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A B S T R A C T

Studying permafrost in Antarctica provides insights into climate history, soil and rock structure, and a unique 
biodiversity with potential impact on ecosystems. Although a great deal of effort has been devoted to the 
microbiological composition of permafrost soils, the objective pursued in this study is, for the first time, to 
examine soil and rock samples collected from a 350 cm deep core drilled near the Johann Gregor Mendel Czech 
Antarctic Station on the Ulu Peninsula of James Ross Island, to study the effect of geochemical properties on 
microbial composition and diversity and vice versa. We collected samples from the profile starting on the ground 
surface down to 350 cm depth and correlated information from metagenomic 16S rRNA gene analysis and 
geochemical data. The 80-cm-thick active layer had a distinct bacterial composition different from the Pseudo-
monadota-rich permafrost layer, with Actinomycetota, Acidobacteriota, Chloroflexota, and Verrucomicrobiota being 
the prevalent phyla. Throughout the core, the higher bacterial diversity was positively associated with the sand 
fraction and intensive weathering. The highest identified diversity in the deepest part of the active layer 
(transient active layer) suggests that the bacteria here have been gradually cryopreserved, possibly accumulating 
from the upper layers. In summary, the identified interface between the active layer and permafrost, as well as 
the transition within the permafrost from Holocene marine sediments to underlying Cretaceous sedimentary 
rocks (deeper than ~ 260 cm), had the greatest influence on the bacterial composition. Decadal records of soil 
temperature and active layer thickness predict more significant interactions in the future between bacterial 
communities in the current active layer and mineral weathering bacteria that are typical of permafrost.

1. Introduction

Permafrost, one of the key components of the earth’s cryosphere, 
covers about 11 % of the world’s land area (Obu, 2021). It is typically 
associated with ground ice and contains one of the least known soil 
microbial communities, where microbiota live in an ice-enclosed envi-
ronment (Xue et al., 2019).

Despite being a hostile environment, permafrost harbours a diverse 
and active microbial community (Altshuler et al., 2017). Although most 
of our understanding of permafrost microbiology has been derived from 
cultivation experiments, recent developments in sequencing methods 
have revealed the enormous diversity of bacterial populations in 
Antarctica, which play an important role in weathering soil minerals and 
understanding the initial formation of soil. Typical microbial 

mechanisms involved in the breakdown and transformation of minerals 
are e.g., oxidation, oxidoreduction or organic acid production (Altshuler 
et al., 2007; Meier et al., 2019; Alekseev et al. 2020; Garrido-Benavent 
et al., 2020; Horrocks et al., 2020; Díaz-Puente et al., 2021; Dziurzyn-
ski et al., 2023).

The relationship between biotic and abiotic components in perma-
frost environments continues to be a major topic of ecosystem research. 
Combined geochemical and metagenomic data from sites around the 
northern hemisphere, including the United States, Canada, Russia, 
Sweden, and Spitsbergen, have shown that bacterial biodiversity in 
permafrost varies with pH, latitude, soil depth, ice content, and age of 
the deposit (Burkert et al., 2019; Liang et al. 2019; Waldrop et al., 2023). 
However, there has been a limited number of studies focusing on the 
polar environment that combine geochemical and microbiological 
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E-mail address: lenka.micenkova@sci.muni.cz (L. Micenková). 
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approaches in Antarctica (Wynn-Williams, 1990; Ganzert et al., 2011; 
Bajerski and Wagner, 2013; Cowan et al., 2014; Núñez-Montero and 
Barrientos, 2018; Meier et al., 2019).

The deglaciated areas of Antarctica enable the study of the physical/ 
chemical and biological conditions of both the permafrost and active 
layer. One of the largest deglaciated areas is located in the northern part 
of James Ross Island and is part of the Ulu Peninsula. Deglaciation of the 
lower-lying parts of the Ulu Peninsula began approximately 12.9 ka ago 
and continued throughout the Holocene, making the deglaciated area of 
the Ulu Peninsula the largest and also one of the oldest in the Antarctic 
Peninsula region (Nývlt et al., 2014; Hrbáček et al., 2017; Jennings 
et al., 2021). The regions of James Ross Island are underlaid by 
continuous permafrost approximately 6–67 m thick in the lowlands near 
the sea (Fukuda et al., 1992; Borzotta and Trombotto, 2004). The active 
layer above the continuos permafrost is 0.5–1.2 m thick (Hrbáček et al., 
2023).

Even in Antarctic soils, which are extreme habitats, a rich and 
diverse prokaryotic community has previously been described. The 
microbiological research in this area has mainly focused on investigating 
diversity and taxonomy (Kosina et al., 2016; Sedláček et al., 2017, 2019, 
2020; Grillová et al., 2018; Pantůček et al., 2018), cyanobacterial 
research (Strunecký et al., 2010, 2012; Komárek et al., 2012), and re-
lationships between microbes from different environments (Kollár et al., 
2023). To date, only one study has investigated the pedogenic and mi-
crobial relationships in the soils of the Ulu Peninsula (Meier et al., 2019) 
and focused on the Santa Martha Cove and Brandy Bay soil profiles on 
Cretaceous sedimentary rocks, with depths of 90 and 60 cm, 
respectively.

To our knowledge, our study is one of the first on James Ross Island 
on the Ulu Peninsula in Antarctica, which deal with the microbial 
research of deeper part of the permafrost. Furthermore, this is one of the 
first studies on this topic in Antarctica, in which we examine soil samples 
from the Mendel 1 core, which had an overall depth of 350 cm and was 
extracted from the northernmost coastal region of the Ulu Peninsula on 
James Ross Island, Antarctica. The objective of the study was to combine 
information from metagenomic data obtained through 16S rRNA gene 
sequencing and geochemical analyses to study the effect of geochemical 
properties on microbial composition and diversity and vice versa. 
Although geochemical properties are a key aspect of the study, we 
recognize that other environmental factors, such as historical thawing 
events and conditions present during permafrost aggradation, may also 
play an important role in shaping microbial communities.

2. Materials and methods

2.1. Samples collected from the Mendel 1 core

Eighteen soil and rock samples were collected from the Mendel 1 
core (named after the neighbouring Johann Gregor Mendel Czech Ant-
arctic Station) located on the Ulu Peninsula, James Ross Island, 
Antarctica (63◦48′1,44″S, 57◦53′1,68″W), during the austral summers in 
2016 and 2021 (Fig. 1A). James Ross Island is the largest island in the 
north-eastern Antarctic Peninsula region (area over 2400 km2), which is 
separated from the mainland by the Prince Gustav Channel, which is 
12–20 km wide (Davies et al., 2013). Using a core drill with a diameter 
of 7.5 cm (Fig. 1B), the Mendel 1 core with a total depth of 350 cm was 
drilled into a Holocene marine terrace and penetrated into the under-
lying Cretaceous marine sedimentary rocks (deeper than ~ 260 cm) 
(Mlčoch et al., 2020). Six samples were taken from the current active 
layer with a total depth of 80 cm and twelve samples from the under-
lying permafrost with different lithologies (Fig. 1B; Table S1).

2.2. Geochemical properties of the Mendel 1 core samples

Soil texture was analyzed using analytical sieves (0.25; 0.5; 1 and 2 
mm) and a Bettersize S3 laser granulometer (Bettersize Instruments, 
China) by means of optical and laser diffraction for the fraction < 0.25 
mm. The results were classified into categories of clay (<0.04 mm); silt 
(0.04–0.063 mm) and sand (0.063–2.0 mm).

For the subsequent analysis, air-dried material of the <2.0 mm 
fraction was used. Soil pH and Electrical Conductivity (EC) were 
measured using 5 g of material in a 1:5 ratio solution with deionised 
water using an HI9813-6N meter (Hanna Instruments, USA). The 
elemental composition of soil samples from one sedimentary profile of 
Mendel 1 core was determined by a hand-held Niton XL5 Plus X-ray 
fluorescence (XRF) analyzer (Thermo Fisher Scientific, USA), allowing 
fast and non-destructive scanning of sedimentary profiles with high 
resolution. Due to the sometimes lower accuracy of XRF compared to 
other geochemical laboratory methods (e.g. ICP-OES), instrument set-
tings were optimized and attention was paid to sample preparation as 
stated below (McLaren et al., 2012; Rothwell and Croudace, 2015; 
Ravansari et al., 2020). Individual dried samples were measured in 
plastic bags using four positions of filter wheel – High (50 kV), Main (40 
kV), Low (12 kV) and Light (6 kV) in Mining mode, for 80 s with each 
position. According to manufacturers’ information, portable XRF anal-
ysis of samples in the manufacturer’s recommended Mining mode 
through a plastic or paper bag provides valuable and reliable data 
(Thermo Fisher Scientific, USA).

Fig. 1. Soil samples (n = 18) collected from various depths of active layer and permafrost. A. Location of the Mendel 1 core, Ulu Peninsula, James Ross Island, 
Antarctica. B. Core drill with a diameter of 7.5 cm.
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Before starting the measurement, the instrument was calibrated and 
a standard (USGS SdAR-M2 Control Sample; Thermo Fisher Scientific) 
was measured. This standard was also used for the normalization of 
measured values, according to Eq. 2 (normalization using CRMs) from 
Parsons et al., (2013). The measurement time was empirically derived 
from several test samples to correspond to the highest measurement 
quality. At the same time, it was empirically tested that plastic bags do 
not distort the measurement results, as they mainly contain light ele-
ments (atomic number < 13) that cannot be detected by the device. In 
this study we used chemical elements − Ag, Al, Cd, Cr, Cu, Fe, Mn, Nb, 
Ni, Pb, Pd, Sn, Th, Ti, U, V, W, Y, Zn, Zr, Ba, Ca, Sr, K, Rb, P, S, and Si. All 
the mentioned elements had, at least in the part of the profile, values 
higher than the detection limit of the instrument and a standard devi-
ation many times lower than the measured values. Organic (TOC) and 
inorganic (TIC) carbon and sulphur (TS) content were determined with 
an ELTRA 1000 CS elemental analyzer (Eltra, Germany). Elements with 
values below the detection limit of both instruments were not included 
in statistical analysis. Within one profile, the trends of individual ele-
ments (rather than their absolute values) and above all the elemental 
ratios, that better characterize the natural environment (e.g., Kylander 
et al., 2011; Davies et al., 2015), are more important.

2.2.1. Elemental ratios background
In this study, we use Rb/Sr as a suitable proxy for weathering pro-

cesses due to the different bond strengths of Rb and Sr in the crystal 
lattices of minerals during physical and chemical weathering (a higher 
Rb/Sr ratio indicates a predominance of physical weathering; Dasch, 
1969; Xu et al., 2010; Hošek et al., 2014). Fe/Mn ratio was used because 
of its relation to changes in redox conditions (Boyle, 2001; Naeher et al., 
2013; Davies et al., 2015) and also the ability of bacteria to participate in 
reductive dissolution of iron (Warren and Haack, 2001). We used the Sr/ 
Ba and S/TOC ratios as proxies for salinity. Compared to Ba, Sr is more 
abundant in the marine environment, and higher values of their ratio are 
thus correlated with higher salinity (Wei and Algeo, 2020). The S/TOC 
ratio can also be used, although it has less informative value when 
distinguishing between marine and brackish environments, and at the 
same time it is more robust at TOC values higher than 1 %. However, 
since combining information from multiple sources is always better, we 
decided to keep this ratio as well (Jaraula et al., 2014; Wei and Algeo, 
2020 and references therein). Accuracy and precision of XRF for these 
elements (based on the Control Sample measurement) varies from <3 % 
to ~20 % (for Fe and Mn). All the ratios used in this study were used for 
the comparisons within the profile of Mendel 1 core.

2.3. Soil thermal regime and thaw depth

Soil temperatures were measured with A-class Pt100/8 resistance 
temperature detectors (EMS Brno, Czech Republic) placed directly in the 
ground at a depth of 200 cm over the period from 2011 to 2022 at a 
meteorological station − automatic weather station Johann Gregor 
Mendel (AWS-JGM) − located 100 m from the Mendel 1 core. We used 
annual averages calculated from 30-min records. The active layer 
thickness was measured using mechanical probing in the period 
2014–2023. The specific depth was determined from the grid point x80; 
y60 in the Circumpolar Active Layer Monitoring-South site (CALM-S 
JGM); which is located approx. 20 m from the Mendel 1 core. The active 
layer thickness measurement is performed annually around 15th 
February, when the seasonal maximum occurs (Hrbáček et al., 2023).

2.4. DNA isolation from core samples, preparation of 16S rRNA gene 
library and sequencing

DNA isolation from Antarctic soil and rock samples was performed 
using a Pure-Link™ Microbiome DNA Purification Kit (Thermo Fisher 
Scientific, USA) according to the manufacturer’s protocol. Isolated DNA 
was used as a template in PCR reactions targeting the hypervariable V4 

region (EMP 515–806) of the bacterial 16S rRNA gene according to the 
16S Metagenomic Sequencing Library Preparation protocol (Illumina, 
USA) (Table S2). Sequencing was performed using MiSeq Reagent Kits 
v2 in a MiSeq 2000 sequencer according to the manufacturer’s in-
structions (Illumina, USA).

2.5. Bioinformatics and statistical analysis

The sequencing reads were first evaluated using FastQC v0.11.9 
(available at: https://www.bioinformatics.babraham.ac.uk/projects/fa 
stqc/) and then analyzed with the QIIME2 v2019.10.0 pipeline 
(Bolyen et al., 2019) using the following plugins. Sequencing pools were 
demultiplexed and trimmed with Cutadapt (Marcel, 2011) and denoised 
and chimeras removed with DADA2 (Callahan et al., 2016). The repre-
sentative amplicon sequence variants (ASV) were assigned to taxonomy 
using the precomputed feature classifier silva-132-99-515-806-nb- 
classifier.qza (Bokulich et al., 2018) prepared from the Silva v132 16S 
rRNA database clustered at 99 % identity (Quast et al., 2013). After 
filtering, the number of sequences in the samples ranged from 2257 to 
384,920, with a median of 44,608 reads per sample. Finally, the ASV 
were aligned with MAFFT (Katoh and Standley, 2013), and the rooted 
phylogenetic tree was created using FastTree (Price et al., 2010) to 
generate alpha and beta diversity indexes and rarefaction curves, which 
were computed with core-metrics-phylogenetic, alpha-rarefaction and 
emperor plugins (Bolyen et al., 2019). Taxonomic names of bacterial 
phyla obtained from the Silva version 123 reference database (Quast 
et al., 2013) were corrected according to the publication by Oren and 
Garrity (2021).

Statistical analysis of bacterial compositions was performed at the 
phylum and genus level. The Shannon diversity index (Ortiz-Burgos, 
2015) was chosen to estimate the bacterial diversity and uniformity of 
the microbial community. Non-parametric Mann–Whitney U for multi-
ple testing was used to test the differences between different soil sam-
ples. Results were considered significant at p < 0.05. A Principal 
Component Analysis (PCA) plot and Principal Coordinates Analysis 
(PCoA) plot of the Bray-Curtis distance matrix were used to show the 
differences in geochemical parameters or bacteria composition between 
different parts of the core.

3. Results

3.1. Geochemical properties of soil/sediment samples from the Mendel 1 
core

Three main sample clusters were identified based on all the 
measured geochemical parameters and grain size characteristics, ac-
cording to the PCA plot (Fig. 2A). The first cluster included mainly active 
layer (A) samples, the second cluster grouped samples from the upper 
permafrost zone (P1), and the third cluster grouped samples from the 
deeper permafrost zone (P2). Fig. 2A also shows that higher values of 
elements such as Ba, Cu, Zn and others were more common in perma-
frost layers compared to the active layer.

The main factors influencing the formation of these clusters were the 
differences in the grain size characteristics (Fig. 2B). The sand fraction 
dominated throughout the Mendel 1 core, with the highest measured 
sand content (98.3 %) at a core depth of 10 cm. The fraction of clay and 
silt increased with depth. The first important increase in silt could be 
found in the lower part of the A zone, and a further significant increase 
was detected in the lower P2 zone (silt, P1xP2: p = 0.03; clay, AxP2: p =
0.01).

Geochemical elements mentioned in the Materials and Methods 
section were measured in all active layer and permafrost samples, and 
the ratios of selected elements were calculated for each depth (Fig. 2C, 
Table S1). Rb/Sr ratio was the highest in active layer and decreased 
sharply below the active layer/permafrost boundary. The Fe/Mn ratio 
fluctuates down to the depth 180 cm. The Sr/Ba and S/TOC ratios have 
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higher values in the A and P2 zones. TOC values were increased in the P1 
zone, and TIC, TS, pH and EC mainly in the P2 zone (Fig. 2D).

Strongest relationships (correlations) were described between sand 
and silt (r = − 0.89), clay and Rb/Sr (r = − 0.69), pH and EC (r = 0.63), 
Rb/Sr and pH (r = − 0.75), and Sr/Ba and Ba (r = − 0.96). All these 
correlations are at the level of significance p < 0.01.

3.2. Soil temperature and active layer thickness

The minimum mean annual soil temperature (− 6.5 ◦C) at a depth of 
200 cm at AWS-JGM was recorded in 2011, then gradually increased, 
with the highest value measured in 2022 (− 4.7 ◦C) (Table 1). Similarly, 
the lowest annual minimum temperature increased from − 9.6 ◦C (2011) 
to − 6.4 ◦C (2022). The increase in the maximum annual temperature 
was less pronounced, from − 4.0 ◦C (2013 and 2014) to − 3.6 ◦C (2022). 
All of the trends were found statistically significant at levels p < 0.01 up 
to p < 0.5 (Table 1).

The active layer thickness also exhibited an increasing trend from 77 
cm (2014) to 100 cm (2023). However, the lowest value (75 cm) was 
recorded in 2019. Notably, the values of active layer thickness obtained 
in 2016 and 2021 were relatively similar, reaching 84 and 79 cm, 
respectively.

Fig. 2. Geochemical properties and grain-size characteristics of Mendel 1 core. A. PCA plot based on all measured geochemical parameters and grain size char-
acteristics. The red arrows indicate the direction and intensity of the original variables in the space of the principal components. B. Grain-size analysis of the soil. 
*Measurements from the 120 and 315 cm layers are missing. C. Geochemical ratios. D. Distribution of total organic and inorganic carbon, total sulphur, pH and 
electrical conductivity. **TOC – total organic carbon, TIC – total inorganic carbon, TS – total sulphur, EC – electrical conductivity. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1 
Annual temperatures and their trends for the period 2011 to 2023 measured at a 
depth of 200 cm at a location 20 m from the Mendel 1 core (AWS-JGM).

Year Temperature (◦C) Active layer (cm)

Average Maximum Minimum

2011 − 6.5 − 3.9 − 9.6 −

2012 − 6.0 − 3.9 − 8.5 −

2013 − 6.0 − 4.0 − 9.0 −

2014 − 5.6 − 4.0 − 7.8 77
2015 − 6.0 − 3.8 − 9.7 87
2016 − 5.2 − 3.9 − 7.9 84
2017 − 5.2 − 3.5 − 7.5 85
2018 − 5.4 − 3.7 − 7.8 85
2019 − 5.8 − 3.8 − 8.7 75
2020 − 5.7 − 3.7 − 8.9 93
2021 − 5.4 − 3.7 − 8.6 79
2022 − 4.7 − 3.6 − 6.4 81
2023 − − − 100
Average − 5.5 − 3.8 − 8.0 84.6
Median − 5.6 − 3.8 − 8.5 84.5
Trend 0.13/yr 0.021/yr 0.199/yr 1.208 (cm/yr)
Significance* p < 0.01 p < 0.05 p < 0.1 p < 0.01

* Trend and statistic calculated using Mann Kendall trend test.
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3.3. Metagenomic composition throughout the Mendel 1 core

Based on the 16S rRNA metagenomic analysis, the highest bacterial 
diversity was found in the transient active layer, represented by the 
deepest sample from the active layer (80 cm), then slowly decreased 
with depth and significantly decreased in the P2 zone (p = 0.001) 
(Fig. 3). At depths of approximately 80 cm, 120 cm and 310 cm, we 
detected three main shifts in bacterial composition (Fig. 3). The first 
shift was mainly due to the active layer/permafrost interface, where 
Actinomycetota (p = 0.01), Acidobacteriota (p = 0.01), Chloroflexota (p =
0.01), and Verrucomicrobiota (p = 0.02) were the dominant phyla in the 
active layer, while Pseudomonadota (p = 0.01) was the dominant phylum 
in the permafrost. At the 16S rRNA sequencing genus level, only unas-
signed Micrococcaceae were significantly more abundant in the active 
layer (p = 0.001) (Fig. 3). The second shift was characterized by a sig-
nificant increase in the total number of bacterial genera with mineral 
weathering capacity (p = 0.04). The group of these mineral weathering 
bacteria was significantly more prevalent in the permafrost layer 
compared to the active layer. Bacteria with mineral weathering capacity 
(Rhizobium, Sphingomonas, Achromobacter, Janthinobacterium, Acineto-
bacter, Acidithiobacillus, Pseudomonas, Shewanella, Bacillus, Mycobacte-
rium, Staphylococcus, and Streptomyces) were selected according to Uroz 
et al. (2009) and detected in our set of samples and analyzed for their 
abundance throughout the Mendel 1 core. The third, deepest shift in P2 
layers was characterized by a significant increase in Bacteroidota (p =
0.01) and Bacillota (p = 0.03).

3.4. The relationship between bacterial diversity and soil/sediment 
geochemistry

A PCoA plot based on dissimilarity values between bacterial com-
munities at different depths in Mendel 1 core revealed clustering of 
bacteria associated with the active layer and the permafrost layer −
Holocene marine sediments and Cretaceous sedimentary rocks (Fig. 4A). 
From the PCoA plot it is evident that the different geochemical 
composition of the Mendel 1 core layers was also reflected in the 
different composition of the microbiota. The highest sample from the 
Holocene marine sediment (P110) was clustered close to the active layer 
− to the last sample from the active layer (A80). Similarly, the highest 
samples of Cretaceous sediments (P260 and P290) were clustered near 
the deepest sample of Holocene marine sediments (P225). Different 
PCoA displays are visible in Fig. 4B-D.

High bacterial diversity, as measured by the Shannon index, 

correlated with increased sand fraction (r = 0.61), the intensity of 
weathering processes (Rb/Sr; r = 0.68) and Sr/Ba (r = 0.54) (Fig. 5). The 
Shannon index further showed a strong negative correlation with TIC (r 
= − 0.71), pH (r = − 0.62), and EC (r = − 0.62) values. Abundance of 
different bacterial phyla or genera was positively correlated with sand 
fraction in particular. The strongest positive correlation between the 
bacterial phyla abundance and TOC levels was described for “Cyano-
bacteria” (r = 0.60) and Pseudomonadota (r = 0.34). Phylum Pseudo-
monadota positively correlated with Rb/Sr (r = 0.71) and Sr/Ba (r =
0.31) ratios. Phylum Acidobacteriota positively correlated mainly with 
salinity ratios Sr/Ba (r = 0.30) and S/TOC (r = 0.23).

4. Discussion

In our study, the highest bacterial diversity was found in the tran-
sient active layer, which is the interface between the active layer and the 
permafrost, where cell accumulation associated with water percolation 
likely contributes to this diversity. The same can be expected for nutri-
ents that do not ’pass through’ the permafrost table barrier. The number 
of species gradually decreased from the depth of 80 cm similar to other 
studies in permafrost conducted in maritime Antarctica (Krauze et al., 
2021) or Qingai-Tibet Plateau (Wu et al., 2021).

The overall microbiota of the Mendel 1 core was dominated by the 
phyla Pseudomonadota and Actinomycetota, which is consistent with 
observations in other continental and maritime Antarctic soils (Yergeau 
et al., 2007; Cary et al., 2010; Ganzert et al., 2011; Bajerski and Wagner, 
2013; Meier et al., 2019). Higher abundances of Acidobacteriota were 
observed in the active layer compared to permafrost. Acidobacteria are 
one of the dominant microbial communities in Antarctic habitats (Meier 
et al., 2019; Micenková et al., 2024) and studies also report their 
significantly higher abundance in the active layer compared to perma-
frost in e.g., wetlands of the Canadian High Arctic (Wilhelm et al., 
2011). Probably due to their broad adaptation to stressors, such as the 
ability to regulate DNA and protein synthesis, they are highly abundant 
in the active layer environment (Ward et al., 2009; Li et al., 2022). As the 
active layer thaws, Acidobacteriota and other groups of bacteria can 
accelerate the decomposition of frozen soil, releasing more carbon di-
oxide (CO2) and methane (CH4) into the atmosphere, which can exac-
erbate climate change (Graham et al., 2012; Wei et al., 2024; Zhu et al., 
2024). According to current knowledge, the phylum Acidobacteriota 
consists of acidophilic bacteria with the ability to produce acids and 
assist in the soil biogeochemical cycles (Lee et al., 2008). In addition to 
physical factors, Acidobacteriota may also play a significant role in soil 

Fig. 3. Metagenomic analysis of the active layer and permafrost of Mendel 1 core, at phylum and genus level. *Bacteria with mineral weathering capacity (BW) – a 
group of bacteria selected based on the publication Uroz et al., 2009.
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changes. They are abundant in acidic, organic-rich tundra soils and are 
resistant to freeze–thaw cycles (Männistö et al., 2009). In our study, 
Acidobacteriota abundance showed a negative correlation with pH level, 
with the lowest pH throughout the Mendel 1 core being found in the 
layers where their abundance was higher.

The abundance of Pseudomonadota increased primarily at depths of 
120–150 cm within Holocene marine sediments. Bacterium Pseudo-
monas is typically associated with permafrost soils (Hazra et al., 2004; 
Singh et al., 2017). This genus, known for its efficient ice-nucleating 
proteins (which can initiate nucleation at − 3.8 ◦C), is particularly 
well-suited to the temperature conditions at these depths. In our study, 
the average soil temperature at 2 m depth for permafrost near the Czech 
Antarctic Station Johann Gregor Mendel between 2011 and 2022 was 
− 5.5 ◦C, suggesting that these conditions provide favorable environ-
ments for the genus Pseudomonas and their diverse family of ice nucle-
ator proteins, which play a key role in freezing at temperatures ranging 
from approximately − 2 to − 7 ◦C and in controlling the structure of 
interfacial water (Roeters et al, 2021; Lukas et al., 2022). Bacterial 
genera including e.g., Bacillus, Pseudomonas, Acinetobacter, and Strepto-
myces are associated with microbial weathering (Uroz et al., 2009). The 
relative abundance of these bacteria was higher in the permafrost – in 
the Holocene marine sediments and upper layers of the Cretaceous 
sedimentary rocks (depths 110–290 cm). In conclusion, the most 
widespread mineral weathering bacterium Pseudomonas, with its effi-
cient ice nucleating proteins and various alkaline proteases, is perfectly 
adapted to life in permafrost.

The Fe/Mn ratio can reflect past redox conditions when sediments 
were in contact with water (Boyle, 2001; Davies et al., 2015). A higher 

Fe/Mn ratio indicates anoxic conditions, as Mn is more soluble in 
reducing environments (Boyle, 2001; Naeher et al., 2013). However, 
this ratio’s negative correlation with current bacterial diversity may not 
represent present redox conditions, as it could differ from the environ-
ment when the Fe/Mn signal originated. Redox changes can also affect 
trace elements (e.g., Cu, Pb, Zn), influencing bacterial communities, 
though no strong correlation was found in our study. In the active layer, 
where redox changes due to melting and aeration occur, bacterial ac-
tivity may accelerate the dissolution of Fe and Mn oxyhydroxides 
(Warren & Haack, 2001), which may reduce the Fe and Mn values faster 
than abiotic processes. In our study, a positive correlation between the 
Sphingomonas and Fe/Mn ratio has been described, these bacteria can 
reduce Fe(III) and belong to the group of manganese oxidizing bacteria 
(Peng et al., 2016; Cai et al., 2023).

The Sr/Ba and S/TOC ratios serve as proxies for salinity (Wei and 
Algeo, 2020), and their higher values in Active layer (A) and Cretaceous 
sedimentary rocks (P2) compared to Holocene marine sediments (P1) of 
Mendel 1 core may indicate variations in lithology and the chemical 
composition of those sediments. However, both ratios reflect the nature 
of the environment in which the sedimentation occurred (marine/ 
brackish/freshwater) as reviewed by Wei and Algeo (2020). The dif-
ference between zones P2 and P1 may thus reflect different conditions 
during their formation. Based on the Sr/Ba ratio, it was a marine envi-
ronment all the time, but the S/TOC ratio for the middle part of the 
profile would instead indicate a brackish to freshwater environment. 
However, in the case of S/TOC, we do not meet the condition of a higher 
TOC content (>1 %), so its indicative value is also weaker when dis-
tinguishing between brackish and marine environments. The Sr/Ba ratio 

Fig. 4. A. Principal coordinates analysis (PCoA) plot for bacterial amplicon sequence variants (ASV) based on Bray-Curtis dissimilarity values between bacterial 
communities at different depths of the Mendel 1 core. Samples are colored by the depth – green for Active layer (A) samples and blue for Permafrost (P). Elipses are 
drawn around samples collected from A and P layers – Holocene marine sediment (P1) and Cretaceous sedimentary rocks (P2). B. PCoA display: Axis 1 vs Axis 3. C. 
PCoA display: Axis 2 vs Axis 3. D. PCoA display: Axis 1 vs Axis 2. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.)
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is most influenced by barium, which increases in zone P1. As evidenced 
by Wei and Algeo (2020), Ba reaches its highest values in the brackish 
environment. In the P1 zone, significant deposition of TOC could sup-
port a shallow marine environment supplied by melting glaciers during 
the Holocene (Haumann et al., 2016). Lower values of Sr/Ba and S/TOC 
ratios in zone P1 may not be related to different lithology but to 
decreased salinity. The higher salinity in the active layer may be related 
to the blowing of seawater droplets and, thus, the recent addition of salt 
to the upper layers. The relative abundance of e.g., Actinomycetota and 
Acidobacteriota phyla increased in the active layer with typically higher 
salinity, and these phyla contain a variety of halotolerant species that 
can survive in these conditions (Chen et al., 2021; Xie and Pathom-Aree, 
2021). Alternatively, the lower content of marine salts (Sr/Ba and S/ 
TOC ratios) in the Holocene marine sediments (P1) might be explained 
by the secondary removal of the chemicals by the percolating freshwater 
from the thawing of accumulated snow before these layers became part 
of the permafrost, i.e. early after their uplifting from marine to subaerial 
position. Such removal affected only unconsolidated Holocene marine 
sediments, but not the underlying lithified Cretaceous sedimentary 
rocks. The observed variations in Sr/Ba and S/TOC ratios reflect 
different depositional environments and salinity conditions over time, 
with potential influences from salinity fluctuations, freshwater perco-
lation, and microbial adaptation to these conditions.

In Antarctica, glacial activity, the influence of water in its various 

states (liquid, ice and steam), salt-induced weathering, insolation and 
wind are mainly responsible for physical weathering, rock disintegration 
and soil formation (Campbell and Claridge, 1987; Ugolini and Bock-
heim, 2008), while chemical weathering is very slow due to extremely 
low temperatures and limited precipitation, or the availability of liquid 
water (Nezat et al., 2001). The more intense hydrological and biological 
cycles that result in weak chemical weathering are due to relatively mild 
temperatures in coastal Antarctica compared to continental Antarctica 
(Simas et al., 2007; Haus et al., 2016). The values of the Rb/Sr ratio 
increased sharply at the transient active layer (Shur et al., 2005) in 
which the highest bacterial diversity was detected. Probably also due to 
the liquid water, bacteria sink into this layer, which lies above the 
permafrost table. The predominance of physical weathering is also 
evidenced by our profile’s Rb/Sr record. In the case of chemical 
weathering, Rb would be strongly bound in the crystal lattice of the 
mineral (Dasch, 1969; Xu et al., 2010; Hošek et al., 2014), but here, it is 
leached from the upper layers of the zone A and accumulated at the 
transition of zones A and P1. It is, therefore, a question whether the 
higher diversity of bacteria is related to coarser material (predominance 
of sand in zone A) or rather to the accumulation of weathering products 
and nutrients originated primarily from the active layer.

The Cretaceous sedimentary rocks exhibited a characteristic 
decreased diversity of the bacterial community; if any bacteria were 
present, the predominant genera were those with the ability to weather 

Fig. 5. Correlations between bacterial diversity values, abundance of all detected bacterial phyla or the most dominant genera, and geochemical property values and 
core grain fraction Mendel 1, James Ross Island, Antarctica.
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minerals. By understanding how mineral-weathering bacteria in soil/ 
rock systems are affected by changes in weathering efficiency depending 
on depth, pattern, and community structure, we can better understand 
the different roles that bacteria play in mineral weathering, element 
cycling, and soil formation in different soil/rock environments (Huang 
et al., 2014).

Analysis of temperature data showed a gradual increase in mean 
annual permafrost temperature from 2011 to 2023 at a depth of 200 cm. 
An increasing trend was detected on James Ross Island in previously 
published data of mean annual active layer temperature at the depths of 
5, 50, and 75 cm during the period of 2011 to 2021 (Kaplan Pastíriková 
et al., 2023). A long-term warming trend accompanied by gradual 
thawing of the upper permafrost layers and increasing active layer 
thickness could have several important implications. It may facilitate 
greater mixing of bacterial species in the deeper soil/rock layers. There 
is the possibility that species that previously thrived predominantly in 
the active layer will extend their range to a depth > 100 cm in subse-
quent years. Similar results when permafrost thawing significantly 
increased bacterial richness in the active layer were previously reported 
for soils in the Tibetan Plateau, in the high Arctic, and on the north-
ernmost coast of Alaska (Chen et al., 2017; Schostag et al., 2019; Wu 
et al., 2018; Ji et al., 2020).

5. Conclusions

In summary, the diversity and abundance of microbial taxa were 
influenced by the spatial characteristics of geochemical abiotic param-
eters in all zones of the Mendel 1 core. While weathering processes (Rb/ 
Sr ratio) were more intense in the active layer, the group of bacterial 
genera capable of mineral weathering (Pseudomonas, Acinetobacter, 
Sphingomonas and others) increased in the upper zone of the permafrost. 
The active layer/permafrost interface and the boundary between the 
Holocene marine sediments and the Cretaceous sedimentary rocks are of 
critical importance for bacterial composition and diversity. The highest 
identified diversity in the deepest part of the active layer (transient 
active layer) suggests that the bacteria here have been gradually cryo-
preserved, possibly sinking from the upper layers. Given the observed 
increase in soil temperature at depth and the increase in the thickness of 
the active layer, it is very likely that in the coming years the thickness of 
the active layer will be higher, and the original active layer microbiome 
will be affected by the bacteria currently located in the upper layers of 
the permafrost.
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Kňažková: Methodology, Data curation. Daniel Nývlt: Writing – re-
view & editing, Supervision, Project administration, Funding acquisi-
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