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            Abstract
Over 20% of Earthâ€™s terrestrial surface is underlain by permafrost with vast stores of carbon that, once thawed, may represent the largest future transfer of carbon from the biosphere to the atmosphere1. This process is largely dependent on microbial responses, but we know little about microbial activity in intact, let alone in thawing, permafrost. Molecular approaches have recently revealed the identities and functional gene composition of microorganisms in some permafrost soils2,3,4 and a rapid shift in functional gene composition during short-term thaw experiments3. However, the fate of permafrost carbon depends on climatic, hydrological and microbial responses to thaw at decadal scales5,6. Here we use the combination of several molecular â€˜omicsâ€™ approaches to determine the phylogenetic composition of the microbial communities, including several draft genomes of novel species, their functional potential and activity in soils representing different states of thaw: intact permafrost, seasonally thawed active layer and thermokarst bog. The multi-omics strategy reveals a good correlation of process rates to omics data for dominant processes, such as methanogenesis in the bog, as well as novel survival strategies for potentially active microbes in permafrost.
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                    Figure 1: Microbial phylogenetic composition in permafrost, active layer and thermokarst bog soils.[image: ]


Figure 2: Average MT/MG ratios.[image: ]


Figure 3: Relationships among MG, MT and MP for nitrogen cycling (circle), sulphur cycling (square) and methanogenesis (triangle) in permafrost (blue), active layer (green) and thermokarst bog soils (pink).[image: ]


Figure 4: Visualization of proteins identified from metaproteomics data sets.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Comparison of multi-omics data between the three zones.
The triplots visually present selected functions in (a) metagenomes, (b) metatranscriptomes and (c) metaproteomes in the three studied zones (permafrost, active layer and thermokarst bog). The colours correspond to SEED subsystems categories in MG-RAST; in addition, the closer the symbol is to the node of the triplot, the more abundant the gene, transcript or protein is in that particular soil type. Functions in the centre are shared among all three sites, those on edges are shared between two zones and those on the nodes are unique to that site. Owing to the large number of shared functions between bog and active layer in the metatranscriptomes, these categories are specifically compared in d.


Extended Data Figure 2 Shared and unique genes, transcripts and proteins in the three zones.
The Venn diagrams for (a) metagenome, (b) metatranscriptome and (c) metaproteome data illustrate the shared and unique genes, transcripts and proteins in the three zones.


Extended Data Figure 3 Heatmap showing the 40 most abundant transporters found in the metatranscriptomes.

Extended Data Figure 4 Abundance of genes involved in sulphate reduction, nitrogen cycle, methanogenesis and methane oxidation.
The relative abundance of each gene is shown; error bars, s.d. The genes with protein matches in the metaproteome data are marked with a triangle.


Extended Data Figure 5 The 20 most abundant OTUs found in permafrost, active layer and thermokarst bog.
a, Bacterial OTUs; b, archaeal OTUs. A single Chloroflexi OTU constituted up to 15% of the OTUs in permafrost and a draft genome bin was obtained that corresponded to this OTU (Extended Data Table 1). The abundant archaeal OTUs were methanogens.


Extended Data Figure 6 Comparison of abundant KEGG orthologous groups found in all three omics approaches (MG, MT and MP) for each site.
Permafrost: restriction modification systems, PAS sensors, ABC transporters for oligopeptides and nucleic-acid synthesis. Active layer: chaperonins, dehydrogenases and transporters for branched-chain amino acids and sugars. Thermokarst bog: methyl coenzyme M reductase, glycerol kinase, nucleic-acid synthesis and ATPases.


Extended Data Table 1 Metagenomic bins produced from the metagenomesFull size table


Extended Data Table 2 Number of OTUs from 454 sequencing and alpha diversity indicesFull size table
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Multi-omics survey of frozen-soil microbiomes
The application of the various individual 'omics' tools to the study of microbial ecosystems has dramatically altered our view of their constituents and ecology over the past decade. Here Janet Jansson and colleagues develop an multi-omics approach, integrating metagenomics, metatranscriptomics and metaproteomics to analyse microbial gene expression in frozen soils that form part of the Alaska Peatland Experiment. The results show that the community shifts along a natural thaw gradient from permafrost to seasonally thawed active layer to thermokarst bog and the authors find that there is a transition in the potential for several biogeochemical cycles with thaw, including those for denitrification, nitrate reduction, iron reduction and methane oxidation.
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