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Abstract 20 

Permafrost soils store a substantial part of the global soil carbon, but due to global warming, 21 

abrupt erosion and consecutive thaw make these carbon stocks vulnerable to microbial 22 

decomposition into greenhouse gases. Although in temperate systems trophic interactions 23 

promote soil carbon storage, their role in Arctic permafrost microbiomes, especially during 24 

thaw, remains largely unknown. Here, we investigated the microbial response to in situ thawing 25 

and rapid permafrost erosion. We sequenced the total RNA of a 1 m deep soil core from an 26 

active abrupt erosion site to analyse the microbial community in the active layer soil, recently 27 

thawed and intact permafrost, consisting of up to 26 500-year-old material. We found 28 

maximum RNA:DNA ratios in recently thawed permafrost, indicating upregulation of protein 29 

biosynthesis upon thaw. At the same depths, the relative abundance of several prokaryotic 30 

orders, including Sphingobacteriales, Burkholderiales, and Nitrosomonadales increased in 31 

relative abundance. Bacterial predators were mainly dominated by Myxococcales. Protozoa 32 

were overall less abundant but doubled in relative abundance between the active layer and 33 

recently thawed permafrost. Cercozoa, Amoebozoa, and Ciliophora were the most abundant 34 

protozoan predators, replacing myxobacteria at deeper thaw depths. Overall, connections 35 

between the active layer and especially upper thawed layers were visible and suggest 36 

migration, while no layer formed a distinct community. Our findings highlight the importance of 37 

predation and population dynamics as well as the rapid development of a microbial bloom in 38 

abruptly thawing permafrost.  39 
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1. Introduction  40 

Permafrost soils encompass over half of all global soil carbon while harbouring unique but 41 

poorly described microbial communities under constant freezing conditions (Hugelius et al., 42 

2014; Tarnocai et al., 2009). Permafrost is ground frozen perennially, for at least two years, and 43 

consists of a seasonally thawing active layer, the permanently frozen permafrost, and an 44 

interjacent zone of progressing thaw. Additional to gradual thaw, global warming causes 45 

ground ice to melt and soils to collapse abruptly, affecting up to half of all permafrost carbon by 46 

2100 (Turetsky et al., 2020). Hence, permafrost carbon increasingly becomes available to 47 

deeper rooting vegetation and microbial decomposition. However, predictions of future carbon 48 

release from permafrost are uncertain due to high spatial variability, but also knowledge gaps 49 

related to microbial contributions to fluxes (Elberling et al., 2013; IPCC, 2021).  50 

The set of microorganisms, the microbiome, of frozen permafrost differs significantly from 51 

overlaying thawed soils. Seasonally fluctuating temperature selects for highly resilient taxa with 52 

high growth rates and effective carbon use (Bardgett and Caruso, 2020). In contrast, permafrost 53 

- due to stable freezing temperatures - harbours liquid water only in salty brine channels and 54 

stores the majority of nutrient-poor carbon as highly recalcitrant organic matter (Parmentier et 55 

al., 2017). These conditions select for highly resistant taxa ‒ slow growth rates and higher 56 

metabolic versatility (Allison and Martiny, 2008; Shade et al., 2012). While thawed soil 57 

communities are often functionally redundant (Nannipieri et al., 2017), permafrost 58 

communities have been suggested to be functionally constrained due to environmental 59 

limitations and slow reproduction rates (Monteux et al., 2020). Possible microbial responses to 60 

thaw include the termination of former resting stages, such as cysts and endospores (Lennon 61 
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and Jones, 2011), which upon suitable thermal and moisture conditions can lead to local 62 

microbial blooms. Alternatively, the active layer microbiome can colonize thawed layers 63 

through cryoturbation (Gittel et al., 2014a), active layer detachments (Inglese et al., 2018), or 64 

root growth (Monteux et al., 2020). These migrations, or coalescence effects, can increase 65 

carbon and nitrogen release from thawed and inoculated permafrost soil (Monteux et al., 66 

2020). 67 

Soil microbial biodiversity highly influences the microbiome’s resilience toward climate 68 

extremes (Bardgett and Van Der Putten, 2014; Griffiths and Philippot, 2013). Furthermore, it 69 

has previously been observed that also complexity or quality, and quantity of trophic relations 70 

inter- and intrakindom, especially including predation of bacteria (Geisen et al., 2021; Thakur 71 

and Geisen, 2019) The decrease of soil biodiversity in temperate systems has been linked to 72 

increased losses of carbon to the atmosphere, but within Arctic soil metacommunity, little 73 

research has been conducted on this topic. 74 

While the role of microbial predators in temperate soils has been studied extensively (Thakur 75 

and Geisen, 2019), bacteria-protozoan interactions in thawing permafrost have not been 76 

thoroughly explored, although microbial predator presence has been documented (Malard and 77 

Pearce, 2018; Scheel et al., 2022; Schostag et al., 2019; Shatilovich et al., 2009). Previous 78 

research on thawing permafrost soil has included incubation or gradual thaw gradients, but few 79 

microbial studies were conducted on abrupt permafrost erosion sites. However, research has 80 

focused on only a few sites extensively, although biogeography of permafrost microorganisms 81 

is spatially highly variably, leaving particularly Greenland highly understudied (Malard and 82 

Pearce, 2018; Metcalfe et al., 2018). Finally, remote Arctic microbial work is often limited to 83 
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DNA-based approaches, such as amplicon sequencing, as local processing or transport of RNA is 84 

rarely possible. The use of ribosomal RNA (rRNA0F

1) community analysis has the clear advantage 85 

of decreasing methodological, such as polymerase chain reaction (PCR), biases when utilizing 86 

DNA and allowing an understanding of the putatively active community as opposed to 87 

metagenomic studies.  88 

Here, we overcome these limitations by sampling an in situ abrupt erosion site for the first 89 

metatranscriptomic analysis of the total active microbial community of Greenlandic permafrost. 90 

We hypothesise that the freshly thawed soils support fast-growing species that either invaded 91 

from the active layer or consist of reactivated permafrost resting stages. We furthermore test if 92 

trophic dynamics impact the community more than abiotic soil properties. These insights can 93 

help to understand the spatiotemporal and trophic dynamics of permafrost microbial ecology 94 

and estimate the ecological response of warming and rapid erosion as a potential key driver of 95 

both permafrost carbon and endemic taxa vulnerability. 96 

 

 
1 Abbreviations: 
rRNA - ribosomal RNA 
mRNA - messenger RNA 
PCR - polymerase chain reaction 
AL- active layer 
TZ - transition zone 
PF - permafrost 
SOM - soil organic matter 
H2O - soil moisture 
AY - young-aged material 
AM - medium-aged material 
AO - old-aged material 
NMDS - non-metric multidimensional scaling 
SAR - supergroup Stramenopiles-Alveolata-Rhizaria 
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2. Materials and Methods 97 

2.1. Soil sampling 98 

Sampling took place within a recent thermal erosion gully situated in Zackenberg valley, NE 99 

Greenland (Fig. 1 A-B), as described before (Christensen et al., 2020; Scheel et al., 2022). Below 100 

the active layer (AL) at 40 cm depth, an ice lens had melted in 2019, creating a first transition 101 

zone depth until 70 cm depth (TZ1) that deepened until 90 cm depth in 2020 (TZ2), while below 102 

90 cm depth intact permafrost (PF) persisted (Fig. 1 C-D). In 2020, we sampled soil down to 100 103 

cm depth aseptically in triplicate per 10 cm horizon. The samples were stored at ‒20 °C until 104 

transported frozen to Denmark, where they were stored at ‒80 °C. 105 

2.2. Physicochemical soil analysis 106 

Physical soil properties from thawed triplicates per 10 cm were determined as described by 107 

Scheel and colleagues (Scheel et al., 2022). In short, weight-based relative soil moisture (H2O) 108 

and organic carbon content (SOM) were calculated by air-drying at 70 °C for 48 h and burning at 109 

450 °C for 2 h. Radiocarbon dating was performed on sieved macrofossils. For the pH 110 

measurement, 10 ml of airdried soil were shaken for 1h in 50 ml of 1 M KCl in technical 111 

triplicates using a Mettler Toledo FiveEasy PlusTM pH Meter (Mettler Toledo GmbH, Gieben, 112 

Germany). The 14C results were split into three age categories for downstream statistical 113 

analysis: young soils (AY, until 40 cm depth), medium old soils (AM, 40‒60 cm depth ranging 114 

from 2 645 to 3 770 years BP), and old soil (AO, from 60 cm depth and below with up to 115 

26 500‒year-old material Table 1).  116 
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Table 1 Soil properties include 14C radiocarbon dating results (* = fM; **BP), relative weight-based soil moisture (H2O), relative 117 

weight-based soil organic matter content (SOM), pH and layer, as defined by thawing processes as active layer (AL), deepest 118 

thaw in 2019: transition zone 1 (TZ1) and 2020: TZ2; and permafrost (PF). Extraction and sequencing output included the 119 

calculated RNA:DNA ratio based on co-extraction of nucleic acids per gram dry weight (gDW). The cumulative sum of clean total 120 

RNA sequencing reads per depth. Standard deviations for triplicates per depth are indicated where available (±). 121 

depth 

[cm] 

14C [*fM 

**BP] 
H2O [%] SOM [%] pH layer 

DNA gDW 

[ng/µl] 

RNA 

gDW 

[ng/µl] 

RNA:DNA 
total 

reads 

0-10 1.04* 
28.80 ± 

3.38 

8.73 ± 

1.82 

4.22 ± 

0.03 

AL 

16.70 ± 

7.84 

7.15 ± 

3.43 

2.34 ± 

0.43 
1.78E+07 

10-20 1.13* 
22.52 ± 

0.73 

5.39 ± 

0.83 

4.02 ± 

0.05 
1.65 ± 1.86 

1.46 ± 

0.17 

1.11 ± 

0.90 
4.85E+07 

20-30 1.16* 
22.05 ± 

3.30 

10.19 ± 

3.22 

4.29 ± 

0.01 

11.23 ± 

11.43 

1.82 ± 

0.04 

6.11 ± 

0.16 
2.25E+07 

30-40 1.2* 
26.57 ± 

0.83 

13.68 ± 

0.44 

4.25 ± 

0.01 
3.73 ± 0.67 

1.73 ± 

0.46 

2.18 ± 

0.46 
1.05E+08 

40-50 2 635** 
7.73 ± 

1.58 

2.59 ± 

0.68 

4.63 ± 

0.03 

TZ1 

1.09 ± 1.20 
0.81 ± 

0.85 

1.37 ± 

0.73 
2.39E+07 

50-60 3 770** 
15.61 ± 

6.28 

2.93 ± 

0.30 

4.13 ± 

0.02 
0.22 ± 0.19 

0.81 ± 

0.21 

0.27 ± 

3.75 
7.22E+07 

60-70 
26 

500** 

8.72 ± 

2.53 

1.52 ± 

0.16 

4.86 ± 

0.05 
0.17 ± 0.23 

0.72 ± 

0.09 

0.23 ± 

4.43 
4.90E+07 

70-80 
22 

100** 

6.35 ± 

0.60 

1.10 ± 

0.24 
4.48 ± 0 

TZ2 

0.04 ± 0.04 
0.36 ± 

0.62 

0.11 ± 

9.13 
1.49E+07 

80-90 
26 

200** 

7.96 ± 

0.61 

1.00 ± 

0.20 

4.57 ± 

0.01 
0.02 ± 0.04 NA NA 3.46E+07 

90-100 
26 

200** 

7.80 ± 

0.59 

1.04 ± 

0.26 

4.91 ± 

0.01 
PF 0.02 ± 0.03 NA NA 1.40E+07 

 122 
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2.3. Nucleic acid co-extraction, library preparation, and sequencing 123 

We homogenised the flash-frozen samples in antiseptic mortars before co-extracting the total 124 

RNA and DNA of the biological replicates on up to 0.35 g frozen soil sample in technical 125 

triplicate with the NucleoBond RNA Soil Mini kit (Macherey-Nagel GmbH & Co. KG Dueren, 126 

Germany) according to the manufacturer's protocol, but including added G2 DNA/RNA 127 

Enhancer infused 1,4 mm beads (Ampliqon, Odense, Denmark). Resulting concentrations were 128 

normalised for the sample weight and used for extraction ratios of extracted RNA to DNA 129 

(RNA:DNA). The RNA was further DNase-treated, cDNA synthesised, and metabarcoded as 130 

described by Mondini and colleagues (Mondini et al., 2022). All purification and library 131 

preparation steps were executed in a dedicated PCR clean room and for all nucleic acid 132 

concentrations evaluated with the TapeStation 4150 (Agilent Technologies, Santa Clara, 133 

California, US). RIN values were low (1.0 ± 0.6, SI Table 1); hence the samples were pooled into 134 

equimolar libraries to secure even sequencing coverage and were sequenced in-house 135 

(Department of Environmental Sciences, Aarhus University, Denmark) on a NextSeq 500 with a 136 

v2.5 high-throughput 300 cycles kit (both Illumina, San Diego, CA, United States). 137 

2.4. Quality filtering, RNA sorting, and OTU mapping 138 

Raw paired-end Illumina reads (SRA accession number: PRJNA853791) were quality-controlled 139 

with TrimGalore (https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/) and then 140 

sorted into small subunit (SSU) rRNA and non-rRNA bins using SortMeRNA (Kopylova et al., 141 

2012). The SSU reads were assembled into full-length SSU rRNA contigs with MetaRib (Xue et 142 

al., 2020). These contigs were taxonomically classified as described by Anwar and colleagues 143 

(Anwar et al., 2019), using CREST (Lanzén et al., 2012) against the SILVA database v. 128 (Quast 144 
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et al., 2013), resulting in taxonomically annotated rRNA contigs abundance across 30 sample 145 

triplicates. The resulting taxonomy was utilised throughout this work. 146 

2.5. Community analysis and statistical testing 147 

We performed community analysis with the R software in the R studio environment (R Core 148 

Team, 2021; R Studio Team, 2021), utilising the phyloseq (McMurdie and Holmes, 2013) and 149 

vegan packages (Oksanen et al., 2020). Shannon (S) alpha diversity and richness (number of 150 

rRNA contigs) per sample were calculated. The significance of environmental data (14C-age, pH, 151 

SOM, H2O, and layer) was tested with the anova function (PERMANOVA, 999 permutations) on 152 

Bray-Curtis dissimilarities of relative abundance per taxa within the sample to account for 153 

different read coverage across samples. Consecutive Tukey’s HSD post hoc tests were 154 

performed. Principal component analyses and non-metric multidimensional scaling (NMDS) 155 

were ordinated graphically using Bray-Curtis dissimilarities. The total community was scanned 156 

for previously documented eukaryotic and bacterial predators (Geisen et al., 2015; Petters et 157 

al., 2021). 158 

3. Results  159 

3.1. Sequencing success and overall community composition 160 

Extraction of RNA and DNA was successful in all triplicates and RNA:DNA ratios indicated higher 161 

values in the transition zones (Fig. 2, SI Table 1). Overall, we obtained 49 million clean paired-162 

end Illumina reads. In total, 1952 full-length gene rRNA contigs were constructed with an 163 

average length of 1475 bp. Annotation was complete on domain level but decreased above 164 

class level (SI Table 1). On average, 72.9% of all reads could be annotated as SSU rRNA reads 165 
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and 62.3% of the raw reads mapped against these. Overall, 1833 rRNA contigs were assigned as 166 

Bacteria, 109 rRNA contigs as Eukarya, and nine rRNA contigs as Archaea. 167 

3.2. Prokaryotic community composition and distribution with depth 168 

The prokaryotic community was dominated by Proteobacteria (31.4 ± 9.6% of total counts), 169 

Actinobacteria (15.8 ± 7.1% of total counts), Acidobacteria (8.6 ± 5.3% of total counts), 170 

Chloroflexi (6.4 ± 4.1% of total counts) and Planctomycetes (5.4 ± 2.9% of total counts, Fig. 3A). 171 

Additional 28 bacterial and five archaeal phyla were present and included three methanogenic 172 

rRNA contigs (0.03 ± 0.01% of total counts) and eight methanotrophic rRNA contigs (0.61 ± 173 

0.11% of total counts). Proteobacteria were dominated by Betaproteobacteria (15.3 ± 12.7% of 174 

total counts) and therein by the Nitrosomonadales (6.2 ± 6.6% of total counts) and 175 

Burkholderiales order (5.1 ± 5.0% of total counts), with maximum abundances at 70 cm and 90 176 

cm depth, respectively. Deltaproteobacteria (8.2 ± 5.3% of total counts) decreased with depth 177 

from 50 cm depth on, mainly controlled by Myxococcales abundances (6.4 ± 4.7% of total 178 

counts). Alphaproteobacteria (6.6 ± 2.3% of total counts), especially the Rhizobiales order (4.5 ± 179 

1.6% of total counts), were abundant both at the surface and permafrost. Actinobacteria 180 

abundance decreased between 40‒80 cm and reached a maximum at 90‒100 cm. At the latter 181 

depth, Chitinophagia and Cytophagia were abundant, with Cytophaga aurantiaca as the most 182 

abundant contig, mapping 5.0 ± 4.0% of all permafrost counts. Bacteroidetes abundance 183 

increased with depth, reaching a maximum at 70‒80 cm, particularly driven by one 184 

Sphingobacteriales contig, which alone constituted 13.3 ± 9.3% of all counts at this depth. 185 

While 980 contigs (30% of total counts) were more abundant in AL than in deeper samples, 200 186 

of these, mainly Acidobacteria, Planctomycetes, Chloroflexi, and Myxococcales contigs, were 187 
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also abundant in the first transition zone, accounting together for 7.5% of all counts. In 188 

contrast, 158 contigs were exclusively (over 90%) abundant in the active layer, including several 189 

Planctomycetes, Acidobacteria, and Chloroflexi contigs. 190 

In the transition zones, 659 contigs (53% of total counts) were more abundant than in other 191 

layers, typified by the Nitrosomonadales and Burkholderiales orders, as well as Cercozoa and 192 

Ciliophora contigs. Particularly, 100 contigs (9% of total counts) were more abundant in TZ2 193 

than in any other layer, including many Sphingobacteriales contigs. Of these, 28 contigs were 194 

more abundant in permafrost than in TZ1, of which 11 consisted of Burkholderiales contigs. 195 
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Table 2 Average relative abundances in % per total prokaryotic community including prokaryotes (prok; *excluding prokaryotic predators) and their predators (= pred) per depth 196 

horizon. These include all predatory taxa (pred), in particular the bacterial predatory (bacpred) orders Bdellovibrionales and Myxococcales, as well as eukaryotic protozoan 197 

superkingdoms (prot). Standard deviation is given in ±, accounting for the triplicates per depth. 198 

depth [cm] 0-10 10-20 20-30 30-40 40-50 50-60 60-70 70-80 80-90 90-100 

prok* 68.40 ± 1.75 88.36 ± 0.84 85.27 ± 1.03 76.26 ± 1.18 70.66 ± 2.76 73.84 ± 5.63 75.76 ± 4.19 77.89 ± 1.43 74.74 ± 3.43 81.76 ± 3.03 

total pred 10.91 ± 0.67 6.85 ± 0.20 9.36 ± 0.04 16.94 ± 0.42 17.59 ± 2.76 13.83 ± 4.25 11.65 ± 1.88 7.78 ± 0.69 6.26 ± 0.30 6.06 ± 1.80 

bacpred 7.29 ± 0.74 5.20 ± 0.20 7.19 ± 0.03 13.71 ± 0.25 11.46 ± 3.37 7.97 ± 6.60 4.35 ± 1.78 2.14 ± 0.53 1.06 ± 0.13 2.18 ± 2.27 

 
Bdellovibrionales 0.14 ± 0.01 0.11 ± 0.02 0.15 ± 0.01 0.22 ± 0.01 0.33 ± 0.09 0.27 ± 0.13 0.41 ± 0.07 0.49 ± 0.02 0.28 ± 0.07 0.16 ± 0.17 

 
Myxococcales 7.15 ± 0.73 5.09 ± 0.19 7.04 ± 0.04 13.49 ± 0.26 11.14 ± 3.30 7.70 ± 6.55 3.94 ± 1.71 1.65 ± 0.52 0.78 ± 0.11 2.02 ± 2.10 

  
Haliangium 2.67 ± 0.41 1.69 ± 0.02 2.57 ± 0.24 5.81 ± 0.45 6.07 ± 2.89 4.65 ± 5.24 1.24 ± 0.60 0.40 ± 0.18 0.11 ± 0.01 0.66 ± 0.85 

  
Polyangium 1.07 ± 0.08 0.59 ± 0.07 0.51 ± 0.01 1.19 ± 0.08 0.65 ± 0.08 0.37 ± 0.21 0.39 ± 0.16 0.34 ± 0.34 0.22 ± 0.03 0.34 ± 0.17 

protozoa 3.62 ± 0.60 1.65 ± 0.21 2.17 ± 0.04 3.23 ± 0.59 6.13 ± 2.15 5.85 ± 1.89 7.31 ± 1.98 5.64 ± 0.84 5.19 ± 0.47 3.88 ± 1.33 

 
Amoebozoa 1.16 ± 0.21 0.55 ± 0.04 0.67 ± 0.02 0.82 ± 0.17 1.06 ± 0.34 1.16 ± 0.52 1.09 ± 0.43 0.48 ± 0.15 0.47 ± 0.08 0.33 ± 0.40 

 
Excavata 0.34 ± 0.04 0.24 ± 0.05 0.26 ± 0.03 0.49 ± 0.10 0.59 ± 0.31 0.50 ± 0.06 0.83 ± 0.20 0.69 ± 0.28 0.54 ± 0.23 0.38 ± 0.22 

 
Choanoflagellata 0.13 ± 0.02 0.04 ± 0.01 0.07 ± 0.02 0.11 ± 0.03 0.17 ± 0.08 0.11 ± 0.05 0.12 ± 0.04 0.12 ± 0.05 0.08 ± 0.03 0.05 ± 0.07 

 
SAR 2.34 ± 0.42 1.12 ± 0.06 1.49 ± 0.02 2.38 ± 0.40 6.89 ± 1.14 6.66 ± 2.21 7.42 ± 3.02 7.09 ± 0.35 7.32 ± 0.42 4.96 ± 0.64 

  
Cercozoa 1.27 ± 0.12 0.76 ± 0.10 0.76 ± 0.06 1.21 ± 0.20 2.96 ± 1.18 2.80 ± 0.91 3.48 ± 1.07 2.66 ± 0.51 2.50 ± 0.11 2.09 ± 0.38 

  
Ciliophora 0.60 ± 0.13 0.13 ± 0.05 0.44 ± 0.05 0.57 ± 0.14 1.18 ± 0.24 0.98 ± 0.51 1.52 ± 0.68 1.34 ± 0.19 1.34 ± 0.13 0.71 ± 0.20 

  
Stramenopiles 0.10 ± 0.02 0.05 ± 0.01 0.05 ± 0.00 0.13 ± 0.02 0.23 ± 0.06 0.36 ± 0.10 0.28 ± 0.05 0.38 ± 0.26 0.31 ± 0.09 0.31 ± 0.10 

 
Hacrobia 0.03 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.02 ± 0.00 0.03 ± 0.01 0.03 ± 0.02 0.05 ± 0.03 0.03 ± 0.01 0.03 ± 0.01 0.01 ± 0.02 

pred:prok 0.15 ± 0.02 0.08 ± 0.01 0.11 ± 0.00 0.22 ± 0.01 0.24 ± 0.08 0.19 ± 0.13 0.15 ± 0.06 0.10 ± 0.00 0.08 ± 0.01 0.07 ± 0.05 

prot:bacpred 0.50 ± 0.03 0.32 ± 0.03 0.30 ± 0.01 0.24 ± 0.05 0.55 ± 0.15 0.99 ± 0.53 1.76 ± 0.36 2.80 ± 1.00 4.91 ± 0.46 2.97 ± 1.80 

 199 
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3.3. Non-predatory Eukarya 200 

Within the Archaeplastida (6.5 ± 2.9% of total counts), the most abundant phylum was 201 

Tracheophyta (5.6 ± 2.4% of total counts) accounting for 38.5% of all eukaryotic counts, 202 

dominated by Magnoliophyta rRNA contigs. The supergroup Stramenopiles-Alveolata-Rhizaria 203 

(SAR) contigs (4.8 ± 2.8% of total counts) on average made up 33.6% of all eukaryotic counts, 204 

increasing in the transition zones. Opisthokonta (1.5 ± 2.1% of total counts) abundance 205 

included Fungi, particularly Ascomycota and Basidiomycota, and Metazoa mainly at 0‒10 cm 206 

and decreased with depth (Fig. 3C). 207 

3.4. Bacterial and eukaryotic bacterivores abundance 208 

Bacterivores included bacterial predators of the Deltaproteobacteria class, as well as several 209 

protozoan taxa (Fig. 3B, Table 2, for all taxonomic annotations see SI. Table 2). Myxococcales 210 

was the overall most abundant order and dominated the 140 bacterial predator rRNA contigs 211 

(6.0 ± 4.5% of total counts), with Haliangium and Polyangium as the most abundant genera. 212 

Especially Haliangium dominated (2.6 ± 2.7% of total counts) the boundary between the active 213 

layer and thawed permafrost at 40‒50 cm depth. 214 

The microeukaryotic protozoa included 72 rRNA contigs (4.5 ± 2.1% of total counts). Cercozoa 215 

(2.1 ± 1.1%) and Ciliophora (0.9 ± 0.5%) were most abundant throughout both transition zones 216 

and reached a maximum at 60‒70 cm depth (together 5 ± 1.8% of total counts). Amoebozoa 217 

(0.9 ± 0.4%), especially Lobosa contigs, were most abundant at the top 0‒10 cm sample and in 218 

TZ1 (Fig. 3D). We tested whether relative abundances of selected prokaryotic taxa and predator 219 

contig correlated (SI Fig. 1) but found no significant correlation. 220 
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3.5. Diversity, ordination, and drivers of trends (ANOSIM) 221 

Shannon alpha diversity reached a maximum at 40 cm depth, with an average 6.21 ± 0.18 for all 222 

domains, and decreased with depth below 40 cm (Fig. 4). Protozoan richness reached 72 rRNA 223 

contigs at all depths, while 140 bacterial predator rRNA contigs occurred in 28 of 30 triplicates. 224 

Principal Component Analysis revealed a clear grouping of the AL samples versus deeper 225 

samples, explaining 43.5 ± 2.5% of variation on the first axis per tested group (prokaryotes, 226 

eukaryotes, bacterial and eukaryotic predators; Fig. 5, NMDS see SI Fig. 2). ANOVA results 227 

confirmed this trend with layer explaining most of the variation in the dataset (F.Model = 6.09, 228 

R2 = 0.75, p = 0.002; Table 3). Except for pH (F.Model = 2.66, R2 = 0.25, p = 0.054), age (F.Model 229 

= 5.07, R2 = 0.59, p = 0.002), SOM (F.Model = 5.01, R2 = 0.39, p = 0.001) and H2O (F.Model = 230 

5.26, R2 = 0.4, p = 0.009) were found significant to explain community dissimilarities. Tukey’s 231 

HSD tests revealed no significant differences between communities along layer or age 232 

categories, except a significant difference between AL and PF samples in the total (adjusted p = 233 

0.048), prokaryote (adjusted p = 0.048) and protozoan (adjusted p = 0.042) community 234 

dissimilarities. When we tested, if predator relative abundance significantly shapes the total 235 

community, we found that Protozoa most significantly shaped the prokaryotic (F.Model = 3.86, 236 

R2 = 0.33, p = 0.015), as well as the bacterial predator community (F.Model = 5.65, R2 = 0.41, p = 237 

0.017). Meanwhile, bacterial predators had slightly less impact on the prokaryotic (F.Model = 238 

3.34, R2 = 0.29, p = 0.03) and protozoan community (F.Model = 3.19, R2 = 0.29, p = 0.039).239 
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Table 3 ANOVA statistical analysis on mean Bray-Curtis dissimilarities per depths between total community, prokaryotic (prok; *excluding prokaryotic predators), bacterial 240 

predators (bacpred), eukaryotic and protozoan (prot) rRNA contigs. These were tested against the environmental parameters of age (14C), layer, soil organic matter (SOM) and 241 

moisture (H2O), pH and the presence of non-predatory (*) prokaryotes, bacpred and protozoa per depth. The output includes the F-Model values (F), R2 and P-values (P) < 0.05 242 

were considered significant and are marked in bold. 243 

 
total prok bacpred eukaryotes prot 

env. 

Parameter F R2 P F R2 P F R2 P F R2 P F R2 P 
14C 5.069 0.592 0.001 5.069 0.592 0.001 6.285 0.642 0.006 6.906 0.664 0.004 6.678 0.656 0.002 

layer 6.088 0.753 0.002 6.088 0.753 0.001 5.002 0.714 0.006 6.008 0.750 0.003 6.881 0.775 0.001 

SOM 5.010 0.385 0.004 5.010 0.385 0.004 6.924 0.464 0.009 6.389 0.444 0.005 6.072 0.432 0.006 

H2O 5.260 0.397 0.009 5.260 0.397 0.005 5.691 0.416 0.014 7.240 0.475 0.007 7.242 0.475 0.008 

pH 2.655 0.249 0.054 2.655 0.249 0.059 3.430 0.300 0.057 2.803 0.259 0.065 2.897 0.266 0.059 

prok* - - - - - - 1.645 0.171 0.180 0.880 0.099 0.405 1.057 0.117 0.336 

bacpred - - - 3.336 0.294 0.030 - - - 3.771 0.320 0.032 3.190 0.285 0.039 

prot - - - 3.857 0.325 0.015 5.648 0.414 0.017 4.284 0.349 0.024 - - - 

244 
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4. Discussion  245 

4.1. RNA:DNA ratio indicates active bloom 246 

The use of total RNA sequencing, such as metatranscriptomics, enables the description of the 247 

entire soil community with full-length rRNA sequencing, including prokaryotic and eukaryotic 248 

taxa. Especially the relative abundance of Eukarya is often underestimated or removed from 249 

metatranscriptomic datasets, but few studies formerly confirmed similar results as in this work 250 

with 10% (Tveit et al., 2013; Urich et al., 2008), while another relevant study only found 0.07% 251 

fungi as eukaryotes (Hultman et al., 2015). The eukaryotic alpha diversity was similar to former 252 

metatranscriptomic permafrost studies (Tveit et al., 2015), or even higher (Hultman et al., 253 

2015), and the overall low fungal abundances could relate to the rapid decrease of fungi upon 254 

thaw, as shown before (Schostag et al., 2019). Meanwhile, the co-extraction of DNA also 255 

supplies RNA:DNA ratios to infer the overall activity: the total extracted RNA consists mainly of 256 

ribosomal RNA, of which ribosomes are responsible for translating messenger (mRNA) into 257 

proteins for cell growth. Our findings of higher RNA:DNA ratios at the freshly thawed 50 and 80 258 

cm depth hence indicate a relatively higher ribosomal abundance at these depths. To 259 

understand, which taxa are the most active, we here explore fast-growing prokaryotes and all 260 

microbial predator abundances. 261 

4.2. Dominant prokaryotes in thawing permafrost soil 262 

Overall, Proteobacteria contigs were the most abundant and encompassed the most 263 

phylogenetically and metabolically diverse groups. Especially Betaproteobacteria responded 264 

strongly to thaw, in line with their formerly documented copiotrophic representatives, 265 

responding quickly to freshly available resources (Hurst, 2019; Schostag et al., 2019). 266 
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Particularly Nitrosomonadales occurred at the first erosion year’s maximum thaw depth of 70 267 

cm. Schostag and colleagues showed that the Nitrosomonadaceae relative abundance 268 

correlated with nitrogen pools in permafrost soils (Schostag et al., 2019). Here, especially the 269 

family Gallionellaceae contains nitrate-dependent ferrous iron-oxidising taxa (He et al., 2016) 270 

and was previously found in partly ancient permafrost (Alawi et al., 2007; Müller et al., 2018; 271 

Scheel et al., 2022). Notably, most genera with maximum relative abundances at this depth (70 272 

cm), were putative ammonia oxidizers within Betaproteobacteria. Many of these are 273 

conditionally rare, but metabolically important taxa, as they can respond rapidly to changing 274 

environmental factors (Shade et al., 2014). Although nutrient measurements and nitrification 275 

gene abundance are needed to confirm active gene expression, our results confirm the 276 

ecological importance of nitrogen cycling in thawing permafrost, as suggested before (Keuper 277 

et al., 2020; Monteux et al., 2020). Among the Betaproteobacteria, Burkholderiales increased 278 

steadily towards the second, deepest thaw depth. Most represented by Comamonadaceae, a 279 

family that consists of many copiotrophic spore formers, rapidly responding to fresh input of 280 

labile nutrients (Fierer et al., 2007; Ho et al., 2017). This suggests that mineral-weathering 281 

Burkholderiales (Naylor et al., 2022) are readily responsive to thawing soil conditions. Similarly, 282 

the active Bacteroidetes order Sphingobacteriales dominated recently thawed permafrost. In 283 

our study site, this order formerly had the highest relative amplicon-based abundance with 284 

more than 50% of all counts between 70‒90 cm depth in 2020, despite very low abundances 285 

one year earlier (Scheel et al., 2022). This confirms that this taxon as a major component of the 286 

microbial community at thawed depths, which responds strongly to thaw (Burkert et al., 2019; 287 
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Coolen and Orsi, 2015; Deng et al., 2015; Frank-Fahle et al., 2014) and is abundant at the upper 288 

permafrost limit (Müller et al., 2018; Tripathi et al., 2018). 289 

The large taxonomic shifts in the rRNA pool suggest that the ancient carbon that became 290 

available due to warmer temperatures at these depths allows decomposers to thrive. Former 291 

studies have shown that methane emissions from this site were variable in both space and time 292 

during collapse (Scheller et al., 2021), which highlights the potential of a biogenic carbon 293 

release. 294 

4.3. Thaw layers as strongest abiotic drivers  295 

Our results suggest that while edaphic parameters govern the community, based on age and 296 

layer as well as soil moisture, pH did not, which could be due to the very small variation in pH in 297 

our study. The active layer contained the highest alpha diversity, where a distinct community 298 

had formed over numerous years, in agreement with former findings (Ganzert et al., 2014; 299 

Gittel et al., 2014a; Monteux et al., 2018). Many microbial taxa, especially within the predator 300 

community, responded rapidly to thaw, after the former ice lens as separation between the 301 

active layer and deeper soils thawed. This could enable dispersal into deeper soils, although we 302 

expect this to be an overall slow process as we expect an overall still low soil temperature and 303 

nutrient availability. An amplicon-based study at this site still confirmed similar emerging 304 

drivers, mainly layer and age (Scheel et al., 2022), as the only soil microbial studies performed 305 

locally before (Ganzert et al., 2014; Gittel et al., 2014b). Overall, more than half of all counts 306 

stem from taxa dominantly present in the thawed layers. Yet, no significant differences were 307 

found between the two thawed layers, which suggests that the thawed layers form a gradient 308 

between the significantly distinct historic active layer and permafrost communities, rather than 309 
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giving rise to a differentiated biome. Although age was as significantly explaining the variance in 310 

total community dissimilarities as the layers, we hypothesize that this is due to the complete 311 

active layer being of younger age and that those dissimilarities are mainly driven by the 312 

different active layer community compared with the rest. As we did not detect significant 313 

differences between the age categories, we assume that community changes rather took place 314 

across both selected depths within the oldest layers, where the most recent thaw took place. 315 

It has been discussed how the thermal state of permafrost depicts clear dispersal limits for 316 

water-dependent species such as most prokaryotic taxa. We argue this to be true for the 317 

similarly significant impact of soil moisture on the community at the moment of sampling. 318 

These edaphic properties depict the rather short-term character of the site. Especially fast-319 

growing species adapt quickly to changing ecosystem parameters, due to their small size and 320 

high doubling times. We hypothesize, that this could explain the high RNA content we 321 

particularly found in the thawed permafrost material of the rapidly thawing soils, where several 322 

taxa quickly adapt to the more suitable conditions of available water and warmer 323 

temperatures. 324 

4.4. Predation patterns as a response to thaw dynamics 325 

We found bacterivores to be among the putatively active community, also within ancient 326 

thawing permafrost. Here, the increase of protozoa relative to bacterial predator abundance 327 

with recent thaw is largely controlled by the relative increase of protozoan biomass in formerly 328 

less inhabited permafrost layers, where myxobacterial abundances did not increase yet. 329 

Whether protozoa in these depths were more mobile or originated from resting stages, is not 330 

known, but amplicon-based sequencing at this site confirmed the increase of Myxococcales at 331 
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the 40‒50 cm deep first fresh thaw horizon from 2019 to 2020, the year of sampling for this 332 

study. While this trend could stem from preserved rRNA, although possibly not stable for longer 333 

than several weeks in thawed soil (Schostag et al., 2020), we do not find the same level of 334 

preservation for both kingdoms of predators, indicating a truly active microeukaryotic bloom 335 

with permafrost thaw. Our in situ approach gives rise to the idea of more mobile predators 336 

dominating during the initial stages of the thaw-triggered microbial bloom, while consecutive 337 

migration of bacterial predators in later stages of thaw could be possible as well. This shows 338 

that abrupt thaw triggers the microeukaryotic community, suggesting an important role of 339 

eukaryotic predators during the initial stages after thaw and thus substantially expanding on 340 

previous studies of Schostag and colleagues, who found an increased abundance of 341 

microeukaryotes during controlled short-term thaw (Schostag et al., 2019). 342 

4.4.1. Bacterial predators from the active layer 343 

We found that Myxococcales was the overall most dominant taxonomic order, especially at the 344 

interface between the active layer and transition zone. Myxococcales are highly abundant in 345 

Arctic soils (Malard and Pearce, 2018), and have been observed at this study site before (Scheel 346 

et al., 2022). Bacterial predators and particularly Myxococcales may play key roles in microbial 347 

food webs, as recently demonstrated (Dai et al., 2021; Petters et al., 2021). Within the active 348 

layer, seasonal prokaryotic blooms support higher prey and predator abundance and we 349 

hypothesize that the formation of spore-containing fruiting bodies in Myxococcales (Huntley et 350 

al., 2011) offers resistance to the winter freeze-off. In contrast, Bdellovibrionales were found at 351 

a deeper thaw depth, which might indicate a higher mobility within the soil profile, based on 352 
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their flagellate morphology and the significant impact of soil moisture on migration (Petters et 353 

al., 2021). 354 

Bacterial predator abundance explained less variation in the beta diversity of prokaryote 355 

abundances than protozoa, which might due to the significantly higher protozoan abundances 356 

within the microbial bloom in the transition zone. Furthermore, Myxobacteria were found to 357 

select on gram-negative bacteria, while protozoa showed less selective feeding, hence 358 

benefiting from gram-positive bacteria (Zhang and Lueders, 2017), which in our samples were 359 

especially abundant in thawed depths, including Bacilli and Clostridia, e.g., with Clostridia also 360 

an abundant spore former in ancient permafrost (Johnson et al., 2007). 361 

4.4.2. Protozoa as fast responding predators 362 

Eukaryotic predators included Cercozoa, Amoebozoa, and Ciliophora in agreement with the few 363 

former studies (Schostag et al., 2019; Shatilovich et al., 2009). Members of the eukaryotic 364 

predator community responded similarly to permafrost thaw, as Ciliophora and Cercozoa 365 

reached maximum abundances at 70 cm depth, responding to the deepest thaw depths in the 366 

first erosion year. Interestingly, we expected higher abundances of relatively smaller Cercozoa 367 

due to their smaller size and hence faster doubling times (Rønn et al., 2012) at the most 368 

recently available thaw horizon at 90 cm. They have been documented to respond quickly to 369 

thaw in a matter of days (Schostag et al., 2019), while they were also seen to respond rapidly to 370 

temperature increases (Tveit et al., 2015). Our findings match these observations with Cercozoa 371 

contributing to more than 2% of total abundance per sample, they dominate the protozoan 372 

bloom in thawed layers. 373 
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Ciliates and Amoebozoa have been observed in Siberian permafrost previously (Shatilovich et 374 

al., 2009). Particularly, the ciliates highly abundant in both transition zones, Spirotrichea and 375 

Oligohymenophorea, were also formerly found in ice caves, indicating possible cold adaptation 376 

(Mondini et al., 2022). One potential explanation for the high abundance of protozoa in freshly 377 

thawed permafrost could be that several cyst- and resting-stage-forming protist taxa have 378 

previously responded quickly to environmental changes (Rønn et al., 2012). 379 

4.3. Microbial bloom in thawing soils potentially impacted by coalescence 380 

A microbial bloom, as indicated by large increases in the RNA:DNA ratio acted as the fundament 381 

for a larger and more active microbial food web dominated by protozoan bacterivores in soil 382 

that thawed recently and bacterial predators in soil that thawed one year ago. 383 

Our findings suggest differently timed responses to permafrost thaw could indicate relatively 384 

slow and steady progression of active layer taxa into thawed layers, as well as rapid microbial 385 

blooms at just thawed former permafrost layers and stress the non-linear and complex 386 

ecological response of environmentally stressed soil microbiomes in this setting. These results 387 

support our hypothesis, that thawed soils can experience a microbial bloom, consisting of 388 

predominantly fast-growing taxa. Our study additionally supports earlier findings that show the 389 

potential for coalescence, or migration of the active layer into thawed permafrost communities 390 

upon transplantation of surface soil microbiome to permafrost (Monteux et al., 2020). Although 391 

we could not statistically separate the potential effects of isolated permafrost thaw and 392 

coalescence with the active layer community, we hypothesize that these processes both play a 393 

role in the thaw zone, as thawed permafrost communities were indistinguishable from both the 394 
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permafrost and active layer. In their previous incubation study, Monteux and colleagues could 395 

identify abundance changes purely related to thaw, including an increase of Bacteroidetes 396 

abundance, apart from coalescence effects stemming from the inoculating soil material 397 

(Monteux et al., 2020). In both cases, the processes of thaw and migration have resulted in 398 

elevated emissions of greenhouse gases (Monteux et al., 2020), highlighting the importance of 399 

understanding community dynamics in response to thaw. Permafrost carbon and nitrogen 400 

retention thereby is steered more by community composition than microbial biomass 401 

and edaphic properties. 402 

4.5. Conclusion 403 

We have demonstrated microbial responses to abruptly eroding permafrost in Greenland and 404 

described shifts in the total community and their abiotic and trophic drivers. The novelty of this 405 

work includes both one of the rare in situ total active community descriptions in intact and 406 

eroding permafrost and highlighting the role of predators in response to a microbial bloom 407 

during abruptly thawing of ancient permafrost soil horizons. We found evidence for our 408 

hypothesis that the freshly thawed transition zones are dominated by fast-growing taxa, as 409 

Nitrosomonadales, Sphingobacteriales, and Burkholderiales were dominant in these depths. 410 

We see the potential for coalescence as the main driver of the shallow thawed samples, while a 411 

bloom of taxa from permafrost could indicate an additional process. To further explore these 412 

questions, we recommend stable isotope probing studies that elucidate the origin and 413 

dynamics of fast-responding taxa. On top, we suggest a coupling of sequencing and cultivation 414 

studies to quantitatively correlate dominant organism abundances, physiology, trophic 415 

relations, and carbon and nitrogen cycling capacities. Finally, nestedness analysis could further 416 
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elucidate these opposing dynamics as well as their effect on the ecosystem functioning in 417 

vulnerable but abruptly thawing permafrost environments. While total RNA sequencing might 418 

remain challenging in remote environments, metagenomic and mRNA-based approaches need 419 

to be incorporated into in situ studies from multiple geographic locations, to fully link microbial 420 

activity to taxonomic insights. Furthermore, we stress the importance of the described 421 

predation patterns, as trophic complexities within microbial soil ecosystems highly impact the 422 

total stock vulnerability and resilience to further climatic perturbation. 423 
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9. Figure descriptions 652 

Figure 1 (A) Sampling site Zackenberg in Northeast Greenland, credit: Google Earth. (B) 653 

Sampling site in 2018 after initial permafrost collapse. (C) Soil profile from the surface until still 654 

frozen depth at 90 cm during sampling in 2020. (D) Scheme of abrupt permafrost thaw 655 

(indicated with blue arrows), depicting the soil profile until the permafrost (PF) layer at 90‒100 656 

cm depth from the moment of collapse in 2018 with visible ice lens below long-term active 657 

layer (AL) to the formation of transition zones (TZ, = thawed permafrost). 658 

Figure 2 (A) Dry weight (DW) normalised RNA:DNA ratio per gram sample was indicated for 659 

each extraction triplicate and the resulting mean. The mean co-extracted DNA (B) and RNA (C) 660 

content in ng/µl per g DW per depth as measured using TapeStation assays. Whiskers indicate 661 

the standard deviation among the extraction triplicates. 662 

Figure 3 Bar plot indicating the relative mean abundance per depth. The brackets indicate the 663 

next lower taxonomic level of (A) prokaryotic classes with < 1% of total community relative 664 

abundance, (B) bacterial predator families, (C) eukaryotic kingdoms, and (D) protozoan phyla. 665 

Figure 4 Shannon alpha diversity for prokaryotes (A), bacterial predators (B), and protozoa (C) 666 

given as boxplots with whiskers indicating standard deviation, shapes indicating the layer of 667 

samples (AL = active layer; TZ1, TZ2 = transition zone 1 and 2; PF = permafrost), while colours 668 

indicate age categories (AY = young age in blue; AM = medium age in green; AO = old age in red, 669 

see also Table 1). 670 
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Figure 5 Principal component analysis (PCoA) ordination plots performed on relative rRNA 671 

contig abundances per sample for (A) prokaryotes, bacterial predators (B), eukaryotes (C), and 672 

protozoa (D). Environmental parameters here are given as layer (active layer AL, transition zone 673 

1 TZ1 and 2 TZ2, and permafrost PF) as well as age with young soils (AY), 2 634‒3 770-year-old 674 

soil of medium age (AM), and old material (AO) of up to 22 100‒26 500 years age. 675 
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