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Abstract. Ecosystem and material circulation in the Arctic region are significantly affected by global
warming. In this study, the meltwater areas near different geomorphological features in the Ny-Alesund
region of Norway were taken as the research object. The purpose of this study was to analyze the diversity
of archaeal community in meltwater soil and the soil physicochemical factors affecting the diversity of
archaeal community. The 16sRNA of Archaea in soil samples were sequenced by high-throughput
sequencing technology. At the phylum level, Halobacterota was the highest in relative abundance. At the
genus level, the relative abundance of Rice Cluster II was the highest. The soil physicochemical factors that
significantly affected the archaeal community were studied by redundancy analysis (RDA) and weighted
gene co-expression network analysis (WGCNA). According to the results of RDA and WGCNA, NH4*-N,
SiOs%-Si and MC were important physicochemical factors. WoeseArchaeales was identified as a hub genus
by WGCNA. The combination of the two methods can accurately and comprehensively analyze the
correlation between archaeal community and physicochemical properties.

Keywords: Arctic Ny-Alesund, soil archaeal community, soil physicochemical properties, high-
throughput sequencing, weighted gene co-expression network analysis

Introduction

Climate change had a profound impact on the global landscape, especially in the Arctic
(Kerr, 2009; Lutz et al., 2016). In the polar regions, rising temperatures had led to many
environmental problems, such as the expansion and change of ice sheets (Jenkins et al.,
2018; Kingslake et al., 2018), glacier collapse, and the increasing of meltwater (Bell et al.,
2018; Edwards et al., 2019). One of the most significant changes caused by global
warming was the increase in the area of meltwater (Riihland et al., 2013). The abundance
of the meltwater lake is gradually increasing, and the microbial community structure in
the meltwater lakes is responding rapidly (Michelutti et al., 2020).
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As decomposers, microorganisms participate in biogeochemical cycles in
ecosystems. At present, the diversity of bacterial communities in the Arctic has been
extensively studied. However, Archaea can survive in extreme environments, and
changes in the diversity of archaeal communities in time and space also have important
feedback effects on the extreme ecosystems (Naylor et al., 2020). Archaea play an
important role in carbon and nitrogen cycling in Arctic soil ecosystems (Lv et al., 2019;
Qin et al., 2023). The metabolic activities of Archaea affect the physicochemical
properties of environmental factors. The metabolic activity of ammonia-oxidizing
archaea will leach nitrate in the soil, resulting in the decrease of nitrogen content in the
soil (Beeckman et al., 2018). Methanogenic Archaea produce methane under hypoxic
conditions, increasing the amount of organic carbon in the environment (Wen et al.,
2017).

In order to better study the diversity of archaeal community structure and the effects
of soil physicochemical factors on their distribution in Arctic meltwater areas, we
collected soils from meltwater areas with different characteristics and used weighted
gene co-expression network analysis (WGCNA) to analysis. WGCNA combined with
redundancy analysis (RDA) can more accurately analyze the correlation between
archaeal community and environmental physicochemical factors. WGCNA is a R
package (https://cran.r-project.org), it was originally used to search for key genes for
diseases and traits in medicine (Miller et al., 2008; Fuller et al., 2007; Li et al., 2020a).
Because of the similarity between Amplicon Sequence Variant (ASVs) and genes, some
researchers applied it in microbial groups to find the hub ASVs (Qin et al., 2023). Hub
ASVs refers to a series of ASVs with high connectivity and high co-expression with
other ASVs. By calculating the adjacency and connectivity, the correlations of hub
microbes with physicochemical factors can be intuitively found.

In order to understand the archaeal community diversity in soil samples from the
meltwater areas of the Arctic region and its relationship with soil physicochemical
properties, RDA and WGCNA were combined for analysis. Soil samples were taken
from six different types of meltwater areas in the Ny-Alesund region of the Arctic
(Figs. 1 and 2). Intertidal soils that were sometimes exposed to the water, sometimes
submerged under the water, and subtidal soils that remained submerged were collected
and analyzed. WGCNA revealed the correlation between soil physicochemical
properties and archaeal community diversity, and the hub Archaea related to soil
physicochemical properties were found. These data provide the basis for a better
understanding of the response of archaeal communities to environmental changes in
Arctic meltwater areas.

Materials and methods
Sampling site and sample collection

Samples were collected in the Ny-Alesund region which is located in Norway’s
Svalbard archipelago within the Arctic Circle (Figs. 1 and 2). The Ny-Alesund region is
dominated by glaciers and slopes (Berthling et al., 2020). Due to the circulation of the
atmosphere, the region is affected by the flow of warm air from the low latitudes of the
Atlantic Ocean, giving the Ny-Alesund region a warm and humid climate (Dahlke and
Maturilli, 2017). In July 2018, a total of 36 samples were collected (Table 1). They were
collected in subtidal and intertidal zones of meltwater area near glaciers (BZS, BZX),
sand (SZS, SzZX), tundra (TZS, TZX), bays (WZS, WZX), London Lake (LZS, LZX)
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and reservoir bay (KZS, KzZX). 50 grams of soil were dug out at a depth of about 5 cm
into a sterile bag using a sterile spoon. The collected samples were temporarily stored at
-20°C and then transferred to -80°C for long-term storage in ultra-low temperature
refrigerators.
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Figure 2. Geomorphological picture of the sampling sites. The meltwater area near the
different landforms contains two sampling sites, with the soil samples located in the intertidal
zone marked as ‘S’ and the soil samples located in the subtidal zone marked as X’

Analysis of soil physicochemical property

A total of nine soil physicochemical properties were determined. Soil pH was
measured by weighing 2 g of soil and adding 5 mL deionized water, shaking for 1 min,
and then using a pH meter (PHS-3C, Rex Instrument Factory, Shanghai, China) after
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30 min. The water content (MC) of soil was obtained by measuring the weight
difference between the soil before and after drying. The specific operation was to dry
the weighed soil sample at 105°C to constant weight, weigh the obtained sample, and
finally calculate the weight difference. Total organic nitrogen (TON) and total organic
carbon (TOC) in soil were measured in the same way. First, the collected sample was
ground into a powder, then decalcified with 10% HCI, rinsed with deionized water to
wash away the remaining HCI and dried overnight at 60°C, finally analyzed with an
elemental analyzer (EA3000, Euro Vector, Milan, Italy) (Hu et al., 2012). The content
of NH4*-N, NOs™-N, NO2-N, POs*-P and SiOs*-Si were measured by a nutritional
automatic analyzer (QuAAtro, SEAL Analytical, Darmstadt, Germany) with a relative
standard deviation of less than 5%. The soil samples were processed as follows. Soil
samples were added with deionized water at a ratio of 1:10 (g mL™) after lyophilization
and grinding to powder (Liu et al., 2016).

Table 1. Sample collection sites

Sample Location profile Coordination
code
BZS Intertidal soil in the meltwater area near the Glacier
. L . 78.9036°N 12.0447°E
BZX Subtidal soil in the meltwater area near the Glacier
SZS Intertidal soil in the meltwater area near the Sand
. - 78.9579°N 11.7050°E
SZX Subtidal soil in the meltwater area near the Sand
TZS Intertidal soil in the meltwater area near the Tundra
. . 78.9652°N 11.6013°E
TZX Subtidal soil in the meltwater area near the Tundra
WZS Intertidal soil in the meltwater area near the Bay
. . 78.9664°N 11.5792°E
WzX Subtidal soil in the meltwater area near the Bay
LZS Intertidal soil in the meltwater area near the Lake London
. - 78.9626°N 12.0592°E
LZX Subtidal soil in the meltwater area near the Lake London
KZS Intertidal soil in the meltwater area near the Reservoir bay
. L . 78.9194°N 11.8766°E
KzX Subtidal soil in the meltwater area near the Reservoir bay

DNA extraction, PCR amplification, and sequencing

According to Mobio PowerSoil DNA Isolation Kit description (Mobio, laboratories,
Inc., Carlsbad, CA, USA and QIAGEN, Inc., Germantown, MD, USA) (Magoc and
Salzberg, 2011), total DNA (10-30 ng uL™) was extracted from soil samples. Then the
extracted DNA were diluted to 1 pgul-1 with sterile water depending on the concentration.
Specific primers Arch519F (5’-CAGCCGCCGCGGTAA-3’) and Arch915R (5’-
GTGCTCCCCCGCCAATTCCT-3’) were used to amplify the V4 and V5 highly variable
regions of the archaeal 16S rRNA gene. 15 pL of Phusion® Hi-Fi PCR Master Mix (New
England Biolabs),10 ng of template DNA, 0.2 uM of forward and reverse primers were
used for PCR reactions. The thermal cycle were sequentially composed of initial
denaturation (98°C, 1 min), denaturation (98°C, 10 s), annealing (50°C, 30 s), extension
(72°C, 30 s) and heating (72°C, 5 min) (Wang et al., 2022). The Qiagen gel extraction kit
(Qiagen, Germany) was used to purify PCR bands. Sequenced libraries were generated by
using the TruSeq® DNA PCR-Free Sample Preparation Kit (Illumina San Diego, CA) and
indexed codes were added as recommended by the manufacturer. Finally, sequencing was
performed on the Illumina NovaSeq platform (Ma et al., 2022).
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Processing and analysis of sequencing data

For the Effective Reads obtained above, DADA2 method (Callahan et al., 2016) in
QIIMEZ2 system was used for noise reduction to filter out abundance less than 5 sequences
(Li et al., 2020b). Thus, the final Amplicon Sequence Variant (ASVs) and feature list
were obtained (Callahan et al., 2017). The resulting ASVs were then compared with the
Silval38.1 database using the classify-sklearn algorithm (Bokulich et al., 2018; Bolyen et
al., 2019) in QIIMEZ2 system to obtain species information for each ASV.

QIIME2 system was used to calculate the alpha and beta diversity of Archaea in soil
samples. Alpha analysis reveals the richness of soil samples, and Beta diversity reveals
the species diversity differences among different soil samples (Dalkiran and Ziinbiilgil-
Unsal, 2023). QIIME2 system was also used for LEfSe analysis to reveal species with
significant differences in abundance between groups (Segata et al., 2011). R software
(version 3.2.4) was used for redundancy analysis (RDA) and Monte Carlo test to
explain the correlation between the distribution of Archaea community and the physical
and chemical properties of soil. RDA is analyzed by using vegan packages (Oksanen,
2022). Low abundance ASVs were removed. By using weighted gene co-expression
network analysis package, the physicochemical properties and Archaea module heat
map were obtained. The hub ASVs network was mapped by Cytoscape (version 3.10.0).

Results
Physicochemical properties of soils

Moisture content (MC), pH, total organic carbon (TOC), total organic
nitrogen (TON) , and five soluble nutrients (ammonium ion, silicate ion, nitrate,

nitrite, and phosphate) of soil samples in 12 sites were measured. In Figure 3, it could
be seen that the MC of intertidal samples was obviously lower than that of subtidal
samples. The oxygen in the intertidal zone is relatively sufficient, which is conducive to
the metabolism of ammonia-oxidizing archaea (Kim et al., 2021). Samples from
meltwater areas near sand and tundra (SZS, SZX, TZS, TZX) contained significantly
more total organic carbon and total organic nitrogen than samples from other landforms.
The higher content of total organic carbon and organic nitrogen in the soil samples of
meltwater areas near these two landforms may be caused by vegetation input and low
organic matter decomposition rate (Schaphoff and Lucht, 2013). The vegetation

coverage of glacier, London Lake, bay and reservoir bay is low, so the input of organic

carbon is limited. Organic carbon in lakes is easily decomposed by microorganisms or
migrated with water, and the deposition rate is low. Therefore, these regions have low
content of total organic nitrogen and total organic carbon. The content of ammonium
and silicates were the highest in the soil of meltwater areas near sand (BZS, BZX). The
content of phosphate was higher in glacier, London Lake, reservoir bay and tundra
(TZS, WZS, LZX, KZX). This may be caused by the aquatic plants. Studies have shown
that phosphorus in soil is the main limiting factor for the biomass of aquatic plants
(Andresen and Lougheed, 2021).

Diversity and composition of archaeal community

High-throughput sequencing was performed on 36 samples from six meltwater areas
in the Ny-Alesund region of the Arctic, and noise reduction was performed on the
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effective sequences. A total of 3342 ASVs were obtained. The Good’s coverage index
of all 36 samples was above 99.9%, indicating the sequencing had sufficient depth.
According to alpha diversity analysis, the richness of soil archaeal community in the
intertidal zone was higher than that in the subtidal zone. High content of organic matter
and stable water conditions provide suitable conditions for the formation and
persistence of microaggregates. Soil samples from meltwater areas near the tundra
contain abundant archaeal communities. It may be due to the abundance of carbon,
nitrogen and phosphorus in the soil of the tundra area.
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Figure 3. Physicochemical properties of soil samples from the meltwater region of Ny-Alesund.
Significant differences were accepted when p < 0.05 between the two groups. The letters a, b, c,
d, e and f were used to show statistically significant differences. The error bars represent
mean £ SD,n=3

In Figure 4, the ASVs of all samples were clustered to 8 phyla at the phylum level.
Halobacterota, Crenarchaeota, Nanoarchaeota, Euryarchaeota and Aenigmarchaeota
were phyla with high relative abundance. The proportion of Halobacterota in meltwater
areas near sand was the highest in all meltwater areas. The proportion of Crenarchaeota
in soil samples from meltwater areas near glacier (BZX, BZS) was lower than that in
other sites. Nanoarchaeota had the highest relative abundance in subtidal soil of
meltwater areas near reservoir bay (KZX), whereas it had the lowest relative abundance
in intertidal soil of meltwater areas near tundra (TZS). All ASVs of samples were
clustered into 36 genera. In Figure 5, the top 10 genera with high relative abundance
include Rice_Cluster_II, WoeseArchaeales, Candidatus_Nitrocosmicus,
Methanobacterium, Candidatus_Nitrososphaera, Halobacterales, Methanoregula,
Methanosaeta, etc. In subtidal soil of meltwater areas near sand (SZX), the proportion
of Rice_Cluster_Il was much higher than that of other sites. Candidatus_Nitrocosmicus
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had the highest relative abundance in the meltwater area near the reservoir bay.
Methanobacterium has the highest relative abundance in subtidal soil of meltwater areas
near bay (WzX).
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Figure 5. Bar chart of relative species abundance of Archaea at genus level (b)

Correlation between soil physicochemical properties and archaeal community
structure

In this study, redundancy analysis (RDA) and Monte Carlo test (Table 2) were used
to investigate the relationship between archaeal diversity and nine soil physicochemical
factors. According to the results, MC (r> = 0.4111, Pr = 0.0005), SiOs%-Si (r? = 0.6028,
Pr=0.0010), NHs*-N (r?=0.8566, Pr=0.0005) and TOC (r?=0.4436, Pr = 0.0045)
had great influence on the overall diversity and distribution of archaeal community.
BZS is the most affected by four physicochemical factors among all sampling sites
(Fig. 6).

In addition to environmental physicochemical properties, we also examined Archaea
that differ greatly in abundance. According to LEfSe results, there were significant
differences in 9 of the 12 sites (Fig. 7). In terms of genus, Rice_Cluster_Il in SZX and
Candidatus_Nitrocosmicus in KZS had the highest LDA scores (>5.0). WGCNA was
performed for all ASVs and physicochemical properties at the sampling sites, and the
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correlation heat maps of each module and physicochemical properties were obtained
(Fig. 8). The module MEturquoise showed strong positive correlation with NH4", SiO3?~
and MC. The results of the module MEturquoise were imported to Cytoscape to obtain
the network diagram. In Figure 9a, a total of 10 hub Archaea were identified, all of
which were unclassified Archaea. Among them, ASV761 was the most pivotal and had
strong correlation with other Archaea in the figure. The module MEblue showed strong
positive correlation with PO4*". The results of the module MEblue was imported to
Cytoscape to obtain the network diagram. In Figure 9b, a total of 6 hub Archaea were
identified. Among the hub Archaea obtained, four belong to the genus WoeseArchaeales
and the rest are unclassified.

Table 2. A Monte Carlo permutation test of relationship between physicochemical properties
and composition of archaeal communities

RDA1 RDA2 r Pr
NH4 + -N 0.4048 0.9144 0.8566 0.0005 il
Si032--Si 0.4708 0.8823 0.6028 0.0010 e
NO3—-N -0.6738 -0.7389 0.1348 0.0855
PO43—P -0.9989 0.0476 0.1531 0.0915
NO2—-N -0.9073 -0.4205 0.1813 0.0440
TON 0.5200 -0.8542 0.1460 0.0835 .
TOC 0.8285 -0.5600 0.4436 0.0045 ol
MC 0.6633 0.7483 0.4111 0.0005 ol
pH -0.8003 -0.5995 0.0015 0.9690

**Correlation is significant at the 0.01 level
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Figure 6. Redundancy analysis showed that the correlation between archaeal communities and
physicochemical properties of 36 soil samples. The length of the arrow line represents the
degree of correlation between soil physicochemical factors and community distribution, and the
longer the line, the higher the correlation
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color, the stronger the correlation between the two. Red represents positive correlations, blue
represents negative correlations
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Figure 9. The network diagram of the module MEturquoise (a) and the module MEblue (b). The
nodes represent the ASVs, and the lines show the connections between them. The larger the
node and the thicker the line, the more correlated it is with other nodes

Discussion

This paper analyzes the relationship between the physicochemical properties of soil
samples from six meltwater areas in Ny-Alesund region and the diversity of archaeal
communities. The environment influences the community structure of Archaea. There
were differences in archaeal community composition in different soil samples, and the
archaeal communities were most abundant in soil samples from meltwater areas near
glacier. According to Figure 3, the concentration of NH4*-N and SiOs?-Si in the
meltwater near glacier were significantly higher than other sites. We speculate that the
high concentration of silicate and ammonium ions in the soil of meltwater area near
glacier is one of the reasons for the rich species of archaesa community (Zhou et al.,
2023). At the phylum level, the dominant group in all soil samples are Halobacterota
and Crenarchaeota. Studies have shown that Halobacterium can tolerate high salt
concentrations and can exist in extreme environments (Shu and Huang, 2021). At the
genus level, WoeseArchaeales and Methanobacterium have a high relative abundance.
Methanobacterium usually live in oxygen-deprived environments, such as aquatic
sediments, flooded soils, peatlands and coastal wetlands (Conrad, 2020; Bridgham et
al., 2013). Candidatus_Nitrososphaera (Fan et al, 2019) and
Candidatus_Nitrocosmicus (Wu et al., 2021) were the dominant genera in soil samples
and the relative abundance of them in intertidal samples was higher than that in subtidal
samples. They belonged to the ammonia-oxidizing archaea (AOA), which were major
players in the nitrogen cycle in ecosystems and have high carbon sequestration capacity
(Kim et al.,, 2021). ammonia-oxidizing archaea can oxidize NHs" to NO2 and
immobilize carbon dioxide (Roland Hatzenpichler, 2008; Zhang et al., 2010) and
oxygen is required for this process to proceed (Pester et al., 2011). In addition, NO2
could be reduced to N2O, which was a kind of greenhouse gas (Flores-Santana et al.,
2009).

Local soil factors, rather than global factors, are considered to be the main direct
shaping force of the Arctic microbial community (Shi et al., 2015). Common soil
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physicochemical factors include pH, water content, carbon, nitrogen, phosphorus and
trace elements (Poosakkannu et al., 2017; Wang and Jia, 2016). According to the results
of RDA, MC (> =0.4111, Pr = 0.0005), SiOs*-Si (r? = 0.6028, Pr = 0.0010), NH4*-N
(r? =0.8566, Pr=0.0005) and TOC (r?>=0.4436, Pr=0.0045) were significantly
correlated with the archaeal community in meltwater. From the RDA results, it can be
analyzed that soil moisture and organic carbon have become significant influencing
factors on microbial community structure. In the Arctic, the changes in soil organic
carbon and moisture content are mainly caused by glacier melting. Studies have shown
that as the climate rises, the melting of glaciers leads to the exposure of glacier-covered
vegetation and animal remains, and the content of organic carbon and organic nitrogen
in the soil will increase significantly (Groff et al., 2023). High organic matter input and
stable water conditions may provide suitable conditions for the formation and
persistence of archaeal communities (Jilkova et al., 2021). The erosion and leaching of
sedimentary rocks and sand by meltwater from the glacier, which forms a high
concentration of SiOs?-Si at the bottom of the meltwater area (Hinsa-Leasure et al.,
2010). Global warming causes melting of glaciers and degradation of permafrost (Tan
and Zhuang, 2015), and then changes the distribution of organic matter in soil. This
study shows that carbon and nitrogen content and humidity in soil have significant
effects on microbial community richness and community structure. Therefore, archaeal
community structure changes with environment caused by climate.

Through WGCNA, we found that two modules were strongly correlated with
physicochemical properties, and the hub Archaea in each module were also obtained.
NH4*-N, SiOz%-Si, MC and PO.*-P were determined to be the main influencing factors.
In the module MEturquoise, combined with the abundance of sampling sites, it could be
seen that the hub Archaea were concentrated in the sampling sites near the glaciers, and
were more abundant in the intertidal zone. In the WGCNA results, NH4"™-N (r = 0.81,
p < 0.01) and SiO3%-Si (r = 0.8, p < 0.01) were both important physicochemical factors.
The hub Archaea appeared in the sampling sites with the richest content of ammonium
and silicate ions. Therefore, NH4*-N and SiOs?-Si had significant positive correlation
with the distribution of the Archaea. Among the 10 hub ASVs, ASV761 had the most
and strongest correlation with other Archaea, and its quantity distribution affected the
quantity distribution of other Archaea. In the RDA results, PO+*-P had no significant
effect on the overall diversity and distribution of the archaeal community. However, in
the module MEblue, PO4>-P was significantly correlated with the hub Archaea in that
module. Two-thirds of the hub Archaea were identified as WoeseArchaeales, which
were primarily distributed in sampling sites with high content of phosphorus (KZX).
Liu et al. (2018) had found that WoeseArchaeales had a potential symbiotic relationship
with methanogens, which have a higher abundance in places rich in phosphorus
(Juottonen et al., 2020). Thus, this may be the reason why PO4*-P had a significant
correlation with the hub Archaea of the module MEblue.

By combining the two methods, we can more accurately and comprehensively
analyze the soil physicochemical properties that have a significant impact on the
composition of the archaeal community. These results indicate that the variation of
nutrients in soil of meltwater areas significantly affects the diversity of archaeal
community structure under the background of climate warming. Analyzing the
interaction between archaeal community diversity and environmental factors is
important for predicting the impact of future environmental changes on Archaea in
microorganisms.
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Conclusions

Under the influence of climate warming, meltwater areas have emerged near
different Arctic landforms. This paper analyzes the diversity of Archaea in the soil of
Arctic meltwater regions and reveals the soil physicochemical properties that influence
the diversity of Archaea. The community structure and diversity of Archaea in the
meltwater areas varied with sampling sites and physicochemical factors. NH4*-N, SiOs*
-Si and MC were important physicochemical factors related to archaeal communities.
This paper will provide reference for future studies on the changes of microbial
community structure with physicochemical factors. The hub Archaea were obtained by
WGCNA, such as WoeseArchaeales. This gives us a revelation that we can combine
WGCNA with the sandwich agar plate method (Zhang et al., 2024). WGCNA can
quickly screen out auxiliary bacteria that have significant correlation with difficult to
culture Archaea. This will greatly improve the cultivation efficiency.

Acknowledgments. This research was funded by Doctoral Research Fund of Linyi University (No.
Z6123002), special thanks to all authors for their excellent contributions.

Conflicts of interests. The authors declare no conflict of interests.

Data availability. Raw data have been deposited into the NCBI Sequence Read Archive (SRA) database
(Accession Number: SRR23261392- SRR23261427).

REFERENCES

[1] Andresen, C. G., Lougheed, V. L. (2021): Arctic aquatic graminoid tundra responses to
nutrient availability. — Biogeosciences 18: 2649-2662.

[2] Beeckman, F., Motte, H., Beeckman, T. (2018): Nitrification in agricultural soils: impact,
actors and mitigation. — Current Opinion in Biotechnology 50: 166-173.

[3] Bell, R. E., Banwell, A. F., Trusel, L. D., Kingslake, J. (2018): Antarctic surface
hydrology and impacts on ice-sheet mass balance. — Nature Climate Change 8: 1044-
1052.

[4] Berthling, 1., Berti, C., Mancinelli, V., Stendardi, L., Piacentini, T., Miccadei, E. (2020):
Analysis of the paraglacial landscape in the Ny-Alesund area and Blomstrandoya
(Kongsfjorden, Svalbard, Norway). — Journal of Maps 16: 818-833.

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

[6] 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., Bai, Y., Bisanz, J. E.,
Bittinger, K., Brejnrod, A., Brislawn, C. J., Brown, C. T., Callahan, B. J., Caraballo-
Rodriguez, A. M., Chase, J., Cope, E. K., Da Silva, R., Diener, C., Dorrestein, P. C.,
Douglas, G. M., Durall, D. M., Duvallet, C., Edwardson, C. F., Ernst, M., Estaki, M.,
Fougquier, J., Gauglitz, J. M., Gibbons, S. M., Gibson, D. L., Gonzalez, A., Gorlick, K.,
Guo, J., Hillmann, B., Holmes, S., Holste, H., Huttenhower, C., Huttley, G. A., Janssen,
S., Jarmusch, A. K., Jiang, L., Kaehler, B. D., Kang, K. B., Keefe, C. R., Keim, P.,
Kelley, S. T., Knights, D., Koester, 1., Kosciolek, T., Kreps, J., Langille, M. G. I., Lee, J.,
Ley, R., Liu, Y. X., Loftfield, E., Lozupone, C., Maher, M., Marotz, C., Martin, B. D.,
McDonald, D., Mclver, L. J., Melnik, A. V., Metcalf, J. L., Morgan, S. C., Morton, J. T.,
Naimey, A. T., Navas-Molina, J. A., Nothias, L. F., Orchanian, S. B., Pearson, T.,
Peoples, S. L., Petras, D., Preuss, M. L., Pruesse, E., Rasmussen, L. B., Rivers, A,

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 23(3):4167-4181.
http://www.aloki.hu e ISSN 1589 1623 (Print) ¢ ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/2303_41674181
© 2025, ALOKI Kft., Budapest, Hungary



Xu et al.: Analysis of archaeal diversity and its influencing factors in the soil of Ny-Alesund meltwater areas in Arctic Norway

[7]

(8]

9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

- 4179 -

Robeson, M. S., Rosenthal, P., Segata, N., Shaffer, M., Shiffer, A., Sinha, R., Song, S. J.,
Spear, J. R., Swafford, A. D., Thompson, L. R., Torres, P. J., Trinh, P., Tripathi, A.,
Turnbaugh, P. J., Ul-Hasan, S., van der Hooft, J. J. J., Vargas, F., Vazquez-Baeza, Y.,
Vogtmann, E., von Hippel, M., Walters, W., Wan, Y., Wang, M., Warren, J., Weber, K.
C., Williamson, C. H. D., Willis, A. D., Xu, Z. Z., Zaneveld, J. R., Zhang, Y., Zhu, Q.,
Knight, R., Caporaso, J. G. (2019): Reproducible, interactive, scalable and extensible
microbiome data science using QIIME 2. — Nature Biotechnology 37: 852-857.
Bridgham, S. D., Cadillo-Quiroz, H., Keller, J. K., Zhuang, Q. (2013): Methane
emissions from wetlands: biogeochemical, microbial, and modeling perspectives from
local to global scales. — Global Change Biology 19: 1325-1346.

Callahan, B. J., Mcmurdie, P. J., Rosen, M. J., Han, A. W., Johnson, A. J. A., Holmes, S.
P. (2016): DADAZ2: High-resolution sample inference from Illumina amplicon data. —
Nature Methods 13: 581-583.

Callahan, B. J., Mcmurdie, P. J., Holmes, S. P. (2017): Exact sequence variants should
replace operational taxonomic units in marker-gene data analysis. — ISME J 11: 2639-
2643.

Conrad, R. (2020): Methane production in soil environments—anaerobic
biogeochemistry and microbial life between flooding and desiccation. — Microorganisms
8.

Dahlke, S., Maturilli, M. (2017): Contribution of atmospheric advection to the amplified
winter warming in the Arctic North Atlantic region. — Advances in Meteorology 2017: 1-
8.

Dalkiran, N., Ziinbiilgil-Unsal, B. (2023): Environmental heterogeneity and salinity
gradient impacted the alpha and beta diversities of diatom assemblages in a coastal delta
wetland. — Water 15.

Edwards, T. L., Brandon, M. A., Durand, G., Edwards, N. R., Golledge, N. R., Holden, P.
B., Nias, I. J., Payne, A. J,, Ritz, C., Wernecke, A. (2019): Revisiting Antarctic ice loss
due to marine ice-cliff instability. — Nature 566: 58-64.

Fan, X.-Y., Gao, J.-F., Pan, K.-L., Li, D.-C., Dai, H.-H., Li, X. (2019): Temporal
heterogeneity and temperature response of active ammonia-oxidizing microorganisms in
winter in full-scale wastewater treatment plants. — Chemical Engineering Journal 360:
1542-1552.

Flores-Santana, W., Switzer, C., Ridnour, L. A., Basudhar, D., Mancardi, D., Donzelli,
S., Thomas, D. D., Miranda, K. M., Fukuto, J. M., Wink, D. A. (2009): Comparing the
chemical biology of NO and HNO. — Archives of Pharmacal Research 32: 1139-1153.
Fuller, T. F., Ghazalpour, A., Aten, J. E., Drake, T. A., Lusis, A. J., Horvath, S. (2007):
Weighted gene coexpression network analysis strategies applied to mouse weight. —
Mammalian Genome 18: 463-472.

Groff, D. V., Beilman, D. W., Yu, Z.,, Ford, D., Xia, Z. (2023): Kill dates from re-
exposed black mosses constrain past glacier advances in the northern Antarctic Peninsula.
— Geology 51: 257-261.

Hinsa-Leasure, S. M., Bhavaraju, L., Rodrigues, J. L., Bakermans, C., Gilichinsky, D. A.,
Tiedje, J. M. (2010): Characterization of a bacterial community from a Northeast Siberian
seacoast permafrost sample. — FEMS Microbiol Ecol 74: 103-113.

Hu, L., Shi, X., Yu, Z., Lin, T., Wang, H., Ma, D., Guo, Z., Yang, Z. (2012): Distribution
of sedimentary organic matter in estuarine—inner shelf regions of the East China Sea:
implications for hydrodynamic forces and anthropogenic impact. — Marine Chemistry
142-144: 29-40.

Jenkins, A., Shoosmith, D., Dutrieux, P., Jacobs, S., Kim, T. W., Lee, S. H., Ha, H. K,
Stammerjohn, S. (2018): West Antarctic ice sheet retreat in the Amundsen Sea driven by
decadal oceanic variability. — Nature Geoscience 11: 733-738.

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 23(3):4167-4181.
http://www.aloki.hu e ISSN 1589 1623 (Print) ¢ ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/2303_41674181
© 2025, ALOKI Kft., Budapest, Hungary



Xu et al.: Analysis of archaeal diversity and its influencing factors in the soil of Ny-Alesund meltwater areas in Arctic Norway

[21]

[22]

[23]
[24]

[25]

[26]

[27]

[28]

[29]

[30]

(31]

[32]

[33]

[34]

[35]

[36]

[37]

- 4180 -

Jilkova, V., Devetter, M., Bryndova, M., Hajek, T., Kotas, P., Lulakova, P., Meador, T.,
Navréatilova, D., Saccone, P., Macek, P. (2021): Carbon sequestration related to soil
physical and chemical properties in the high Arctic. — Global Biogeochemical Cycles 35.
Juottonen, H., Fontaine, L., Wurzbacher, C., Drakare, S., Peura, S., Eiler, A. (2020):
Archaea in boreal Swedish lakes are diverse, dominated by Woesearchaeota and follow
deterministic community assembly. — Environmental Microbiology 22: 3158-3171.

Kerr, R. A. (2009): Arctic summer sea ice could vanish soon but not suddenly. — Science
(Washington) 323: 1655.

Kim, J. G., Gazi, K. S., Awala, S. I., Jung, M. Y., Rhee, S. K. (2021); Ammonia-
oxidizing archaea in biological interactions. — J Microbiol 59: 298-310.

Kingslake, J., Scherer, R. P., Albrecht, T., Coenen, J., Powell, R. D., Reese, R., Stansell,
N. D., Tulaczyk, S., Wearing, M. G., Whitehouse, P. L. (2018): Extensive retreat and re-
advance of the West Antarctic Ice Sheet during the Holocene. — Nature 558: 430-434.

Li, H., Su, Q., Li, B, Lan, L., Wang, C., Li, W., Wang, G., Chen, W., He, Y., Zhang, C.
(2020a): High expression of WTAP leads to poor prognosis of gastric cancer by
influencing tumour-associated T lymphocyte infiltration. — Journal of Cellular and
Molecular Medicine 24: 4452-4465.

Li, M., Shao, D., Zhou, J., Gu, J., Qin, J., Chen, W., Wei, W. (2020b): Signatures within
esophageal microbiota with progression of esophageal squamous cell carcinoma. —
Chinese Journal of Cancer Research 32: 755-767.

Liu, J., Zang, J., Zhao, C., Yu, Z., Xu, B., Li, J., Ran, X. (2016): Phosphorus speciation,
transformation, and preservation in the coastal area of Rushan Bay. — Science of The
Total Environment 565: 258-270.

Liu, X., Li, M., Castelle, C. J., Probst, A. J., Zhou, Z., Pan, J., Liu, Y., Banfield, J. F., Gu,
J.-D. (2018): Insights into the ecology, evolution, and metabolism of the widespread
Woesearchaeotal lineages. — Microbiome 6.

Lutz, S., Anesio, A. M., Raiswell, R., Edwards, A., Newton, R. J., Gill, F., Benning, L. G.
(2016): The biogeography of red snow microbiomes and their role in melting arctic
glaciers. — Nature Communications 7.

Lv, J., Liu, F., Han, W., Wang, Y., Zhu, Q., Zang, J., Wang, S., Zhang, B., Wang, N.
(2019): The effect of nitrogen content on archaeal diversity in an Arctic lake region. —
Microorganisms 7(11): 543.

Ma, X., Bi, Q., Kong, Y., Xu, H., Liang, M., Mai, K., Zhang, Y. (2022): Dietary lipid
levels affected antioxidative status, inflammation response, apoptosis and microbial
community in the intestine of juvenile turbot (Scophthalmus maximus L.). — Comparative
Biochemistry and Physiology Part A: Molecular & Integrative Physiology 264.

Magoc, T., Salzberg, S. L. (2011): FLASH: fast length adjustment of short reads to
improve genome assemblies. — Bioinformatics 27: 2957-2963.

Michelutti, N., Douglas, M. S. V., Antoniades, D., Lehnherr, 1., St. Louis, V. L., St.
Pierre, K., Muir, D. C. G., Brunskill, G., Smol, J. P. (2020): Contrasting the ecological
effects of decreasing ice cover versus accelerated glacial melt on the High Arctic’s largest
lake. — Proceedings of the Royal Society B: Biological Sciences 287.

Miller, J. A., Oldham, M. C., Geschwind, D. H. (2008): A systems level analysis of
transcriptional changes in alzheimer’s disease and normal aging. — The Journal of
Neuroscience 28: 1410-1420.

Naylor, D., Sadler, N., Bhattacharjee, A., Graham, E. B., Anderton, C. R., Mcclure, R.,
Lipton, M., Hofmockel, K. S., Jansson, J. K. (2020): Soil microbiomes under climate
change and implications for carbon cycling. — Annual Review of Environment and
Resources 45: 29-59.

Oksanen, J., Blanchet, F. G., Friendly, M., Kindt, R., Legendre, P., Mcglinn, D. (2022):
vegan: community ecology package version 2.6-2. — The Comprehensive R Archive
Network http://cran.r-project.org.

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 23(3):4167-4181.
http://www.aloki.hu e ISSN 1589 1623 (Print) ¢ ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/2303_41674181
© 2025, ALOKI Kft., Budapest, Hungary



Xu et al.: Analysis of archaeal diversity and its influencing factors in the soil of Ny-Alesund meltwater areas in Arctic Norway

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]
[47]
[48]

[49]

[50]

[51]

[52]

[53]

[54]

-4181 -

Pester, M., Schleper, C., Wagner, M. (2011): The Thaumarchaeota: an emerging view of
their phylogeny and ecophysiology. — Curr Opin Microbiol 14: 300-306.

Poosakkannu, A., Nissinen, R., Ménnistd, M., Kytoviita, M. M. (2017): Microbial
community composition but not diversity changes along succession in arctic sand dunes.
— Environmental Microbiology 19: 698-709.

Qin, Y., Wang, N., Zheng, L., Li, Q., Wang, L., Xu, X., Yin, X. (2023): Study of
Archaeal Diversity in the Arctic Meltwater Lake Region. — Biology 12.

Roland Hatzenpichler, E. V. L., Eva Spieck, Kilian Stoecker, Andreas Richter, Holger
Daims, and Michael Wagner. (2008): A moderately thermophilic ammonia-oxidizing
crenarchaeote from a hot spring. — Proceedings of the National Academy of Sciences 105:
2134-2139.

Riihland, K. M., Paterson, A. M., Keller, W., Michelutti, N., Smol, J. P. (2013): Global
warming triggers the loss of a key Arctic refugium. — Proceedings of the Royal Society B:
Biological Sciences 280.

Schaphoff, S., Heyder, U., Ostberg, S., Gerten, D., Heinke, J., Lucht, W. (2013):
Contribution of permafrost soils to the global carbon budget. — Environmental Research
Letters. DOI: 10.1088/1748-9326/8/1/014026.

Segata, N., lzard, J.,, Waldron, L., Gevers, D., Miropolsky, L., Garrett, W. S.,
Huttenhower, C. (2011): Metagenomic biomarker discovery and explanation. — Genome
Biology 12: R60.

Shi, Y., Grogan, P., Sun, H., Xiong, J., Yang, Y., Zhou, J., Chu, H. (2015): Multi-scale
variability analysis reveals the importance of spatial distance in shaping Arctic soil
microbial functional communities. — Soil Biology and Biochemistry 86: 126-134.

Shu, W.-S., Huang, L.-N. (2021): Microbial diversity in extreme environments. — Nature
Reviews Microbiology 20: 219-235.

Tan, Z., Zhuang, Q. (2015): Arctic lakes are continuous methane sources to the
atmosphere under warming conditions. — Environmental Research Letters 10.

Wang, J., Jia, H. (2016): Metagenome-wide association studies: fine-mining the
microbiome. — Nature Reviews Microbiology 14: 508-522.

Wang, L., Liu, J., Yuan, J., Wang, N. (2022): The study of soil bacterial diversity and the
influence of soil physicochemical factors in meltwater region of Ny-Alesund, Arctic. —
Microorganisms 10.

Wen, X., Yang, S., Horn, F., Winkel, M., Wagner, D., Liebner, S. (2017): Global
biogeographic analysis of methanogenic archaea identifies community-shaping
environmental factors of natural environments. — Frontiers in Microbiology 8.

Wu, F., Zhang, Y., He, D., Gu, J.-D., Guo, Q., Liu, X., Duan, Y., Zhao, J., Wang, W.,
Feng, H. (2021): Community structures of bacteria and archaea associated with the
biodeterioration of sandstone sculptures at the Beishiku Temple. — International
Biodeterioration & Biodegradation 164.

Zhang, J., Liang, Q. Y., Mu, D. S., Lian, F,, Gong, Y., Ye, M., Chen, G. J,, Ye, Y., Du, Z.
J. (2024): Cultivating the uncultured: harnessing the “sandwich agar plate” approach to
isolate heme-dependent bacteria from marine sediment. — mLife 3: 143-155.

Zhang, L.-M., Offre, P. R., He, J.-Z., Verhamme, D. T., Nicol, G. W., Prosser, J. .
(2010): Autotrophic ammonia oxidation by soil thaumarchaea. — Proceedings of the
National Academy of Sciences 107: 17240-17245.

Zhou, T., Tang, S., Cui, J., Zhang, Y., Li, X,, Qiao, Q., Long, X. E. (2023): Biochar
amendment reassembles microbial community in a long-term phosphorus fertilization
paddy soil. — Appl Microbiol Biotechnol 107: 6013-6028.

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 23(3):4167-4181.
http://www.aloki.hu e ISSN 1589 1623 (Print) ¢ ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/2303_41674181
© 2025, ALOKI Kft., Budapest, Hungary



