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Abstract

Permafrost (PF)-affected soils are widespread in the Arctic and store about half the

global soil organic carbon. This large carbon pool becomes vulnerable to microbial

decomposition through PF warming and deepening of the seasonal thaw layer (active

layer [AL]). Here we combined greenhouse gas (GHG) production rate measurements

with a metagenome-based assessment of the microbial taxonomic and metabolic

potential before and after 5 years of incubation under anoxic conditions at a constant

temperature of 4�C in the AL, PF transition layer, and intact PF. Warming led to a rapid

initial release of CO2 and, to a lesser extent, CH4 in all layers. After the initial pulse,

especially in CO2 production, GHG production rates declined and conditions became

more methanogenic. Functional gene-based analyses indicated a decrease in carbon-

and nitrogen-cycling genes and a community shift to the degradation of less-labile

organic matter. This study reveals low but continuous GHG production in long-term

warming scenarios, which coincides with a decrease in the relative abundance of major

metabolic pathway genes and an increase in carbohydrate-active enzyme classes.
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1 | INTRODUCTION

Permafrost (PF), which is classified as ground that stays frozen for at

least two consecutive years, is widespread in the Arctic and subarctic

regions. PF -affected soils in these regions store �1,300 Pg carbon,

which equals 50% of the global belowground organic carbon, and the

major fraction (�1,000 Pg) is stored in the upper 3 m of soil.1 Over

the past 30 years, high-latitude areas have warmed at a rate of 0.6�C

per decade, which is twice as fast as the global average.2 Modeled

extremes predict a temperature increase of up to 7–8�C by the end of

this century.3 Consequently, the thawing of PF exposes large organic

carbon stocks to decomposition by soil microorganisms.4 This in turn

could release the sequestered frozen long-term carbon stocks into the

atmosphere as greenhouse gases (GHGs), carbon dioxide (CO2) and

methane (CH4).
5,6 Although recent data on carbon isotopes imply that

CH4 derived from older carbon substrates is released relatively slowly,

the increasing decomposition of PF carbon leads to a net positive con-

tribution to the global atmospheric GHG budget.7 This release initi-

ates a positive climate feedback loop.8–11

The active layer (AL) of PF-affected soils is exposed to seasonal

freeze–thaw cycles, whereas the underlying PF is characterized by

year-round below-zero temperatures and low water availability. The

uppermost part of the PF, which is called the transition layer (TL), is

more prone to thaw than deeper PF. This layer differs in cryo-features,

carbon, and moisture content from the underlying PF and is irregularly

exposed to thaw.4,12 During thaw, water accumulation can lead to rapid

gas diffusion limitation and a subsequent depletion of oxygen in the

deep AL, whereas drainage of melted water allows oxygen penetration

into deeper soils. Thus, hydrology plays an important role in regulating

the soil redox potential and therefore the conditions for aerobic and

anaerobic microbial metabolism.13 In particular, anaerobic microbial

carbon turnover processes remain poorly understood.6 In addition,

changes in soil temperature, nutrient availability, and vegetation influ-

ence soil organic carbon (SOC) decomposition and the resulting ratio of

CO2 to CH4 emissions.13–15 The SOC quality is important to influence

carbon release from PF; however, a labile carbon pool is usually

degraded immediately after PF thawing, and slow decomposing carbon

fraction determines the long-term decomposition of PF SOC on a scale

of 5–15 years.16 After the initial degradation of labile organic matter

fractions, microbes have access to less-labile organic matter fractions.

These organic compounds are mainly degraded by microbial guilds

with cellulase and hemicellulase activity.16,17 Therefore, the microbial

community is expected to shift toward a population that degrades

less-labile organic matter in the long term.

Increasing global efforts have recognized the need to understand

the microbial ecology of thawing PF to better predict its role and fate

in a warmer world, especially its impact on the global carbon bud-

get.10,18 Repeated freeze–thaw cycles modify the AL communities to

conserve energy and obtain nutrients from a diversity of substrates

through aerobic and anaerobic processes as well as adapt to survival

under dynamic freeze–thaw conditions.19 In contrast, microbial

communities in PF layers can be very well conserved and of ancient

origin.19–22 In extreme cryogenic environments, the microbial commu-

nity is likely to maintain a high level of stress tolerance due to long-

term cold exposure.18,23 PF thawing leads to shifts in microbial diver-

sity, abundance, and activity within days to months.20,24,25 Short-term

thaw exposure (2–7 days) can cause a change in gene composition of

former PF communities to resemble the AL.20 These findings suggest

that prolonged exposure to thaw will likely lead to even stronger

shifts in community structures. The taxonomic and functional shifts,

especially the enrichment of genes involved in the carbon and nitro-

gen cycle as well as respiratory processes, were identified from short-

term thaw experiments and field studies on PF thawing.20,26–28

Microbiota in a PF-affected peatland can modulate the metabolic and

trophic interactions to maintain high fermentation rates and CH4 pro-

duction.26 In addition, dominant processes shaping microbial commu-

nities in PF resulted from the stability of the PF environment, which

imposed both dispersal and thermodynamic constraints.29 This sug-

gests pronounced differences in the microbial metabolic potential

between the AL and PF soils.
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Comparative studies on AL versus PF microbial communities, are,

however, scarce,20,30 and most previous studies focused on either

AL31–34 or PF microbial communities.29,35,36 It is obvious that inte-

grally studying these layers is important, because the deepening of

the AL results in cryoturbation on the interannual scale in the PF -AL

transition zone.12 This can serve as a selective pressure on the PF

microbial communities that are progressively exposed within the tran-

sient layer. The microbial community also has to adjust to a decrease

in carbon availability as less-labile carbon fractions are left after easy-

degradable fractions are depleted within a few years after PF thaw.37

The pool of previously frozen SOC is largely responsible for sustained

carbon loss in thermokarst-active PF regions. However, the long-term

consequences of PF thaw to the microbial community composition

and potential are not well understood.13,18

Understanding the microbial dynamics on PF soil thaw and

warming beyond timescales of days and weeks is important to

improve current predictive climate models for cold environments and

to refine our knowledge of the magnitude and timing of PF carbon

emissions in a warming world. Incubation experiments, even if artifi-

cial, are commonly used to inform valuable parameters for process-

based modeling of the PF carbon feedback.6,16,26,38,39 In particular,

models expect a robust response under boundary conditions to help

reduce uncertainty and provide a better estimate of impacts under

different scenarios (e.g., references 6 and 40). In contrast to fast labile

carbon that represents less than 5% of SOC at long turnover time (5–

15 years),16 the previously frozen old carbon dominates the carbon

release from the northern PF regions where thermokarst landscape is

extensively developed.41 For this reason, the investigation of micro-

bial decomposition on old carbon on climate-relevant timescales to

the maximum potential can provide valuable reference for modeling

study. Therefore, we conducted a long-term incubation without addi-

tional nutrient amendment to explore the response capability of

microbial system at lower boundary conditions. On thaw and long-

term warming of PF soils under anoxic conditions, we hypothesize

that the microbial communities adapt to the depletion of available car-

bon and alternative terminal electron acceptors, through taxonomic

and functional shifts, in spite of the heterogeneity of initial geochem-

istry and the microbial community between the AL and PF. A lab-scale

incubation experiment was performed at 4�C for more than 5 years

under anoxic conditions. Full metagenomic sequencing at the start

and end of the incubation was coupled to measurements of geochem-

istry as well as CO2 and CH4 production rates. The results can provide

insights into the effects of batch incubation conditions on GHG pro-

duction for future modeling studies.

2 | MATERIALS AND METHODS

2.1 | Study site and sampling

The study site is located at Samoylov Island (72�220N, 126�300E), in the

Lena River delta in Northeast Siberia, Russia. Samoylov Island devel-

oped during the Holocene and is underlain by continuous PF. The mean

annual air temperature is �12.5�C (1998–2011), the mean annual

precipitation is 125 mm, and the mean soil temperatures (MST) is 4.1�C

at a depth of 20 cm in the warmest month of August (mean air temper-

ature 8.5�C in August).42 On the island, ice-wedge polygons are exten-

sively developed with low-lying polygon centers and elevated polygon

rims on the surface. The dominating vascular plant species in the poly-

gon centers is the sedge Carex aquatilis.43,44 Samples were taken from a

polygon center in spring 2011 when the soil was entirely frozen. The

location and sampling procedures of the polygon used for this study are

described earlier.45 According to our previous study, oxygen depleted

in the upper centimeters due to waterlogging.46 Limited by remoteness,

logistics, and harsh cold sampling season, the samples retrieved from

the field in the frozen season are scarce, therefore limiting the use in

multiple experiments and replication studies. In this study, the samples

from the AL (15–22 cm), TL (33–37 cm), and PF (42–51 cm) were used

for incubations. For this study, we performed GHG flux analyses (three

biological replicates for GHG production), chemical analysis (two tech-

nical replicates), and a time series of molecular analyses (three samples

for each time point) to follow the general trend of microbial response

to long-term warming exposure of the three distinct zones of a thaw-

affected PF soil. Here we report the results of the first time point

(5 years) after incubation.

2.2 | Pore water and bulk soil analysis

All initial samples were analyzed for pore water chemical composition

and bulk element content. Major cations (NH4
+, Ca2+, K+, Mg2+, and

Na+) and anions (Cl�, NO3
�, NO2

�, and SO4
2�) in pore water of the

initial samples were analyzed by using nonsuppressed and suppressed

ion chromatography (Sykam, Fürstenfeldbruck, Germany). Ferric [Fe

(III)] and ferrous [Fe(II)] iron were measured using spectrophotometry

(DR3900, Hach Lange GmbH, Düsseldorf, Germany) according to the

ferrozine method.47 The measurements were conducted in an anaero-

bic glove box to inhibit the oxidation of Fe(II). In addition, bulk soil

samples were dried at 70�C and milled for measuring the total carbon

and nitrogen content (Vario MAX cube, Elementar GmbH,

Langenselbold, Germany). Soil water contents were calculated as the

weight difference between wet and dried (105�C) samples. pH values

were measured in a suspension of 5 g of thawed soil in 12.5 mL of dis-

tilled water (CG820, Schott Geräte GmbH, Hofheim, Germany).

2.3 | Anoxic incubations

Samples from AL, TL, and PF were incubated in the dark at 4�C under

anoxic conditions for more than 5 years. Here, the selected incubation

temperature was the MST of 4.1�C at a depth of 20 cm in warm

August42 under oxygen-depleted conditions, which are common in this

area.46 No nutrient amendment mimicked the boundary response and

minimized additional biases. During the incubation, GHG production

was followed for 1,163 days.6,45 As the CH4 production rates remained

fairly constant and low in the long term, production rate measurements
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were stopped after 1,163 days, but the incubations were maintained as

mentioned earlier. The anoxic incubations were prepared under a N2

atmosphere in a glove box. Briefly, samples were thawed and equili-

brated in a refrigerator at �2�C for 1 day. Approximately 20 g of

thawed soil was weighed in glass bottles and sealed with butyl-rubber

stoppers. Each bottle was amended with 10 mL of N2-flushed, O2-free

demineralized water, and the headspace was thoroughly exchanged

with molecular nitrogen for 30 min. Subsequently, CO2 and CH4 con-

centrations were measured repeatedly, with a maximum time interval

of 140 days. GHG production rates were calculated by a moving win-

dow for every four measurements (μg d�1 gSOC�1).

2.4 | DNA extraction, qPCR, and sequencing

DNA was extracted from both pre-incubation and post-incubation

samples. The original (pre-incubation) samples were preserved at

�80�C until further DNA extraction. Before DNA extraction, plant

residues were removed step by step using sterilized sieves (2, 1, and

0.5 mm) in slurries with 1� phosphate-buffered saline (PBS) under

aseptic conditions. The PBS flow-through was pooled with the

remaining material (after sieving), and the material was filtered

through a 0.2-μm pore size filter. The total genomic DNA was

extracted through the filter using the phenol–chloroform method.26

After RNA was removed with RNaseA (0.5 μL, 10 mg mL–1 per reac-

tion) at 4�C, the obtained DNA was sent for paired-end sequencing at

GATC Biotech (now Eurofins Scientific, Constance, Germany), on an

Illumina Hiseq 2500 system.

Quantitative polymerase chain reaction (qPCR) was conducted

using a CFX Real-Time PCR Detection System (Bio-Rad Laboratories,

CA, USA). The primer sets Eub341-F/Eub534-R and mlas/mcrA-rev

were used to target bacteria and methanogenic archaea, respec-

tively.48 The reaction solutions contain iTaq Universal SYBR Green

Supermix (Bio-Rad Laboratories), 0.5 μM primer each, and 2 μL of

diluted (1:100) template DNA. The qPCR assays involve the following

steps: initial denaturation for 3 min at 95�C, followed by 40 cycles of

denaturation for 3 s at 95�C, annealing for 20 s at 58.5�C, elongation

for 30 s at 72�C, and a plate read step at 80�C for 0.3 s. Melt curve

analysis from 65 to 95�C with a 0.5�C temperature increment per

0.5-s cycle was conducted at the end of each run. Based on standard

curves, the PCR efficiencies ranged between 93 and 99%.

Raw metagenomic sequences were processed with the ATLAS

metagenomic pipeline (v2.0.6)49 following the standard procedure.

Briefly, the workflow includes quality control (QC), assembly

(metaSPADes was used in this study), genome binning, and annotation

(for details please refer to reference 49). In total, 89 Gb of meta-

genomic sequence data were generated (70.8–84.5 million raw

sequences per sample, 97.84–98.36% sequences passed QC). The

N50 ranges from 101 to 139 kb, and L50 ranges from 1,644 to

2,294 bp (refer to Table S1 for assembly summary statistic). The high-

quality contigs were used for gene prediction using Prodigal,50 and

the translated gene products were functionally annotated by

eggNOG-mapper (v1.0.3).51 Furthermore, the translated protein

sequences were taxonomically annotated using DIAMOND

(v0.8.22.84)52 by referring to UniRef90 (https://www.uniprot.org/).53

The KEGG (Kyoto Encyclopedia of Genes and Genomes) (i.e., KO

identifiers) and Clusters of Orthologous Genes (COG) annotations

were obtained from the EggNOG reference database (v5.0).54

During downstream analysis, we reconstructed the relative abun-

dances of the functional categories of methanogenesis, carbon fixa-

tion, nitrogen cycling, and sulfur cycling at whole community level. All

related functional components were extracted according to the KO

identifiers of major pathways from the KEGG database by using cus-

tom Python, R, and shell scripts. The gene abundances were normal-

ized to transcripts per kilobase million (TPM) by considering both

gene length and coverage. To identify the functional components of

carbon degradation pathways, the subsets of the carbohydrate-active

enzyme (CAZy) annotations were extracted from the output of

eggNOG-mapper (v1.0.3). Subsequently, the abundance of each func-

tional category was normalized to TPM within this CAZy subset. In

addition, all the CAZy-affiliated protein sequences were taxonomically

assigned against UniRef90 database53 by using DIAMOND

(v0.8.22.84) to identify the major microbial players.

To obtain an overall scenario of the taxonomic differentiation at

community level, we also assigned taxonomic labels to the merged

paired-end QC short reads by mapping against the SILVA 132 SSU

nonredundant reference database55 using local blast (v2.6.0+).56 The

taxonomy was reported maximally at family level due to the relatively

short-sequence fragment lengths (which are 203, 243, and 269 bp at

25, 50, and 75% quantiles for the merged paired-end reads, respec-

tively). Length and similarity fraction were set to 180 and 70%,

respectively, resulting in 74,765 mapped merged paired-end reads. In

addition, the taxonomic composition was assigned based on the anno-

tated ribosomal protein S3 (rpS3, which was also recently proposed as

“uS3” according to the Ban Lab, https://bangroup.ethz.ch/research/

nomenclature-of-ribosomal-proteins.html). The rpS3 marker detects

organisms with incomplete or unavailable SSU rRNA gene sequences

and more strongly resolves the evolutionary deeper radiations.57

Therefore, it was used as an alternative approach to analyze the gen-

eral change in microbial community composition on warming. How-

ever, the reference database is less extensive for rpS3 than for the

SSU rRNA, and the analysis is more sensitive to the quality of

the assembly process than that of the SSU rRNA. Details of this analy-

sis can be found in Supplementary Document 1.

Microbial community visualization was performed in R.58 Com-

munity data were collapsed at higher taxonomic level with the R pack-

age otuSummary.59 Ordination analyses of microbial community

structure were performed with the R package vegan (v2.5-2).60

Heatmaps were generated with the package ggplot2 (v3.1.0).61 In

addition, the fold changes incubated with respect to the initial relative

abundance of taxonomic composition were used to semiquantitatively

estimate the extent of abundance shifts for various microbial taxa.

The fold changes were visualized via a bubble plot with ggplot2

(v3.1.0). Principal Coordinates Analysis (PCoA) and symmetric pro-

crustes analysis on the functional and taxonomic profiles were per-

formed by using Bray–Curtis dissimilarity with package vegan
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(v2.5-2).60 Permutational analysis of variance on the CH4 production

rates over layers was performed with the kruskal.test function in R.58

In addition, permutation test was used to compare the changes in

functional profile by layer in R.

2.5 | Data deposition

The data were deposited at EMBL-EBI under accession number

ERS4594325-ERS4594330 (Bioproject PRJEB38557).

3 | RESULTS

3.1 | CO2 and CH4 production rates

The CO2 and CH4 production rates were monitored within the AL, TL,

and PF layers over the course of 1,163 days to gain insights into GHG

production rates under anoxic thaw conditions in the long term

(Figure 1). The CO2 production rates peaked during the first 50–

100 days of incubation, and then a rapid decrease was observed for

all layers. Then, CO2 production rates were similar in the different

layers, with slightly higher levels observed in AL. The initial CH4 pro-

duction rates were about an order of magnitude lower than CO2

production rates. In AL the rates did not show a lag phase, and pro-

duction rates peaked after � 200 days, after which a gradual decrease

was observed. After �750 days, a marginal increase was observed.

The TL showed a slight initial peak associated with direct CH4 release

followed by a short lag phase of 50–75 days. The CH4 production in

TL was more stable, with a slight increase in production after �
600 days. The PF exhibited the smallest initial release of CH4,

followed by the longest lag phase between 20 and 150 days. The CH4

production rates in PF were relatively constant, with lower peaks

around 300 and 750 days. In PF, the highest CH4 production rates

were observed after more than 2 years of incubation. For detailed

CH4 production data, see Figure S1. Permutational test on the mea-

sured CH4 production rate (n = 43) was statistically different between

the three layers (p < 0.01). The ratio between the cumulative CO2 and

CH4 production showed similar patterns in all the layers. All ratios

were initially >8, and they approached 1 around 300 days of incuba-

tion, which indicates that the conditions became more methanogenic.

3.2 | Physicochemical pore water and bulk soil
properties

Pore water analysis on initial samples indicated clear differences

between AL, TL, and PF (Figure S2). Ammonium concentrations

decreased along the depth gradient (2.0, 0.7, and 0.3 mg L�1, respec-

tively). Overall, nitrite was very low (<0.1 mg L�1), and nitrate was

negligible (<0.01 mg L�1, not shown). Sulfate contents were highest in

AL and TL (2.9 and 3.3 mg L�1) and lowest in PF (1.5 mg L�1). PF was

F IGURE 1 (a) CO2 and (b) CH4 production rates and (c) the ratio of CO2 to CH4 production rates over time for the active layer (AL), transition
layer (TL), and permafrost (PF). The black line shows the average rate, and the blue shadow indicates the standard deviation of the replicates. The
production rate was calculated based on the slope by a moving window using four measurements. The ratio of CO2 to CH4 was based on the
average rate values of the CO2 and CH4 production rates. SOC, soil organic carbon [Colour figure can be viewed at wileyonlinelibrary.com]
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characterized by higher moisture content (80.9%) and higher total C

(17.7%) and total N (0.54%). Overall, C/N ratios were similar in all

layers, and they ranged between 29.6 and 32.7%. Ferrous [Fe(II)] iron

content in TL was approximately 10-fold higher than in AL and PF

(37.5 vs. 3.7 and 3.9 mg L�1, respectively). In contrast, Fe(III) contents

were higher in AL and PF (11.8 and 8.9 mg L�1) compared to TL

(4.9 mg L�1). The pH was slightly acidic for all samples and ranged

from 5.4 in AL to 5.5 in TL and 5.6 in PF (Figure S2).

3.3 | Taxonomic and functional shifts on long-term
warming

Long-term warming resulted in a pronounced shift in both the taxo-

nomic and functional profiles of the microbial community in all layers

(Figure 2). The taxonomic and functional profiles in TL and PF were

more pronounced than those in AL. The strongest shift in the taxo-

nomic profile was observed in PF, whereas the functional profile most

strongly shifted in TL. A visual inspection based on a procrustes plot

highlights lower concordance between the functional and taxonomic

compositions for TL and PF than for AL (Figure S3). Regarding taxo-

nomic shifts, the rpS3-based analysis confirmed the observed changes

based on 16S rRNA, with some differences in the relative abundances

of major microbial groups (Supplementary Document 1). In addition,

the qPCR result revealed that the abundance of bacteria, and espe-

cially of methanogenic archaea overall, declined after long-term incu-

bation (Figure S4).

3.3.1 | Taxonomic shifts within the bacterial
community

The bacterial domain is dominated by members of Bacteroidetes,

Firmicutes, and Proteobacteria, which comprise an average relative

abundance of 53.7% (Figure 3). The long-term incubation resulted in

an increase in the relative abundance of Bacteroidetes and Firmicutes

in all layers but especially in TL (by 6.3 and 4.3%) and PF (by 10.9 and

2.3%). In addition, Patescibacteria were more abundant in the incu-

bated samples (average 10.0%) compared to the original samples

(average 5.1%). On the class level, strong increases on the incubation

were observed for Parcubacteria, Microgenomatia, and Clostridia

(Figure 4a). By contrast, long-term incubation resulted in a decrease in

Proteobacteria and Actinobacteria during the long-term incubation

(by 6.1 and 5.8%). Acidobacteria showed a low abundance in the origi-

nal samples (3.0, 3.9, and 2.6% for AL, TL, and PF, respectively) and

were negligible (below 0.01%) at the end of the incubation.

A complete overview of the bacterial community changes at phylum

level for all layers is provided in Table S2. On the class level,

the strongest relative decreases were observed for Verrucomicrobiae,

Alphaproteobacteria, Actinobacteria, and Acidobacteria (Figure 4a).

3.3.2 | Taxonomic shifts within the archaeal and
fungal communities

The shift in the taxonomic profile is also reflected in the archaeal com-

munity structure on the phylum level (Figure 3) and on the family level

shown as fold changes (Figure 4b). Pronounced fold changes were

observed in Bathyarchaeia and Woesearchaeia, with overall increases

of 7.0 and 11.4%, respectively, after long-term thaw exposure. A com-

plete overview of the archaeal community changes at phylum level for

all layers is provided in Table S3. The relative abundance of

methanogenic archaea decreased after more than the 5-year warming

scenario (average decrease of 40.8, 13.4, and 19.9% for AL, TL, and

PF, respectively), but members related to the hydrogenotrophic

Rice Cluster II lineage methanogens showed a clear, 18-fold

increase in PF at the end of the incubation (1.2–21.8%). In addition,

hydrogenotrophic Methanomicrobiales showed a substantial increase

F IGURE 2 PCoA analysis on the (a) taxonomic profile and the (b) functional profile of the original (blue squares) and incubated (red circles)
samples of the active layer (AL), transition layer (TL), and permafrost (PF). PC1 and PC2 indicate the first two principal coordinate axes.
Percentages within parentheses indicate the variance explained by the respective PC axis [Colour figure can be viewed at wileyonlinelibrary.com]
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(9.1–24.5%) at least in TL, which is reflected in the fold increase in

Methanoregulaceae (Figure 4b). The relative abundance of

Methanosarcinales and Methanobacteriales declined in all layers.

Methanosarcinaceae-specific sequences were detected only in the

original AL, and the obligate acetoclastic Methanosaetaceae decreased

in all samples on incubation.

The fungal community was dominated by members

from Ascomycota (mean ± standard deviation, 73.7 ± 3.2%),

Mucoromycota (13.8 ± 2.5%), and Basidiomycota (8.2 ± 3.4%)

(Figure 3). The long-term incubation resulted in elevated abundance

of fungal lineages such as Glomerellaceae (especially Colletotrichum),

Saccharomycetaceae (Sugiyamaella), and Ceratobasidiaceae

(Ceratobasidium) (Figure S5).

3.3.3 | Functional shifts

Overall, the functional profiles at metabolic pathway level showed

similar responses and in most cases a decrease in long-term warming

(Figure 5). The relative gene abundance for CH4 cycling (CH4 produc-

tion and aerobic oxidation of CH4) showed slight decreases. Similar

patterns were also observed for carbon fixation, nitrogen, and sulfur

cycling genes, despite the minor differences observed among the

different layers.

To assess the functional changes in more detail, we analyzed the

relative abundance changes for key functional marker genes

(Table S4) of the major biogeochemical cycles (Figure 6). The analysis

of individual key functional genes showed general agreement with the

F IGURE 3 Taxonomic composition of the archaeal, bacterial, and fungal communities at phylum level for the active layer (AL), transition layer
(TL), and permafrost (PF). The relative abundance was normalized by the total counts of each domain, respectively. For each layer, the two bars
illustrate the original sample at the left and the incubated sample at the right. All lineages with relative abundance below 1% were grouped into
“others” [Colour figure can be viewed at wileyonlinelibrary.com]
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analysis on whole pathway level as described earlier. Notwithstanding,

permutation test did not show statistical significance (p > 0.1), and

noticeable changes in some key gene abundance could be identified

after long-term incubation for each layer. For acetogenesis (the

Wood–Ljungdahl pathway), the change in acetyl-CoA synthase sub-

unit gamma (acsC) in TL was most pronounced, but this was not

reflected in the change observed for carbon monoxide dehydrogenase

catalytic subunit (cooS). The cooS sequences were affiliated with

Chloroflexi (35–61%), Proteobacteria (33–51%), and Actinobateria (2–

22%). For methanogenesis, there was an overall decrease in relative

abundance of the gene encoding for methyl-coenzyme M reductase

subunit alpha (mcrA) in all layers, which matched with the shift

in functional composition (Figure 5) and the overall decrease in

methanogenic archaea that was observed in the 16S rRNA gene

relative abundance (Figure 3).

Within the nitrogen cycle, different pathways showed distinct

responses to long-term warming. Relative abundances of nitrate

reduction genes (periplasmic nitrate reductase subunit alpha napA and

nitrate reductase subunit alpha narG) increased in AL but decreased in

TL and PF. Assimilatory nitrate reduction genes (assimilatory nitrate

reductase catalytic subunit nasA and assimilatory nitrate reductase

narB) show a general decrease. Denitrification and dissimilatory

nitrate reduction to ammonium genes (iron-containing nitrite reduc-

tase nrfA, copper-containing nitrite reductase nirK, and nitrous oxide

reductase nosZ) also show a general decrease in all samples. In con-

trast, nitric oxide reductase subunit beta (norB) shows an increase in

all samples, with the strongest response in PF. The norB-gene carrier

was primarily associated with Proteobacteria and Bacteroidetes, with

increasing abundance of Bacteroidetes—in contrast to decreasing

Proteobacteria—associated sequences after long-term warming

(Figure S6). For nitrogen fixation, a decrease in nitrogenase reductase

(nifH) was observed for AL, whereas an increase was observed for TL

and PF. Nitrogen fixation was mainly associated with members of the

Proteobacteria (>92% of hits).

Dissimilatory sulfate reduction genes (dissimilatory sulfite

reductase dsrAB) decreased in AL and PF but increased in TL. Genes

were affiliated with Proteobacteria (24–40%), Firmicutes (13–38%),

and Acidobacteria (18–32%). Assimilatory sulfate reduction

(phosphoadenosine phosphosulfate reductase cysH) showed minor

decreases in AL and PF and the most pronounced decrease in TL.

Regarding carbohydrate metabolism, we focused on the protein

groups related to cellulose and hemicellulose that are important for

F IGURE 4 Fold changes of (a) bacteria at class level and (b) archaea at family level after long-term warming for the active layer (AL), transition
layer (TL), and permafrost (PF). If an assignment to the class level was not available, the closest assignable taxonomic level from the SILVA132
database was used. Nondistinctive taxonomic labels were numbered for clarification. Orange dots indicate an increase; blue dots indicate a
decrease after incubation. Nonfilled orange circles indicate a clade that was not detected in initial samples but present in incubated samples; blue
circles indicate the lineage was present in the initial samples but not detected in incubated samples. Bubble sizes represent the fold changes after
incubation. Bubble sizes of nonfilled circles do not represent fold changes. Note the different scales for the bacterial and archaeal plots [Colour
figure can be viewed at wileyonlinelibrary.com]
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the decomposition of dead plant biomass (Figure 7; Figure S7). Like

the aforementioned key genes, there are some notable changes

despite the changes were not statistically significant (p > 0.05) by per-

mutation. A general increase in abundance of cellulases (mainly GH5,

GH9, GH3, and GH51) and hemicellulases (mainly GH31, GH43, and

GH26) was observed after incubation. Moreover, a slight increase also

occurred in carbohydrate binding modules (CBM, mainly CBM6 and

CBM1) that bind cellulose or hemicellulose chains but lack catalytic

activity. A further noticeable increase was observed in the lytic poly-

saccharide monooxygenases (mainly family AA10) and polysaccharide

lyases (PLs), which are important enzymes involved in the deconstruc-

tion of cellulose and hemicellulose. Among the PLs that cleave uronic

acid-containing polysaccharides, a clear increase was observed in

PL11. The increases in enzymes pectate lyase (EC 4.2.2.2), exo-

polygalacturonosidase (EC 3.2.1.82), and cellulase (EC3.2.1.4) were

very pronounced in TL and PF and less in AL. The CAZy-encoding

microorganisms primarily belonged to the Bacteroidetes (Table S5),

and Bacteroidetes-associated CAZy classes showed substantial

increases in all the layers (Figure S8). In addition, the enrichment of

CAZy families within fungal functional guilds is associated with the

decomposition of xyloglucan and xylan (GH54, CBM42, and GH31)

across all layers, galactomannan (GH26) in the TL and PF, and cellu-

lose (GH1, GH3, and GH5) in the AL (Figure S9).

4 | DISCUSSION

GHG production rates showed an immediate response in CO2 release

and a more steady response in CH4 release over the 5-year incubation

period. Therefore, initial CO2 production rates largely outweighed

CH4 production rates. Rapid initial carbon degradation can result in

high CO2/CH4 ratios,62 which coincides with our observations. High

initial CO2 production was also observed in a 4-year incubation study

on deep PF deposits from the Lena River delta, Siberia, whereas CH4

production rates were much lower, which is consistent with our

study.63 An excess of CO2 formation indicates fermentative processes

as well as anaerobic respiration using alternative terminal electron

acceptors, including NO2
�/NO3

�, Fe(III), and SO4
2�, that are available

in the sediment.64 Indeed, Fe(III) and SO4
2� were detected in the soil

pore water of all layers before long-term incubation (Figure S2),

whereas NO3
� was not detected. Rapid initial activity is furthermore

related to the presence of a considerable labile carbon pool in PF

soils.65,66 It has been reported that this labile organic matter is rapidly

turned over under suitable conditions,66,67 whereas the less-labile car-

bon was shown to fuel lower-rate CH4 production in the long term.7

A study on long-term carbon mineralization showed that under anoxic

conditions only 25% of the aerobically released carbon was converted

to CO2 and CH4.
63 The calibrated carbon degradation model executed

F IGURE 5 Shift in functional composition at pathway level over long-term incubation for the active layer (AL), transition layer (TL), and
permafrost (PF). Carbon cycle (CH4) includes both CH4 production and aerobic CH4 oxidation [Colour figure can be viewed at wileyonlinelibrary.
com]
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in this study predicted 15.1% (aerobic) and 1.8% (anaerobic) initial car-

bon release over 100 years, highlighting the slow carbon release in

the long term. This was mainly assigned to the presence of more sta-

ble complex organic compounds that are more inert and are therefore

degrade much slowly.38,68

Increased water saturation coincides with ice-rich PF thaw, which

stimulates wetland and thermokarst lake formation.4 The gradual

depletion of alternative terminal electron acceptors (e.g., NO2
�/

NO3
�, Fe(III), and SO4

2�) results in the formation of conditions suit-

able for methanogenesis.38,69,70 In our study, the ratio of CO2/CH4

approached 1, and CH4 production rate remained fairly constant after

300 days. This could indicate a depletion of alternative terminal elec-

tron acceptors. Similar observations were made by Knoblauch et al.,6

where, in the long term, anoxic conditions also lead to stable though

low rates of CH4 production. Although methanogenesis became more

important relative to CO2 production, the abundance (both relative

and absolute) of methanogenic archaea decreased, even though the

relative abundance of hydrogenotrophic methanogens increased. This

stresses the potential limitation of methanogenesis due to reduced

substrate provision by fermentative microbial groups as well as a

depletion of labile carbon. In our study, the first peak in CH4 produc-

tion could therefore be related with higher abundances of labile

organic carbon that was present in situ. When labile organic matter

pools get depleted, more stable organic matter fractions fuel the sys-

tem. The slight increase in CH4 production over time, especially in TL

and PF, may indicate a shift toward the degradation of this less-labile

organic matter pool. Evidence for this is provided by the functional

microbial shifts using end-point metagenome analyses. Due to the

higher structural complexity, the degradation of stabile organic mole-

cules requires more energy, which results in higher temperature sensi-

tivities compared to labile compounds.71 The low GHG fluxes in the

long term indicate that warming to 4�C still limits the turnover of

more stable organic matter. Although the degradation of the less-

labile organic matter fraction is much slower, it could still fuel a rela-

tively stable methanogenic community.

In combination with the decreasing GHG production rates and a

shift toward more methanogenic conditions, we observed substantial

changes in microbial community structure and functions during the

long-term warming scenario in all layers. The observed divergent

shifts in community structure in the three different layers indicate

F IGURE 6 Heatmap of key genes involved in carbon, nitrogen, and sulfur cycling of anoxic ecosystems. The relative abundance is given in
transcripts per kilobase million (TPM) for the active layer (AL), transition layer (TL), and permafrost (PF) [Colour figure can be viewed at
wileyonlinelibrary.com]
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that PF thaw and long-term warming do not necessarily lead to the

establishment of microbial communities more similar in taxonomic

and functional composition. This is in contrast with previous observa-

tions by Mackelprang and coworkers, who studied PF metagenomes

of AL and PF and observed a convergence of functional gene compo-

sition in a short term of 7 days.20 The difference is potentially related

to the differences in incubation time but also batch effects due to

incubations in closed bottles, which prevent natural mixing with the

surrounding soil matrix that may have contributed to this observation.

This closed incubation on a lab scale could enable to approach the

extreme potential of long-term old carbon degradation in PF; it should

also be noted that this simplified setting inevitably eliminated the

influence of other factors like vegetation cover and soil moisture,

which was often observed by other studies.18 Lab-scale incubations

inevitably neglect the environmental complexity and interconnection

between the profile under natural conditions and its role in modulat-

ing biodiversity and structure of the microbial community in situ. For

example, in the closed system of lab incubations, progressive deple-

tion of nutrients and electron acceptors gradually resulted in energetic

stress for the microbial community, so that microbial activity was

severely restricted although it did not cease. The anoxic setup also

rejects the scenario of oxygen penetration into the soils, which was,

however, beyond the focus of this study. Finally, the initial samples

were preserved longer before DNA extraction than the incubation

that could have manipulated the communities although this effect

could be negligible as the cores were drilled when PF was entirely fro-

zen and preserved in a continuously frozen state like natural PF.

Clostridia and Bacteroidia showed a positive response to thaw

based on their relative abundances. These bacterial groups include

many fermenting species that, for instance, play important roles in

anaerobic fermentation of organic matter in anaerobic digestors.72

Similar to our observations, Bacteroidetes were detected within the

TL on a PF soil at Svalbard, Norway.73 High occurrences of Bacte-

roidetes have been related with their metabolic flexibility, as well as

rapid growth on easily accessible substrates.74 Rapid growth on labile

compounds could support their success on thaw, whereas their meta-

bolic flexibility can support growth in the long term. Clostridia are fer-

mentative bacteria that are generally well adapted to extreme

conditions,75 and they are able to ferment plant polysaccharides in

soils.76 Exposure to anoxic conditions led to an increase in relative

F IGURE 7 Fold changes in relative
abundance (TPM [transcripts per kilobase
million]) of the carbohydrate-active
enzyme classes involved in the
degradation of cellulose and hemicellulose
in dead plant residuals detected in the
active layer (AL), transition layer (TL), and
permafrost (PF). Orange dots indicate an
increase; blue dots indicate a decrease

after incubation. Nonfilled orange circles
indicate a clade that was not detected in
initial samples but present in incubated
samples; blue circles indicate that the
lineage was present in the initial but
absent in incubated samples. Bubble sizes
represent the fold changes after long-
term incubation. Bubble sizes of nonfilled
circles do not represent fold changes. GH,
glycoside hydrolases; GT,
glycosyltransferases; PLs, polysaccharide
lyases; CE, carbohydrate esterases; CBM,
carbohydrate-binding modules; AA,
auxiliary activities [Colour figure can be
viewed at wileyonlinelibrary.com]
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abundance of this lineage within PF-affected soils in the Lena delta77

and High Arctic PF soil from Spitsbergen, Norway.78 A study on

Greenland PF-affected soils described a positive correlation of Clostridia

with hydrolytic and oxidative enzyme activities.79 These findings

together with our observations suggest a potential role of Clostridia in

the degradation of organic matter under thaw exposure and long-term

warming. In addition, the dominance of and increase in Parcubacteria

(Candidate Division OD1) and Microgenomatia (Candidate Division

OP11) within the Patescibacteria superphylum80 have been observed in

PF thaw ponds81,82 and PF-affected soils83 similar to our observation.

These taxa seem to be important players in a warming Arctic.

The long-term incubations also resulted in an overall decrease in

abundance of methanogenic archaea, as briefly discussed earlier

in the context of GHG production rates. This observation is in con-

trast with several short-term incubation studies on PF soils showing

an increase in methanogen abundance.15,20 The decrease in meth-

anogens observed here is likely explained by the much-longer incuba-

tion period that resulted in an overall (relative) decrease in many

genes and pathways involved in energy metabolisms and not just by

gene- and gene-cluster-involved methanogenesis. Despite the overall

decrease in methanogen abundance, an overall increase in members

of the hydrogentrophic Rice Cluster II clade closely affiliated with

Candidatus Methanoflorens stordalenmirensis was observed. This

methanogenic archaeon is a key species in thawing PF48 that can be

used to predict CO2 to CH4 carbon emission ratios.15,84 Simulta-

neously, Methaonsarcinaceae were detected only in AL before the

incubation, and Methanosaetaceae decreased in all samples. Both fam-

ilies have been observed in PF peatlands and soils, and their existence

is related to acetate availability.14,85 Although this is in contrast with

the study of Wei and coworkers86 that showed a shift to

Methanosarcinales after thaw exposure, it further supports the forma-

tion of a less acetate-driven system, which is related to the degrada-

tion of labile organic matter and the formation of a more hydrogen-

driven system together with less-labile organic matter degrada-

tion.87,88 Similar observations in long-term anoxic incubations were

made earlier,22 and also studies on ice-rich Yedoma deposits have

suggested that acetate is a less-relevant substrate in PF deposits

exposed to long-term anoxia.64

Unlike methanogenic archaea, Bathyarchaeia showed an overall

increase in the course of the long-term warming scenario, whereas

Thaumarchaeota were overall poorly abundant. The phylum of Bath-

yarchaeia represents an evolutionary diverse microbial group that is

found in a wide range of organic-rich environments.89 Interestingly,

the recent discovery of the growth of Bathyarchaeota subgroup

8 (Bathy-8) on lignin suggests that it can play a key role in the degra-

dation of less-labile plant organic matter fractions.90 In addition, geno-

mic and enzymatic analyses of several Bathyarchaeal lineages showed

their capacity for acetogenesis and fermentation of a wide range of

organic substrates, including cellulose and aromatic compounds.91,92

Thaumarchaeota are related to aerobic NH4 oxidation.93 They are

abundantly detected in environments with low ammonia concentra-

tions, like PF, where they can provide an important role in the nitro-

gen cycle.18,94,95

In conjunction with the pronounced changes in GHG production

potentials and microbial community structure, we observed large

changes in the microbial metabolic potential. Overall, we observed a

decrease in both methanogenic and carbon fixation genes, although

the acsC gene encoding the gamma subunit of the CODH/ACS

complex involved in the Wood–Ljungdahl pathway increases sub-

stantially in TL. The overall decrease in carbon cycling genes aligns

with the decrease in GHG production rates that were observed

after long-term incubation even though gene abundance cannot be

directly related with GHG fluxes. Even if pairwise permutation test

did not show statistical significance for three layers, the microbial

community still showed adaptive change to a long-term energetically

stressed condition although maintaining its functional potential for

normal patterns of nutrient cycling. Microbial communities in the TL

and PF that demonstrated more evident increment in CAZy-family

genes have particularly environmental significance in feedback to

climate.

Studies on PF soils have shown a lower abundance of nitrogen

cycling genes for PF compared to the AL.33,96 However, little is known

about the functional response of the communities of the different

layers on thaw. The study by Mackelprang and coworkers on PF from

Hess Creek, Alaska, did observe rapid thaw responses for nitrogen

and carbon cycle genes.20 However, data on changes within these

layers on long-term thaw exposure are lacking. In our study, nitrite

and nitrate concentrations in the initial samples were negligible, and

ammonium concentrations were highest in AL and lowest in PF. This

data suggests that nitrogen supply potentially limits microbial growth

and nitrogen supply is largely controlled by organic matter degrada-

tion and nitrogen fixation. After long-term incubation, gene abun-

dances related to general nitrogen cycle processes decreased,

whereas nitrogen fixation genes increased in TL and PF. Nitrogen fixa-

tion is an expensive process, which supports a general decrease in

nitrogen fixation–associated genes when energy is limited or nitrogen

supply is sufficient.97 Our findings thus indicate that for TL and PF

nitrogen availability can be a controlling factor and nitrogen demand

may have increased during the incubations. Overall, nitrate reduction

and denitrification gene abundances decreased, which supports a

decrease in nitrate availability. Denitrification is mainly carried out by

heterotrophic bacteria and requires organic carbon compounds as

electron donors. The majority of canonical denitrifiers are facultative

anaerobes.97 Long-term anoxic incubation is therefore expected to

result in a decrease in denitrifiers due to the depletion of alternative

terminal electron acceptors, as was observed in this study. Within all

layers an increase was observed in norB, which encodes for nitric

oxide (NO) reductase subunit B and is involved in N2O production.98

It is further supported through initially high gene abundances of

nitrate reduction and denitrification genes. Potential N2O production

is highly relevant in the context of climate feedbacks of thawing PF,

as N2O has a global warming potential of 298 over a time span of

100 years when including climate-carbon feedbacks.2 Although there

is no direct measurement of N2O production in this study, N2O pro-

duction was shown to be enhanced in poorly drained thawing PF by

previous studies.99–102 Therefore, it is necessary to address the
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question and to experimentally confirm whether N2O emissions will

increase under long-term anoxic thaw.

Little is known about microbial sulfur cycling in PF.13 16S rRNA

gene and metagenomic sequences from sulfate-reducing microbes

have been detected in several studies on PF.32,103 Overall, an increase

in dissimilatory sulfate reduction gene abundance was observed for

AL and TL, whereas a decrease was observed for PF. For assimilatory

sulfate reduction, a general decrease could be explained by an overall

decreased availability of carbon, which suppresses growth. An

overall decrease in sulfate reduction genes is obvious due to the

expected depletion of sulfate under anoxic conditions. However, cryp-

tic sulfur cycling that can be related to iron could supply oxidized sul-

fur species.104 Overall, studies on sulfur cycling in PF indicate that

changes in redox conditions after thaw stimulate sulfate reduction.13

This is in line with a study on the effects of fire thaw that found that

sulfate reduction genes were more abundant in anoxic deep soil

layers.27 However, in the long term it seems that dissimilatory sulfate

reduction is mainly limited by sulfate availability, but experimental evi-

dence is needed to support our observations.

The assumption that initial GHG fluxes and the short-term thaw

response are associated with the labile organic matter pool whereas

long-term GHG fluxes are controlled by the slower degradable

organic matter pool agrees with the CAZy-based analysis. This anal-

ysis revealed a substantial increase in functional traits that are

potentially involved in degrading cellulose and hemicellulose. This

relates to scenarios in which the microbial community is able to

adapt to anaerobic utilization of less-labile organic carbon from dead

plant material after long-term thaw exposure of PF.90,105 Similarly,

an increased lignin decomposition contributed by Proteobacteria

was revealed in AL soils of Arctic tundra soils after depleting soil

labile C through a 975-day laboratory incubation.106 As decomposi-

tion removes labile organic compounds, the remaining pools of soil

carbon consist of a pool of less-labile or stable material, which will

force the microbial community to acclimate. Through these microbial

functional modulations, PF thaw and long-term exposure to

warming result in steady GHG releases, even at low temperatures.

Further temperature increases may increase GHG production rates

given that less-degradable carbon is particularly sensitive to

warming.107 In addition to prokaryotes, fungi are generally resistant

to warming and can play an important role in decomposing the less-

labile or complex organic carbon.108,109 The main fungal taxa in this

study include many lineages able to degrade recalcitrant carbon

(Figure S5). Following the fungal enzyme sets for plant polysaccha-

ride degradation,110 the enrichment of functional components

involved in xyloglucan and xylan (GH54, CBM42, and GH31) across

all layers underscores the importance of fungi in decomposing recal-

citrant polysaccharides from plant residues at anoxic conditions. The

increasing potential in degrading cellulose (GH1, GH3, and GH5)

and galactomannan (GH26) within specific layers (Figure S9) likely

implies different functional importance of fungi across layers. Future

studies are therefore encouraged to include fungi to comprehen-

sively understand the web of carbon degradation and spatial

differentiation.

5 | CONCLUSIONS

This study used an anaerobic incubation system to investigate the

potential of microbial response to environmental changes in which

labile carbon is steadily depleted, and older carbon fractions are solely

available in the long run. These conditions are specifically relevant to

feed the boundary response potential of microbial communities into cli-

mate models. However, our setup excluded the contact to meltwater

fluxes that carry gases and nutrients in field conditions. The three layers

exhibited a general trend with an adaptation to the depletion of labile

carbon and alternative terminal acceptors within approximately 1 year,

despite the heterogeneity of the initial geochemistry of the three layers,

and the significantly different CH4 production potentials that were

observed. This closed-off incubation system minimizes biases induced

by other factors, including temperature, water table, and availability of

nutrients. The system has imposed strong stress on the microbial popu-

lation to favor lineages that can survive and function under alternative

electron acceptor- and labile carbon-depleted conditions. The three dif-

ferent layers showed that PF thaw can lead to both taxonomic and

functional adaptations for metabolizing less-labile carbon in the long

term, which is unlikely to be caused by stochastic processes alone. This

long-term microbial mechanism allows for relatively stable but low

GHG production in long-term compared to short-term scenarios.
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