (D) Norwe | [iBosERe
Nonmetric MDS (Stress = 0.085) 100% -
[ ]
4{ @
0 75%-
! g
o Class
8 2 W Nirososphaeria
3 B Thermoplasmata
o~ ([} o 50%- Nanoarchaeia
W 00 o Methanomethylicia
H M 2 W Methanobacteria
@R ] Other
& g
L]
04
® 0%~
. MIM2M3MAM5MS  R1R2R3R4R5RE
40 05 00 05 10
Axis 1

Relative abundance

wo%-l
75% - II
Family
M Nitrososphaeraceae
B Woesearchacales
M Nirrosopumilaceas
5% Nitrosclaleaceae
M Methanomethylaceas
B Wethanomassilicoccaceae
Methanothermobacteriaceae
Other
25% -
0%~

M1MZM3M4M5 M6 R1R2R3R4R5R6

Figure 4. Alpha diversity (A), beta diversity (B) and relative abundances of the 165 rRNA-based
archaeal communities at the phylum (C), class (D) and family (E) taxonomic levels in soil samples
collected from moraine (M) and rhizosphere (R) environments during the 58th Scientific Antarctic
Expedition (2021-2022) organized by the Chilean Antarctic Institute (INACH). Significant (p < 0.05)
differences in alpha diversity indices between samples were checked via the Kruskal-Wallis test. For
the beta diversity analysis, a nonmetric MDS was performed using the Bray—Curtis dissimilarities

between samples.
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Figure 5. Alpha diversity (A), beta diversity (B) and relative abundances of the internal transcribed
spacer (ITS)-based fungal communities at the phylum (C), class (D) and family (E) taxonomic levels
in soil samples collected from moraine (M) and rhizosphere (R) during the 58th Scientific Antarctic
Expedition (2021-2022) organized by the Chilean Antarctic Institute (INACH). Significant (p < 0.05)
differences in alpha diversity indices between samples were checked via the Kruskal-Wallis test. For
the beta diversity analysis, a nonmetric MDS was performed using the Bray—Curtis dissimilarities

between samples.

4. Discussion

This study provides valuable insights into how microbial communities adapt to the
environmental changes caused by receding glaciers on King George Island, Maritime Antarctic. By
comparing the microbial communities in permafrost, moraine, and D. antarctica thizosphere soils, we
observed clear differences in the diversity, structure, and nutrient availability. The rhizosphere soils
presented relatively high nutrient levels and unique microbial groups influenced by plant activity.
These findings reinforce the idea that vegetation plays a key role in shaping soil microbiomes and
nutrient dynamics in ice-free regions, offering new perspectives on soil formation in polar
ecosystems.

In particular, the physicochemical properties of the soil samples collected from the three studied
soil types were within the range of values reported in other studies on Antarctic permafrost and
moraine [43—45] as well as D. antarctica rhizosphere soils [25,46,47]). Our study also revealed higher
contents of nutrients and exchangeable cations but lower pH values in D. antarctica rhizosphere soils
than in permafrost and moraine soils. In this sense, it is widely known that vascular plants can release
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diverse organic compounds as root exudates (e.g., organic acids), which modify the properties of
soils, remarkably increasing the availability of nutrients and decreasing the pH [48-50].

Regarding the bacterial community in the D. antarctica rthizosphere soils, our results concerning
microbial richness and diversity are similar to those reported in previous studies. However, amplicon
metagenomics sequencing in Antarctic samples usually results in Shannon index values within the
range of 1.5 to 4 in microbial communities [51], which are lower than the values reported in our study.
In this context, Zhang et al. [25] reported average values of 1,551 taxonomic units (OTUs) and a
Shannon index of 6 in D. antartica thizosphere soils. Similarly, Shannon index values ranging from 6
to 7 were found mainly in D. antartica samples by Guajardo-Leiva et al. [52]. However, higher richness
values (3,064 OTUs) can also be found in the rhizosphere of D. antarctica samples growing in the
Antarctic Peninsula [47]. In the permafrost and moraine soils in our study, relatively low richness (37
to 144 OTUs) and diversity (0.2 to 1.98 for the Shannon index and 0.05 to 0.4 for Pielou’s evenness
index) in the bacterial communities were detected near Union Glacier (Heritage Range, Antarctica)
[53]. Similarly, lower values of the Shannon index (1 to 3) were also revealed in the soil bacterial
communities via 165 rRNA amplicon sequencing in East Antarctica than our results [54].

In addition, our study revealed that members of the phyla Proteobacteria (mainly
Gammaproteobacteria and Alphaproteobacteria), Actinobacteria (Actinobacteria), and Bacteroidetes
(Bacteroidia) were the most representative bacterial taxa in the bacterial communities of the analyzed
soil samples. These phyla are commonly reported as dominant taxa in permafrost, free-ice soils and
vascular plant microbiomes in Antarctica [55-58]. Interestingly, members of Acidobacteria were also
the dominant class in the D. antarctica rthizosphere. This finding coincides with a study on bacterial
communities in diverse Antarctic plant compartments, which exclusively identified members of
Acidobacteria in the D. antarctica rhizosphere [25]. Acidobacteria have also been described as part of
the rhizosphere microbiome of D. antartica in other studies [52]. Members of the families
Sphingomonadaceae and Chitinophagaceae were found to be representative taxa in the soil samples.
In this sense, it has been postulated that greater proportions of the families Sphingomonadaceae and
Chitinophagaceae can be found in both the early stages of deglaciation and in older moraines [59].
The Chitinophagaceae family has recently been shown to play a crucial role in the adaptation of
plants to cold Antarctic conditions [60].

Studies on the archaeal soil communities during deglaciation and plant colonization in ice-free
soils are still very limited; however, our results revealed similar richness and diversity levels
compared with the average values of richness (51 OTUs) in soils from Vestfold Hills (Eastern
Antarctic; [61]) and diversity (Shannon index of 1 to 3) in soils from the Kitezh Lake area (Maritime
Antarctic; [62]). Our results also revealed Crenarchaeota (Nitrososphaeria) and Thermoplasmatota
(Thermoplasmata) as the dominant archaeal groups in moraine and rhizosphere soils. During glacier
recession, studies have described members of the phylum Euryarchaeota as predominant colonizers
in young soils, whereas members of Crenarchaeota were mainly dominant in mature soils [63].
Members of Euryarchaeota, Crenarchaeota and Thermoplasmatota have also been reported as
dominant archaeal taxa in soils from the Wanda Glacier forefield (Maritime Antarctic; Pessi et al. [18]
and Vestfold Hills [61]. Interestingly, Nitrososphaeraceae was the dominant family in both the
moraine and rhizosphere samples, indicating the presence of soil ammonia-oxidizing archaea (AOA),
which could contribute to the nitrogen cycle and carbon fixation in these soils. Previous reports have
pointed to the ecological significance of archaea in global nitrogen cycling even under extreme
conditions, where members of the Nitrosocosmicus genus have been described as prominent ammonia
oxidizers in the Arctic [64] and East Antarctica [65]. Recently, Nitrososphaeraceae and
Nitrosocosmicus species were reported in Union Glacier soils and West Antarctica, revealing their
capacity to inhabit cold and nutrient-limited environments [66]. Our results also highlighted the
relative abundance of the Woesearchaeales family in D. antarctica rhizosphere soil samples. The
occurrence of members of the Woesearchaeales family has recently been reported in Arctic lakes [67]
and microbial mats on Livingston Island (South Shetland Islands) [68]; however, this family has not
been reported as an inhabitant of plant rhizospheres thus far, particularly Antarctic vascular plants.
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In addition, our results revealed a slightly lower richness in the soil fungal community than the
richness reported in samples of soil and rhizosphere soils from vascular plants (D. antarctica and C.
quitensis) collected on Antarctic islands, with the number of OTUs ranging from 87 to 211, which were
mainly taxonomically assigned as members of Ascomycota, similar to our study [69]. Similarly,
similar values of fungal richness were found in soils collected near glacial lakes in Taylor Valley
(Antarctic), with a range of OTU numbers from 6 to 108 and a significant percentage (36%) assigned
to the phylum Ascomycota [70]. A low diversity of fungi has also been detected in oligotrophic soils
of continental Antarctica, including the isolation of several members of Ascomycota, including
members of the Leotiomycetes class (Pseudogymnoascus) [71]. Similar to our study, a similar fungal
diversity (Shannon index of 2.5 to 3.5) was also reported for soils collected from the South Shetland
Islands, where a high percentage (70%) of fungal isolates belong to the phylum Ascomycota and are
mainly members of the classes Leotiomycetes (e.g., Pseudogymmnoascus, Lambertella and Cadophora) [72].
Interestingly, our study revealed varied diversity at the family level, including among members of
the Alphamycetaceae, Mortierellaceae, Parmelaceaceae, Varrucariaceae and Hyaloscyphaceae.
Various fungal assemblages, including common (Ascomycota, Basidiomycota and
Mortierellomycota) and uncommon (Chytridiomycota, Rozellomycota, Monoblepharomycota,
Zoopagomycota and Basidiobolomycota) phyla, have recently been observed in Antarctic soils
during deglaciation on James Ross Island (northeast Antarctic Peninsula) [73].

In addition to the differences found in the physicochemical properties of the studied soils,
significant differences were also revealed by the beta diversity analysis of the bacterial, archaeal, and
fungal communities. In this context, temporal variations in the bacterial community structures in
response to environmental changes in Antarctic soils have been demonstrated in several studies [55],
including changes in the abundance and diversity of microbial communities that follow the receding
snow lines in glaciers, such as for Ecology Glacier [28]. Similarly, studies have shown that
deglaciation results in soil moisture, pH and conductivity gradients, leading to an orderly succession
of bacterial communities in East Antarctica [43] and plants in the Antarctic Peninsula [44]. It has been
reported that soil physical and chemical factors during the deglaciation of Ecology Glacier also
influence the taxonomic diversity of cultivated bacteria [74]. Geochemical properties and water
contents have also been identified as key drivers influencing the richness and structure of archaeal
communities in Antarctic soils (McMurdo Dry Valleys) [62,75]. Soil texture has also been identified
as the main parameter affecting the diversity and composition of fungal communities, influencing
the retention of water and nutrients and the physicochemical properties of Antarctic soils in Taylor
Valley [70]. During the deglaciation process of Collins Glacier (King George Island), it has also been
proposed that the distance from the glacier and the contents of phosphorus and clay in the soil can
modify the distribution of fungal species, particularly members of the genera Pseudogymmnoascus and
Pseudeutorium (Leotiomycetes family) [76].

5. Conclusions

This work reveals the two principal soil changes that are associated with the deglaciation process
near Ecology Glacier. The analysis of soil physicochemical properties revealed a direct relationship
between soil acidification and increased soil nutrient content when ice-free soils were colonized by
vascular plant species. In addition, soil microbiome analysis revealed evident alterations in the
relative abundances of microbes during deglaciation; specifically, there were significant increases in
the bacterial phyla Acidobacteria, Chloroflexi, Gemmatimonadota and Myxococcota as the number
of ice-free zones increased, whereas Actinobacteria revealed the opposite effect.

Our findings provide clues concerning how microbial communities may have contributed to soil
formation and nutrient cycling during glacial recession events. The distinct microbial patterns
observed across the three soil types highlight the complex interactions among microbes, soil
properties, and vegetation. These results not only improve our understanding of microbial roles in
Antarctic ecosystems but also emphasize the need for further research on how these communities
respond to environmental changes. These results are essential for predicting the ecological impacts
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of climate change in polar regions, and specific microbial groups can be used as environmental
markers of deglaciation progress, with a focus on increasing the number of ice-free soils.
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