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Bioindicator “fingerprints” of methane-emitting thermokarst features in Alaskan soils
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Permafrost thaw increases the bioavailability of ancient organic matter, facilitating microbial metabolism of volatile organic compounds (VOCs), carbon dioxide, and methane (CH4). The formation of thermokarst (thaw) lakes in icy, organic-rich Yedoma permafrost leads to high CH4 emissions, and subsurface microbes that have the potential to be biogeochemical drivers of organic carbon turnover in these systems. However, to better characterize and quantify rates of permafrost changes, methods that further clarify the relationship between subsurface biogeochemical processes and microbial dynamics are needed. In this study, we investigated four sites (two well-drained thermokarst mounds, a drained thermokarst lake, and the terrestrial margin of a recently formed thermokarst lake) to determine whether biogenic VOCs (1) can be effectively collected during winter, and (2) whether winter sampling provides more biologically significant VOCs correlated with subsurface microbial metabolic potential. During the cold season (March 2023), we drilled boreholes at the four sites and collected cores to simultaneously characterize microbial populations and captured VOCs. VOC analysis of these sites revealed “fingerprints” that were distinct and unique to each site. Total VOCs from the boreholes included > 400 unique VOC features, including > 40 potentially biogenic VOCs related to microbial metabolism. Subsurface microbial community composition was distinct across sites; for example, methanogenic archaea were far more abundant at the thermokarst site characterized by high annual CH4 emissions. The results obtained from this method strongly suggest that ∼10% of VOCs are potentially biogenic, and that biogenic VOCs can be mapped to subsurface microbial metabolisms. By better revealing the relationship between subsurface biogeochemical processes and microbial dynamics, this work advances our ability to monitor and predict subsurface carbon turnover in Arctic soils.
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Background

Permafrost soils, like those in interior Alaska, contain the largest terrestrial pool of temperature soil organic carbon stocks on the planet; they cover ∼15% of the global land area but account for ∼60% of global soil carbon storage (Schuur et al., 2015). Unfortunately, increasing duration of permafrost thaw seasons (Jorgenson et al., 2010; Smith et al., 2010), perpetuates a positive feedback loop in which gradual or abrupt thaw events cause the active (seasonally frozen) soil layer to deepen and the size of talik sites (unfrozen ground in the permafrost area) to expand (Liljedahl et al., 2016; Kokelj et al., 2017; Farquharson et al., 2022), triggering increased carbon flux, and hydrological flow (Farquharson et al., 2022). The most widespread form of abrupt thaw is the thermokarst (land surface collapse caused by the loss of ice-rich permafrost), which commonly results in the creation of ponds or lakes. In recent decades, the number of thermokarst lakes in interior Alaska has grown by ∼40% (Walter Anthony et al., 2021), which is particularly concerning because these newly formed thermokarst lakes are derived mainly from the thaw of Yedoma (methane-rich, Pleistocene-aged permafrost), resulting in the highest recorded CH4 emissions from Arctic lakes (Walter Anthony et al., 2016).

Recently, high-C flux has been observed in the Arctic, but while some ecosystem models suggest that terrestrial permafrost is currently a net CO2 sink (range 0–0.8 Pg C-CO2e yr–1) (Walter Anthony et al., 2018), results from Arctic soil incubation studies in the laboratory suggest that permafrost soils have intrinsically short C turnover times and may switch to become a net C source in the near future, with a potential loss of 0.22–0.53 petagrams of C annually through the end of this century (Ren et al., 2024). To date, permafrost C feedback (PCF) modeling has focused on gradual, near-surface processes of C transformation in degraded permafrost (Schaefer et al., 2014; Walter Anthony et al., 2018), and these models predict that large proportions of permafrost C in Alaska are vulnerable to abrupt thaw events, on timescales of months to years (Olefeldt et al., 2016). However, our inability to consistently monitor subsurface biogeochemical cycles in the field has obscured the fine-scale biogeochemical processes that underlie thaw events (gradual or abrupt), which occur on timescales of hours to days (Turetsky et al., 2019). This gap in the experimental data significantly limits the accuracy of current PCF system models, resulting in high magnitudes of uncertainty associated with permafrost thaw (Bradford et al., 2016) and hindering our ability to predict increases in thaw depth caused by abrupt thaw events that seasonal freeze cannot overcome (Turetsky et al., 2020). To enable a detailed characterization of subsurface biogeochemical processes and constrain the uncertainty in PCF models, we urgently need more experimental data (Tao et al., 2024).

To effectively account for permafrost ecosystems, our analysis this data must effectively differentiate abiotic and biogeochemical processes, particularly because the microbes that drive biogeochemical processes often operate on shorter timescales than abiotic processes (Zolkos and Tank, 2020; Waldrop et al., 2023). Laboratory and small-scale field experiments have demonstrated that microbes respond rapidly to thaw (Mackelprang et al., 2011) and that distinct microbial species are present in frozen versus thawing permafrost (Mackelprang et al., 2011; Monteux et al., 2018; Ji et al., 2020). Although soil cores are often required to characterize microbial activity in the subsurface, the direct extraction of permafrost soil samples is destructive to fragile ecosystems. The release of unique microbial metabolites has been detected during thaw into lakes and streams, which could provide non-destructive measurements of microbial processes (Vonk et al., 2015). Moreover, volatile organic compounds (VOCs) such as methane (CH4) can be emitted from thawing soils (PeÑUelas et al., 2014; Schulz-Bohm et al., 2017).

Biogenic VOCs are generated by microbes (e.g., bacteria, archaea, and fungi) and range from small- (< C15) to medium- (C16–C28) chain molecules with low molecular masses (< 300 Da), high vapor pressure, and a low boiling point (Schulz-Bohm et al., 2017; Franchina et al., 2019). These molecules are typically in the gas phase but may also occur dissolved in liquid phase until environmental conditions favor evaporation. VOCs are normally lipophilic compounds capable of diffusing through water and gas-filled pores in soil environments (Effmert et al., 2012; Schmidt et al., 2016; Schulz-Bohm et al., 2017). Unlike dissolved metabolites, which are often involved in short distance (< 12 cm) infochemical biological interactions, VOCs can travel and act on other biosystems even at long distances (> 2 m) (Tyc et al., 2017; Westhoff et al., 2017; Schulz-Bohm et al., 2018). An estimated 2,000 VOCs attributed to about 1,000 microbial hosts have already been identified, and more identifications are occurring daily (Lemfack et al., 2018). VOCs can be measured from soils over time to elucidate subsurface biogeochemical processes for incorporation into process-based models to predict early warning signs of thaw (Kramshøj et al., 2019; Ghirardo et al., 2020; Li B. et al., 2021).

In this study, we sought to determine whether biogenic VOCs (1) can be effectively captured in arctic environments during winter, and (2) if this approach provides more biologically relevant chemical signatures that correlate to subsurface microbial metabolic potential during winter in perennially thawed taliks. Guided by electrical resistivity (ER) maps of subsurface taliks, we sought to validate these measurements and characterize microbiomes and VOCs related to these CH4-emitting taliks. Focused on four upland thermokarst sites characterized by wintertime CH4-emitting taliks in interior Alaska, we quantified microbial communities using short-read sequencing metagenomics and measured corresponding borehole VOCs as a means of detecting subsurface biochemical processes.

Because the boundaries of thermokarst lakes are areas where positive feedback between permafrost thaw and atmospheric warming can be actively measured (Bradford et al., 2016; in ’t Zandt et al., 2020), we took four core samples from three Yedoma-taliks north of Fairbanks, Alaska. Permafrost soil microbiomes have been shown to be dramatically different during winter, with high methanogen abundance as well as metabolic processes related to degradation of soil organic matter (Mackelprang et al., 2011; Vigneron et al., 2019), so we collected our samples in March 2023. Typically, metagenomes are used to identify microbes and genes related to carbon degradation pathways (Fierer et al., 2012). However, recent advancements in VOC collection and analysis have enabled characterization of volatile metabolite emissions from microbiomes (volatilome) (Meredith and Tfaily, 2022; Jiao et al., 2023). Thus, volatilomics can provide a means to investigate the chemical conversation between subsurface microbes in real-time and resolve the metabolic frontier of unresolved pathways. We surmised that corresponding VOCs from these distinct talik sites could provide realistic bioindicators of subsurface biogeochemical processes related to permafrost degradation.



Materials and methods


Geophysical surveys of drilling locations, methane flux measurements, and soil cores collection

For our preliminary geophysical surveys, we employed a multi-frequency EM system (GSM-19WV, Gem Systems Inc., Ontario, Canada, 2019) based on EM induction amplitudes corresponding to electrical resistivity (Ohm-m) at angular frequencies (ω) using the controlled-source very-long-frequency-magnetotelluric (VLF-MT) bands (McNeill and Labson, 1991; Elder et al., 2021). Leveraging ER data acquired from the VLF signals emitted from US Navy transmitters (16.8–24.8 kHz), we conducted magnetotelluric analysis (Sasaki, 1989); to enhance the precision of the geophysical mapping, we employed the VLF2dmf.v2 tool (Monteiro Santos et al., 2006) and Occam’s technique for 2D modeling (Constable et al., 1987). The resulting 2D-inversion models show cross-sections of permafrost for the BTL, NSY, and SKP sites (Figure 1). Following established methods (Elder et al., 2021), we measured linear methane fluxes with a portable 20 L chamber placed over each borehole. Air was briefly (120–150 s) recirculated through the chamber and a Los Gatos Research Micro-Portable Greenhouse Gas Analyzer (MGGA) (ABB Inc., Quebec City, CA) was used to measure CH4 concentration, with a measurement frequency of 10 Hz. Diffusive fluxes were calculated from the ideal gas law using chamber volume, temperature, atmospheric pressure; a least square fit regression was applied with a minimum R^2 value of 0.95 (Elder et al., 2021). At BTL, methane fluxes were collected at four sites transecting the lake (A1, A2, A3, and A4) and at the nearby Eddy-covariance tower (A0) (Figure 1; Supplementary Figure S1).
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FIGURE 1
Geophysical resistivity surveys were conducted using very long frequency-magnetotelluric (VLF-MT) to generate 2D-inversion models showing cross-sections of thermokarst (TK) at Big Trail Lake (BTL) in a lowland valley, NorthStar Yedoma (NSY) on a well-drained hillslope, and Skidmore Pond SKP, now a shallow thermokarst pond. An overhead view of each site was paired with 2D-inversion models show the presence or absence of permafrost, and the color-contour plots indicates cold frozen permafrost (blue) and unfrozen features (yellow to red) conditions. The 2-D electrical resistivity (ER) profiles, supported by borehole data across transects (A-A’, B-B’, C-C’), indicate permafrost presence with < 100 ohm-m reflecting thawed conditions or talik. The darkest red (< 1 ohm-m) marks groundwater within talik or fault fractures. Color contours show permafrost (5,000–600 ohm-m) and thawed or water-saturated sediments (100–1 ohm-m). The BTL model shows south (A) and north (A’) transecting line indicating flux site measurements (A1, A2, A3, and A4) as well as the nearby Eddy-covariance tower (A0). The NSY model shows the east (B) and west (B’) transect indicating core site B1 sampled at NSY The SKP model shows the north (C) and south (C’) transect indicating core site C1 sampled at SKP.


We began by collecting four soil cores from three thermokarst systems (two well-drained thermokarst-mounds, a drained thermokarst lake, and the terrestrial margin of a recently formed thermokarst lake) (Figure 2) around Big Trail Lake (BTL), a thermokarst lake located in Goldstream valley that was formed between 1949 and 1967 (in ’t Zandt et al., 2020; Pellerin et al., 2022). The samples were taken from four Yedoma-talik sites: two on the south side of BTL boundary (BTL1, closer to the terrestrial margin; and BTL2, closer to the lake); one at North Star Yedoma (NSY), a well-drained terrestrial hillslope characterized by thermokarst mounds; and one site at Skidmore Pond (SKP), a recently drained (2022) thermokarst pond in hillslope Yedoma near the well-studied Vault Creek Permafrost Tunnel (Schirrmeister et al., 2016; Heslop et al., 2020; Figure 1). Although BTL occupies only < 0.01% of the known permafrost land area it contains widespread sub-aerial taliks situated over Yedoma permafrost, which is estimated to emit between 0.1–5.2 tetragrams of CH4 per year, roughly 4% of the entire pan-Arctic wetland budget (Elder et al., 2021).
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FIGURE 2
Estimates of permafrost gradients across central Alaska were adapted from Mishra and Riley (2012) showing sporadic (green), isolated (blue), continuous (red), and discontinuous (orange) permafrost generalized across Alaska (A). Central Alaska Goldstream Valley area where the thermokarst sites Big Trail Lake (BTL), NorthStar Yedoma (NSY), and Skidmore Pond (SKP) sites featured in this study represent three unique watersheds near Fairbanks Alaska (B).


Using a Talon Coring system (Quantum Machine Works, Whitehorse, Canada) we drilled cores during the winter, when the top ∼1.2 meters of soil was frozen solid. On consecutive days, we drilled on the south boundary of the lake at site BTL1 (A2), then BTL2 (A1), NSY (B1), and SKP (C1) (Figure 1). The depth of each borehole (including depth of the active layer and transition zone) and depth profile are given in Supplementary File S1. We sought to obtain cores at least 5 m long at all talik sites; at the NSY site we were able to reach the permafrost layer ∼6.8 m. After drilling, each core was extracted in half-meter increments, subsampled for plugs, and capped in ABS (acrylonitrile butadiene styrene) pipes obtained from a local hardware supplier. Active layer core increments (frozen solid in the ground) were stored frozen until analysis; cores collected from below the active layer (not fully frozen in the ground) were unfrozen when harvested and stored at 4°C. To enable sub-sampling, frozen core increments were allowed to briefly thaw at room temperature to soften the soil; all subsampled plugs were then stored in air-tight conical tubes and frozen for later microbial and chemical analysis.



Subsampling soil cores

Sampling equipment was sterilized using 10% bleach/70% ethanol or autoclaved prior to sub-sampling. For metagenomic analysis of microbial populations in the insulated layer below the frozen active layer, plugs were extracted from BTL1, BTL2, SKP, and NSY at 1.5 m depth. Each plug was sampled and sectioned with sterile 5 mL syringes (with the syringe tips excised), then each syringe was used to push a plug into separate 15 mL centrifuge tubes for each depth. Once all plugs are extracted from the core increments, the outer portion of the core increment is discarded, and the inner portion of the core is saved. This sub-sampling approach reduces contamination of the inner core with the outer core microbial fraction. In some cases, soil subsampling was done in an anaerobic chamber to prevent anerobic microbes from exposure to oxygen and other general contaminants. Soil samples were sent to Zymo Research for DNA extraction, V3-V4 16S rRNA gene sequencing, shotgun metagenomics sequencing, and data analysis (Caporaso et al., 2010; Segata et al., 2011; Callahan et al., 2016).



Elemental chemical analysis

Core samples were sent for elemental chemical analysis at ALS Global (Tucson, Arizona) to measure the percent weight of ash, carbon, hydrogen, nitrogen, and sulfur at various depths for each borehole site core (Supplementary Table S1). Prior to chemical analysis, each soil sample was dried at 60°C. Oxygen was measured using a combustion technique to pyrolyze the sample in an inert atmosphere (helium). Pyrolysis of the soils produces nitrogen, hydrogen, and carbon monoxide when they interact with a nickel-plated carbon catalyst at 1,060°C. These products were separated via a chromatographic column, and the carbon monoxide was analyzed in a thermal conductivity analyzer, providing the oxygen percentage.



16S rRNA sequencing and analysis of cores from various depths

For 16S rRNA sequencing, ZymoBIOMICS® -96 MagBead DNA Kit (Zymo Research, Irvine, CA) was used for DNA extraction. Positive controls included ZymoBIOMICS Microbial Community Standard (Zymo Research, Irvine, CA). For 16S rRNA sequencing, DNA libraries were prepared for using the Quick-16S Plus NGS Library Prep Kit (Zymo Research, Irvine, CA). ZymoBIOMIC 16S rRNA gene primers (forward CCTACGGGGNGGCWGCAG, reverse GACTACHVGGGTATCTAATCC) for V3–V4 regions amplification of 16S rRNA genes. The sequencing library was prepared by PCR using real-time PCR thermocycler (QuantStudio 12K Flex, Applied Biosystems) to control cycles and limit PCR chimera formation. Quantification of final PCR products was performed using qPCR fluorescence readings before being pooled together at equal molarity. Pooled libraries were cleaned with DNA Clean & Concentrator kit (Zymo Research, Irvine, CA), and quantified with TapeStation (Agilent Technologies, Santa Clara, CA) and Invitrogen Qubit 1X dsDNA High-Sensitivity Assay Kits (Thermo Fisher Scientific, Waltham, WA). The final library was sequenced on Illumina NextSeq 2000 with a p1 (cat 20075294) reagent kit with 600 cycles. 16S amplicon sequencing was performed with 30% PhiX spike-in. Chimeric sequences were also removed with the Dada2 pipeline (Callahan et al., 2016). Taxonomy assignments were performed using Uclust from Qiime v.1.9.1 (Caporaso et al., 2010). Absolute abundance quantification was performed using qPCR conducted with a standard curve of plasmid DNA with one copy of the 16S gene region prepared in 10-fold serial dilutions (Supplementary Figure S2). Taxonomy was assigned with the Zymo 16S database (Supplementary Figure S3; Supplementary Table S2). Relative taxonomic composition was generated from samples that were sequenced to a 200M read target, and 1M reads were used in downstream processing.



Shotgun metagenomic library preparation and sequencing of soil core samples

Genomic DNA was extracted from each plug with ZymoBIOMICS® -96 MagBead DNA Kits (Zymo Research, Irvine, CA) and then subjected to shotgun metagenomic sequencing. Illumina® DNA Library Prep Kit (Illumina, San Diego, CA) with up to 500 ng DNA input following the manufacturer’s protocol using unique dual-index 10 bp barcodes with Nextera® adapters (Illumina, San Diego, CA). All libraries were quantified with TapeStation® (Agilent Technologies, Santa Clara, CA) and then pooled to equal abundance. The final pool was quantified using qPCR. The final library was sequenced on an Illumina NovaSeq X (Illumina, San Diego, CA) with 2 × 150 kit (300 cycles). The metagenomic read processing summary more than 2M reads with > 75% reads surviving (Supplementary Table S4).



Metagenomic bioinformatics and microbial composition analysis

To remove low-quality features, raw sequence reads were trimmed with Trimmomatic-0.33 (Bolger et al., 2014). Quality trimming was conducted via sliding window with 6 bp window size and a quality cutoff of 20; reads with size lower than 70 bp were removed. BBduk (version 39.03) was used to filter the contaminants and adapter sequences from metagenomic raw reads (Singer et al., 2016). The artifact sequences were evaluated and trimmed off by kmer matching (k = 31). The trimmed reads were assembled using MEGAHIT (v 1.2.9) (Li et al., 2015) and the genes were called by Prodigal (v 2.6.2) (Li et al., 2015). The functional profiles were annotated by Eggnog Mapper (v2.1.12) on assembled reads to identify the presence of KOs (KEGG Orthology groups) (Cantalapiedra et al., 2021; Kanehisa et al., 2023). Taxonomy was profiled using Kraken2 (v2.1.3) against the NCBI database (Wood et al., 2019). The resulting taxonomy and abundance information were further analyzed via: (1) alpha- and beta-diversity analyses (Supplementary Figure S2); (2) microbial composition bar plots using QIIME (Caporaso et al., 2012); (3) abundance heatmaps with hierarchical clustering (based on Bray-Curtis dissimilarity); and (4) biomarker discovery with LEfSe (Segata et al., 2011) with default settings (p > 0.05 and LDA effect size > 2). Functional profiling was performed on assembled reads using Humann3 (Beghini et al., 2021), including the identification of UniRef gene family and MetaCyc metabolic pathways.



Gas collection and chemical desorption of VOCs from borehole sites

To capture VOC gasses in the field, we used a stainless-steel gas capture dome with a custom fitting for thermal desorption unit (TDU) tubes. For general VOCs, we used Tenax TA 60/80 from Camsco (Camsco, Houston, TX) placed in-line between a non-polar filter and a calibrated air SKC AirChek pump (SKC, Eighty Four, PA). The non-polar filter was attached between the capture device and the TDU tube to reduce water adsorption on the Tenax TDU. The pump was calibrated with using Mesa Labs 530 + DryCal calibrator (Mesa Labs Inc., Lakewood, Colorado). The capture dome was placed on the borehole immediately after the last core was extracted. At each borehole, 2 L of borehole gas was extracted over 5 min with a calibrated pump flow rate of 0.4 L/min. To provide technical replicates for analysis, triplicate TDU tubes were used to consecutively collect gas from each borehole site. The gas samples were stored at −20°C until 2D-GC-MS analysis.



2D-GC-MS instrumental parameters and standards

Samples were thermally desorbed using a Gerstel Thermal Desorption Unit 3.5 + (Gerstel GmbH, Mülheim, Germany) integrated into a gas chromatograph/mass spectrometer system and ramped at 60°C/min from 35°C to either 280°C for Tenax TA sorbent. Desorbed samples were refocused on a Gerstel CIS 4 Cryogenic Inlet, held at -50°C during desorption and ramped at 12°C/s to 300°C to inject the desorbed sample as a single bolus into the gas chromatograph/mass spectrometer system. Analysis of the samples was performed via a LECO Pegasus BT two-dimensional gas chromatograph coupled to a time-of-flight mass spectrometer (2D-GC-MS) (LECO Corp., Michigan, United States). Compound separation was conducted by two analytical gas chromatography columns, with the primary column a 15 m, 0.25 mm ID DB-WAX and secondary column a 2 m, 0.25 mm ID DB-1 (Both Agilent, California, United States), with film thickness of 0.5 μm for the primary column and 1 μm for the secondary column. The Gas Chromatograph analytical program had an initial temperature of 35°C, ramping at 10°C/min to a maximum of 230°C with a 5-minute hold. The secondary column was ramped at the same rate, but with a + 5°C offset from the primary column. Column flow was set to 1 mL/min with an inlet flow split of 50:1. Thermal modulation between columns was set to 7 s with a hot pulse time of 2.10 s. Mass spectra were collected at a 200 spectra/s rate scanning from 20–500 m/z. A 30 kHz extraction frequency and a detector offset of -30 V were used.



Volatile compound composition and abundance analysis

Chemical identification by 2D-GC-MS detected 1,000 + different chemical features. Top-down quantitative analysis of metabolites in the hit lists was performed using the ChromaTOF TILE software (LECO Corp., St. Joseph, Michigan). TILE divides chromatographs into retention time windows “TILES” and filters these TILES based on the statistical significance (fisher ratio) for each mass identified for facile handling of complex data sets. The size of the TILE accommodates for retention time variation, which can plague other approaches for 2D gas chromatography analysis and is an industry proven tool. In practice, TILE provides the user a qualitative list of VOC chemical classification to search and compare amongst test conditions thus greatly reducing analysis time for “biomarker” hunting. TILEs are then traced to the online NIST23 library for chemical identification. TILE filtering parameters: Tile size D1 (modulations) = 3; Tile size D2 (spectra) = 44; S/N threshold = 50; Samples that must exceed S/N threshold = 2; Mass F-ratios to average = 1; Threshold type = p-value; p-value threshold = 0.05; Minimum masses per tile = 3; Minimum mass = 0; Maximum mass = 1,000; Masses to ignore: = blank.

Each individual VOC feature identified by TILES analysis was compared to the NIH PubChem database (accessed June 2024) to check for alternative chemical synonyms. From the > 400 TILES, each VOC feature was then manually compared to the KEGG database to identify related biochemical pathways, genes, and enzymes. We identified 41 unique VOCs that are potentially biogenic in origin and were unique to individual borehole sites in KEGG (Kanehisa et al., 2023), which are indicated in the Biological VOC table in Figure 1. Chemical names were from these data were aligned to a subset of VOCs abundance to gene-hit abundance of enzymes found in related metabolic pathways on KEGG (Figure 3). Triplicate samples were averaged with standard deviations (Supplementary Table S1).
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FIGURE 3
Metabolic pathway analysis was conducted from relative abundance of genes found in the methane metabolic pathway for cores BTL1.150 (green), BTL2.150 (red), SKP.150 (purple), NSY.150 (yellow), BTL2,300 (black), and BTL2.550 (blue). This visualization compares the relative abundance of enzyme genes for each for each pathway leading to methanogenesis including hydrogen-, methanol-, and acetate-dependent methanogenesis. The thickness of the arrows represents the relative percent abundance for each pathway, whereas the thickest arrows indicates that more than 25% of the enzyme genes in these samples where associated with the indicated pathways.


For statistical analysis of VOCs compounds compared across borehole sites a one-way analysis of variance (ANOVA) was performed using GraphPad Prism 10.2.3 (GraphPad Software LLC, Boston, MA) on the triplicate VOC samples found in Supplementary File S3. We performed the ANOVA analysis using the triplicate VOC values obtained from each borehole, averaged them, and compared the variances to determine if the boreholes had significantly different expression of each VOC from Supplementary File S3. Our null hypothesis was that there was no statistical significance of VOC abundance between boreholes. (Supplementary Table S5). As part of our ANOVA summary in Supplementary Table S5 we included the Brown-Forsythe test and Bartlett’s test. Brown–Forsythe test is a statistical test for the equality of group variances based on performing an Analysis of Variance (ANOVA) on a transformation of the response variable. Bartlett’s test tests the hypothesis that our samples have equal variances.




Results


Profiling talik sites using geophysical surveys

To better compare corresponding microbial and VOCs signatures between talik sites, we needed to select the sites to provide contrasting examples of talik systems at various stages and magnitudes of thaw. To guide that selection, began by mapping the varying stages of permafrost thaw along hydrological gradients from uplands to lowlands, generating 2D-inversion models from geophysical resistivity surveys using very long frequency-magnetotelluric (VLF-MT) (Elder et al., 2021) for the BTL, NSY, and SKP sites (Figure 1).

Colored contour plots differentiate frozen and unfrozen subsurface features (e.g., aquifers, taliks), allowing us to identify two talik sites at BTL that were only 15 meters apart but exhibited different hydrological and CH4-emitting properties. The BTL1 site (A2 in Figure 1) is in the terrace zone of the thermokarst; it was also more saturated than the BTL 2 site and exhibited elevated CH4 emission in both the cold and grow season (Figure 1). In contrast, the BTL2 site (A1 in Figure 1) was < 1 m higher in elevation and was a drained-soil site in the littoral zone with a deep talik below 5 m in the soil column; this site had also exhibited natural fluxes up to 5 kg CH4 m–2 d–1 during the cold season (Supplementary Figure S1). The NSY site is a gradually sloped field underlain by thawing, ice-rich Yedoma permafrost that has thermokarst mounds on the surface, which has periodic emissions of CH4 after heavy rains. NSY cores were taken near the Eddy-covariance tower site, which has routinely detected CH4 emissions year-round. Our NSY 2D-inversion model showed uniform talik and permafrost layers below the frozen active layer. The SKP site was a naturally occurring thermokarst pond near the Skidmore mine that is routinely drained by the landowner to allow the ground to freeze (Figure 1). The SKP 2D-inversion model showed the lowest thaw depth of all our sites near a permafrost tunnel.

Chemical analysis at various depths revealed the highest carbon content at BTL2 at a depth of 200 cm compared to all other core sites (17.49 wt%), hydrogen (1.94 wt%), oxygen (15.27 wt%), and sulfur (0.09 wt%) content (Supplementary Table S1).



Microbial community structure and diversity

Cores were immediately subsampled at a depth of 150 cm at all sites (BTL1.150, BTL2.150, NSY.150, and SKP.150); the subsampled plugs were transported cold and frozen until we were able to perform 16S and shotgun metagenomic sequencing and analysis.

We used 16S rRNA sequencing to survey microbial compositions at various depths, which indicated microbes involved in methanogenesis including Methanosarcinales and Methanomicrobiales genera. In total, 708 genera were observed to have known involvement in CH4 metabolism at various sites, with the primary CH4-producing archaea genera Methanosarcina observed at 16.4% relative abundance at BTL1. The microbial community most associated with CH4 metabolism were dominated by the genera Methyloligellaceae, Methyloceanibacte, Hyphomicrobium, Bradyrhizobium, Pseudomonas, and Streptomyces, which are known to be able to utilize CH4 in methanotrophy (Hough et al., 2020).

The most dominant bacterial class detected at NSY and SKP was Pseudomonadales, whereas both BTL sites had little to no Pseudomonadales with only 3.4% at BTL2 and none at BTL1 where the high seasonal methane flux has been detected. We also detected other notable nitrogen and carbon dioxide fixation species such as Bradyrhizobium at BTL2. Likewise, the methylotrophic species Methyloceanibacter was 11.2% at BTL1, but also detected at 4.8% for BTL2 at 550 cm depth. The sulfate reducing genera Desulfobacterota, Rhodoferax and Pseudomonas were observed at most sites (Supplementary Figure S3). However, sulfate reducing family Desulfobacterota was most abundant with BTL1.150 at 9.1% followed by NSY at 7.3% relative abundance (Supplementary Figure S3; Supplementary Table S3). Additional depths were subsampled from BTL2 at depths 300 cm (BTL2.300) and 550 cm (BTL2.550) and included in our 16S and metagenomic analysis to determine microbiome diversity deeper in the talik at this drained site.

In contrast to metagenomic analysis, 16S sequencing of different depths revealed in total 39 archaeal genera that contained the methyl coenzyme M reductase (mcrA) gene; among this population, 4 methanogenic archaea (Methanosarcina, Methanoregula, Methanosphaerula, and Candidatus Methanogranum) were observed in our core samples. While Methanosarcina was a major methanogenic archaeon at BTL1.150 in the lower active layer, SKP had high relative abundance of Methanosphaerula deeper in the soil column around 430 cm SKP.430 (Supplementary Figure S3; Supplementary Table S2). Actinomycetes and Alphaproteobacteria were present in all microbial communities at all core sites in our metagenomic data.

The psychrophile species Cryosericales was found at 150 cm for all core sites except for SKP. Cryosericales species increased in relative abundance deeper in the soil column at BTL2, moving from 2, 5, and 10.7% at 150, 300, and 550 cm, respectively. Relative abundances of classified methanogens initially reveal that BTL1.150 had the highest amount of Methanomicrobiales (3.2%),Methanosarcinales (16.4%), Methanotrichales (0.2%), Methanobacteriales (0.6%), at total of ∼20.4% relative abundance (Supplementary Figure S1). Microbial compositions and species diversity were quantified from metagenomic datasets (Figure 4). Shannon alpha diversity plots were generated from metagenomic analysis and revealed similar microbial richness for BTL1 and BTL2 at 150 cm, whereas the SKP borehole had the lowest level of microbial richness (Figure 4A). Alpha diversity plots also show depth-dependent microbial diversity with lower diversity found deeper in the soil column for BTL2.300 and BTL2.550 compared to BTL2.150. Bray-Curtis dissimilarity analysis of metagenomics microbial analysis revealed that BTL1.150 and SKP.150 had contrasting microbial populations compared to each other as well as compared to all other cores obtained from BTL2 and NSY at similar depths (Figure 4B). Notably, BTL2.150 metagenomic microbial composition had similar populations to the BTL2.300 and BTL2.550 depths. However, we discovered that 17% of the metagenomic sequences matched to bacteria, archaea, and viruses at BTL1 (Figure 5B). The remaining 83% of the metagenomic data contained unclassified genes that represent a major portion of unknown biological activity in these permafrost soil microbiomes, which merits further study to understand functional impacts in biogeochemical cycling.
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FIGURE 4
(A) Species diversity was quantified from metagenomic datasets using Shannon alpha diversity analysis, which revealed differential microbial richness across core site samples. (A) Bray-Curtis dissimilarity analysis generated a 3D principal coordinate analysis (PCoA) at strain level.
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FIGURE 5
Relative gene abundance was obtained from metagenomic analysis of each core from 150 cm depth below the frozen active layer (A) and conditionally formatted and aligned to the highest abundance hits at BTL1 to compare each microbial genera across borehole sites. Krona chart of all metagenomes at BTL1 revealed that 17% of annotated metagenomic sequences were bacteria, archaea, and viruses with the remaining 83% containing genes of unknown function (B). Since BTL1 had the highest number of methanogens, a Krona chart zooming into the archaea fraction at BTL1 was generated, that shows the diversity of methanogenic, halotolerant, and alkaliphilic archaea genera detected from metagenomes (C).


To understand the absolute number of microbes at 150 cm we focused our analysis on predicted genes and performed analysis microbial composition analysis metagenomes at the genus level. From this analysis we generated a heat map table comparing microbial genus abundance across boreholes at 150 cm depth is displayed with conditional formatting to highlight the microbial abundance across core sites at 150 cm depth (Figure 5A). The BTL1 metagenomes contained a notable diversity of archaea, with many examples of methanogenic and halotolerant species (Figure 5C). These results indicated high abundance of the archaeal Methanosarcina family at BTL1 compared to the other cores at 150 cm depths. However, many of the genes and microbes were unclassified with > 80% in the metagenomic data and > 40% in 16S amplicon data that we could not attribute either a predicted function or host.



Potential metabolic functional genes

Functional gene analysis revealed the potential for CH4 production at all sites (Figure 3). BTL1.150 contained genes for hydrogen-, acetate-, and methanol-dependent methanogenesis. Metagenomic analysis of gene counts also showed the highest potential for CH4 metabolism at BTL1.150, followed by NSY1.150 (Supplementary File S2). In contrast, gene counts for CH4 pathways at SKP1.150 and BTL2.150 were considerably lower. The taxa associated with the central methanol methyl-coenzyme M reductase (EC 2.8.4.1), the enzyme that catalyzes the final step in methanogenesis pathway, was observed to be highest in BTL1.150 (Supplementary File S2), which also had the highest fraction of Methanosarcina (16.4%), by more than an order of magnitude, compared to BTL2.150, NSY1.150, and SKP1.150 (< 1.3% Methanosarcina). Metagenomic annotations of gene counts for sulfur reduction were present at all sites. In total, 10 archaeal and 681 bacterial genera were associated with sulfate reduction. Among them, 77 potential sulfate-reducing bacterial genera were observed in the various soil core samples including Desulfobacterota, Rhodoferax and Pseudomonas, which have been shown to contain robust sulfate reduction pathways (Chen et al., 2023; Wang et al., 2023; Supplementary Figure S4; Supplementary Table S3). Interestingly, the lowest relative abundance of sulfate reducing bacteria (i.e., Desulfosporosinus) was found at SKP for the 430 cm samples, where methanogenic archaea were dominant (Supplementary Figure S3; Supplementary Table S2).



Characterizing borehole VOCs and their associated biogenic pathways

Our analysis of 2D-GC-MS data revealed biogenic VOC abundance and divergent chemical features between talik boreholes sites. We found > 400 unique VOC features ranging from C2 – C28, with > 40 VOCs linked to microbial and biogenic activity (Supplementary material). Our summary of the relative VOC abundance at each site and conditional formatting reveal distinctive VOC “fingerprints” for each borehole (Supplementary File S3). We were able to identify different classes of VOC compounds (e.g., aromatic hydrocarbons, aldehydes, butenolides, alcohols, ketones, and carbonyls) and derivative compounds (e.g., acetaldehyde, benzene, hexanaldehyde, acetone, tolueneformaldehyde) that have been previously identified as GHGs and linked to global warming (David and Niculescu, 2021).

As documented in Supplementary Table S6, the observed VOC byproducts can also be associated with gene hits for anaerobic styrene degradation, glyoxylate and dicarboxylate metabolism, propanoate metabolism, and volatile fatty acid degradation (e.g., propionate, formate, acetate, and butyrate). In fact, many of the VOCs appeared to be byproducts of enzymatic anaerobic degradation by laccase, oxidoreductase, decarboxylase, and hydrolase enzyme reactions, as inferred from analysis of KEGG pathways (in anaerobic systems acyl lipids are hydrolyzed by lipases.) (Mackie et al., 2008). Notable biogenic VOCs were identified from a manual KEGG database analysis (Supplementary Table S4). VOC abundance profiles were aligned to the genes of degradative enzymes, including cyclohexane to cyclohexane dehydrogenase (EC: 1.3.8.10), isobornyl formate to formylmethanofuran dehydrogenase (EC: 1.2.7.12), acetic acid to acetate kinase (EC: 2.7.2.1), acetophenone to ethylbenzene hydroxylase (EC: 1.17.99.2), styrene to aliphatic nitrilase (EC: 3.5.5.7), and oleic acid (fatty acid degradation product) to catalase (EC: 1.11.1.6) (Figure 3).




Discussion


Biogenic VOCs serve as biological indicators of CH4-emitting taliks

One of our primary goals was to identify the biological drivers of CH4 emissions found at Big Trail Lake during the cold season by comparing VOC profiles at four local thermokarst sites taken from the same transition-layer depth (150 cm) (Supplementary Figure S1). We assumed that permafrost soil microbes control the fate of soil organic carbon (SOC) during various states of thaw, and subsurface VOCs could provide improved resolution of how microbes respond to warming trends. Our preliminary CH4 flux measurements identified anomalous CH4-hotspots around BTL, which provided a roadmap to investigate microbial transformation of SOC to VOCs under anaerobic conditions in the subsurface (Supplementary Figure S1). We hypothesized that if we measured microbes and their functional metabolisms beneath the frozen active layer, we would be able to identify contrasting biochemical profiles, particularly at sites with different CH4 flux measurements.

The results of our proof-of-concept study appear to support our hypothesis. We used 16S rRNA amplicon sequencing to screen microbial populations at the same depth (150 cm) at all four sites, finding that each site hosts unique and diverse microbial communities, including biologically active species related to VOC emissions, such as populations of methane-related microbes (e.g., methanogens, methylotrophs, and methanotrophs). However, all four populations were largely composed of unclassified and uncharacterized taxa and contained many (> 80%) genes of unknown identity and/or function (Figure 5).

Shotgun metagenomics further revealed that the microbiomes associated with each talik site were also distinct from one another, although we observed similarities between metabolic enzyme genes and the specific VOC abundance profiles involved in anaerobic degradation of carbon substrates (e.g., phenolics, aromatics, and organic acids) (Figure 6). Additionally, many VOCs mapped to anaerobic degradation pathways in KEGG (including toluene, ethylbenzene, phenol, styrene, benzoate, and methylnaphthalene), indicating potential linkages between microbial metabolic potential and VOC signatures (Supplementary Table S6). Therefore, VOCs potentially provide novel bioindicators of subsurface biogeochemical changes that can be leveraged for long-term ecosystem monitoring.
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FIGURE 6
Biogenic VOCs related to anaerobic degradation were aligned to enzyme gene hits for each bore site in a dual y-axis bar plot. The left y-axis shows the mean of triplicate VOC abundance with error bars for one standard deviation from each borehole compared to the right y-axis showing the gene hit abundance of related enzymes obtained from metagenomes for each core site at 150 cm depth. The KEGG enzyme nomenclature number is provided for each enzyme.




Methanogens, methanotrophs, and microbial communities

Because the active layer is frozen solid during the winter, we hypothesized that samples taken from the protected transition layer (which is slightly warmer due to snowpack thermal insulation) would be most likely to contain microbes that are biologically active during the winter (Holland et al., 2020) and provide the highest likelihood of VOC-to-microbial-composition comparisons. Thus, we again focused our more in-depth metagenomic sequencing on the plugs collected from all four sites at a depth of 150 cm, and at different depths at the same site (guided by the varying depths of the active/transition/permafrost layers). Our particular goal was to identify microbes that accelerate and hinder SOC sequestration, including methanogens, sulfate-reducing genera, and methanotrophs.

For example, by comparing metagenome-resolved microbial composition profiles from different depths at BLT2, we found that extremophilic cold-tolerant species (i.e., psychrophiles), such as Cryosericales, increased in abundance with soil depth at that site (Supplementary Figure S4; Supplementary Table S3). These psychrophilic species are particularly important because they are known to play a role in alkane catabolism and carbon cycling; in permafrost soils, psychrophilic species provide low-molecular-C substrates for methanogens (Bowman and Deming, 2014), ensuring that the methanogens can only uptake low-molecular-weight carbon. At BTL1, we also discovered a high diversity of methanogenic species (i.e., Methanomicrobiales, Methanosarcinales, Methanotrichales, Methanobacteriales); however, at SKP and SNY, methanogens were only found deeper in the soil column during (Supplementary Figure S3; Supplementary Table S2). Sulfate reduction is known to reduce methanogenesis potential through several paths (primarily the flow of electrons) (Sela-Adler et al., 2017), so we also looked for sulfur-reducing genera. While Desulfobacterota were highest in abundance at the BTL1.150 and NSY.150 sites, but also found in SKP and BTL2 samples, suggesting that …. In contrast, the Rhodoferax ferrireducens sulfur-reducing species was not find at either BTL1 but had high abundance in the NSY.150 and BTL2.300 samples, suggesting that….

Methanotrophs (i.e., Methyloligellaceae, Hyphomicrobium, Bradyrhizobium, Pseudomonas, and Streptomyces) provide a more direct SOC sink. We detected methanotrophs at higher abundance in the upper 50 cm of the soil column at BTL1, but also present deeper in the soil column at BTL2, SKP, and NSY (thermokarst mounds) (Supplementary Figure S3; Supplementary Table S2). Notably, in the BTL1.150 samples, the dominant methanotroph species were Methyloligellaceae, Methyloceanibacte, Hyphomicrobium, but other species that have been reported to stimulate methanotrophy (e.g., Pseudomonas) were also present. BTL1 had the highest concentrations of Methyloceanibacter, which suggests that C uptake and sequestration is likely responsive to C emissions in these thermokarst systems. In contrast, Pseudomonas was the predominate species in the upper 300 cm at SKP and NSY, suggesting possible modes for carbon sequestration from C emissions deeper in the soil column (Veraart et al., 2018). This finding may also explain periodic CH4 emissions detected at NSY and SKP sites after heavy rains saturated the thermokarst mounds (Walter Anthony et al., 2024 Manuscript submitted for publication).

Our community structure analysis identified methanotrophic co-occurrence when methanogenic archaea were present in high abundance, which has been previously reported in other soils systems including Arctic soils (Tripathi et al., 2019; Li C. et al., 2021). However, previously, massive field efforts to characterize microbial distributions in permafrost soil found that, as soils thaw, microbial spatial variation is primed and driven by specific biochemical processes (e.g., gas production, metal redox) (Waldrop et al., 2023). Hence, we acknowledge that our limited sample sets cannot draw concrete conclusions of microbial distribution at our talik sites. Still, our observations provide further evidence that methanogenesis can occur lower in the soil column, which has implications for promoting methanotrophy (Singleton et al., 2018) in near-surface soils, thereby capturing and sequestering CH4 and other bulk carbon emission before release into the atmosphere.

While we were able to identify of several key methane-related soil microbes and VOC-related metabolic genes, we also discovered that many of the metagenomes we obtained had > 70% unclassified genes. For example, only 17% of the metagenomes from BTL1.150 contained annotated genes for bacteria, archaea, and viruses. The remaining 83% of the metagenomes at BTL1.150 contained unclassified genes (i.e., microbial dark matter), which highlights our limited ability to identify novel extant and extinct genetic traits associated with VOC-related metabolic pathways. Moreover, the diversity of archaea was most pronounced in the BTL1.150 metagenomes, at the site with the highest CH4 emissions, which contained many examples of known methanogenic, halophilic, and alkaliphilic genera. Although we couldn’t completely resolve patterns in microbial composition profiles across the cores from various sites and depths, our metagenomic and 16S sequencing of soil depths provided verification that microbes residing in 150–200 cm depths had higher microbial diversity, are potentially active during winter, and could inform how microbial compositions would tie to VOC metabolism at these contrasting talik sites.



Borehole VOC fingerprints and related anaerobic degradation pathways

VOC abundances for each borehole were aligned in a heat map that revealed distinct “fingerprints” for each borehole (Supplementary File S3), highlighting the many VOCs associated with anaerobic degradation pathways of hydrocarbon catabolism (e.g., alkane, toluene, and naphthalene metabolic pathways) and similar enzyme genes associated with hydrocarbon catabolic pathways for propanoate, naphthalene, styrene, and ethylbenzene (Supplementary Table S6). At present, given our limited knowledge of enzyme identity and degradation stages, these anaerobic degradation pathways remain unresolved; however, recent reports indicate that there are four stages of alkane degradation [fumarate addition, C-skeleton re-arrangement, decarboxylation, and beta-oxidation byproducts (Bian et al., 2015)], which are in agreement with the VOCs detected in this study (i.e., fumarate, valerate, butyrate) (Figure 7).
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FIGURE 7
Biogenic VOC abundance from each bore site was collected and analyzed by 2D-GC-MS, and averaged to show medium (A), high (B), and low (C) abundance. Bar plots show the mean of triplicate VOC measurements with error bars for one standard deviation. Chemical features with a comma after the name have additional moieties not included in this table but sdf listed in full table VOC features found in Supplementary material.


The most abundant VOCs detected from the four talik sites included terminal degradation products consisting mainly of organic acids (e.g., acetic acid, acetone, phenol, acetophenone) (Figure 7B), which likely feed methanogens through the acetate-dependent pathway (Figure 3). We also identified notable biogenic VOCs from a manual KEGG database analysis (Supplementary Table S4), including octanal, acetophenone (Jobst et al., 2010), isothiocyanatocyclohexane (cyclohexane, isothiocyanate) (Hanschen and Schreiner, 2017), phenol (Maurer et al., 2019), furaldehyde (furfural) (Rivard and Grohmann, 1991), furanone (Gómez et al., 2022), styrene (Kanehisa et al., 2023), and benzaldehyde (Huang et al., 2022) (Supplementary Table S4). We also found sulfur-containing VOCs, including sulfur dioxide, isothiocyanatocyclohexane, thiophenecarboxaldehyde, and sulfurous acid (Figure 7). By mapping distinct VOC abundance trends to the gene abundance of associated degradative enzymes (Figure 6), we were able to find remarkable agreement in abundance trends, but also discrepancies that cannot be explained by metagenomics alone, which will require more in-depth functional characterization of enzyme expression. Although many anerobic degradation pathways remain unexplored, our comparative analysis provided a means to understand these talik sites through specific degradation enzymes that correlated to VOC “fingerprints” of boreholes in different thermokarst systems (Supplementary File S3). Although metagenomics doesn’t provide expression or enzyme activities, we were able to infer the presence of functional pathways from gene count abundance. While the ecological role of our measured VOC compounds remains to be elucidated, our results provide insights into the subsurface microbial processes with environmentalsignificance.



Volatilomics for informing subsurface biokinetics

At each borehole, we identified unique chemical VOC signatures that warrant further study (e.g., via laboratory soil incubations) to statistically define VOC expression patterns and determine transient VOC signatures. In fact, we found many VOCs that are byproducts from various degradation enzymes, including oxidoreductases, lyases, laccases, and carboxylases (Gibson and Harwood, 2002). Although current understanding of microbial anaerobic degradation pathways are limited, recent studies have revealed the scope and complexity of anaerobic biodegradation pathways of n-alkanes in carbon-rich oil reservoirs (Bian et al., 2015). These reports have attempted to define species-specific metabolic pathways using metagenomics and metaproteomics (McGivern et al., 2021); however, VOC “fingerprinting” does not require knowledge of specific enzymatic pathways to identify permafrost states that are likely to facilitate abrupt thaw, talik formation, and thermokarst expansion.

Our alignment of VOCs to degradation enzyme genes provided preliminary evidence that VOC monitoring in Arctic soils is a potentially useful approach to measuring subsurface microbial dynamics over time (Figure 6), because the biochemical alignment can potentially be used to interpret VOC expression to infer subsurface biokinetics, which could provide high-resolution datasets of subsurface SOC transformation, advancing attempts to model the degradation and transformation of SOC. For instance, a recent study used metagenome-assembled genomes to refine the enzyme latch theory and detected similar degradation products (e.g., propionic acid, fumaric acid, and benzaldehyde derivatives), which could be enhanced with VOC “fingerprinting” analysis to further elucidate degradation enzymes and their associated pathways (Wilhelm et al., 2021). Refinement of terrestrial SOC models using VOC-derived biokinetics could also resolve chemical and biological heterogeneity to make soil microbiomes tractable for study in subsurface systems (Jansson and Taş, 2014; Mackelprang et al., 2017; Waldrop et al., 2023).




Conclusion

The increasing duration of thaw seasons in permafrost ecosystems has created positive feedback loop with gradual and abrupt thaw events, which is deepening and expanding the areas of year-round unfrozen ground (i.e., taliks) (Walter Anthony et al., 2018; Turetsky et al., 2020; Walter Anthony et al., 2021). The lack of high-resolution data in subsurface Arctic terrestrial ecosystems limits our ability to understand the subsurface biogeochemical drivers which drive the rate and magnitude of environmentally triggered SOC turnover (Bradford et al., 2016; Tao et al., 2024). Our study demonstrates a proof-of-concept that VOCs can potentially serve as bioindicators of subsurface biogeochemical processes, providing high-resolution data and broad-scale measurements that can be used to characterize biological roles in the thermokarst–permafrost continuum. This study also establishes methods and approaches for effectively capturing VOCs during winter seasons that could allow for more accurate measurements of subsurface microbial rates of C conversion. Although further validation is required to determine the full range of biogenic VOC “fingerprints” that represent subsurface dynamics and indicate the onset of thaw events (i.e., precursors of gradual and abrupt thaw), these results provide an identification-based approach to track and understand permafrost thaw states responsible for CH4 emissions during all seasons in Alaska. Future work should integrate measurements of VOC “fingerprints” derived from laboratory soil incubations at different thaw states to understand the metabolic drivers that shift microbial C cycling during and allocation in arctic soils and translated to other soil systems.



Data availability statement

TILES analysis of untargeted volatilomics using 2D-GC-MS quantification can be found in the Supplementary Data Sheet 1. Metagenome 16S rRNA gene and amplicon sequencing data are available in NCBI under BioProject accession no. PRJNA1216023 (for biosample accession numbers, see Supplementary Data Sheet 2).



Author contributions

CS: Conceptualization, Data curation, Formal analysis, Funding acquisition, Investigation, Methodology, Project administration, Resources, Software, Supervision, Validation, Visualization, Writing – original draft, Writing – review & editing. NH: Investigation, Methodology, Writing – review & editing, Conceptualization, Formal analysis. JY: Data curation, Writing – original draft, Formal analysis. JSc: Investigation, Methodology, Writing – review & editing. HB: Conceptualization, Formal analysis, Investigation, Methodology, Writing – review & editing. BR: Investigation, Methodology, Writing – review & editing. JSa: Investigation, Methodology, Conceptualization, Data curation, Formal analysis, Writing – review & editing. MM: Formal analysis, Investigation, Methodology, Writing – review & editing. NE: Investigation, Methodology, Writing – review & editing. SK: Investigation, Methodology, Writing – review & editing. JW: Conceptualization, Investigation, Methodology, Resources, Writing – review & editing. WM: Writing – review & editing, Data curation, Formal analysis. KA: Conceptualization, Formal analysis, Investigation, Methodology, Resources, Supervision, Validation, Visualization, Writing – original draft, Writing – review & editing. PM: Conceptualization, Investigation, Resources, Supervision, Writing – review & editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This study was supported by the Bioscience Investment Area under Project# 225920 for the Laboratory Directed Research and Development program at Sandia National Laboratories. Sandia National Laboratories is a multi-mission laboratory managed and operated by National Technology & Engineering Solutions of Sandia, LLC (NTESS), a wholly owned subsidiary of Honeywell International Inc., for the U.S. Department of Energy’s National Nuclear Security Administration (DOE/NNSA) under contract DE-NA0003525. This written work was authored by an employee of NTESS. The employee, not NTESS, owns the right, title and interest in and to the written work and is responsible for its contents. Any subjective views or opinions that might be expressed in the written work do not necessarily represent the views of the U.S. Government. The publisher acknowledges that the U.S. Government retains a non-exclusive, paid-up, irrevocable, world-wide license to publish or reproduce the published form of this written work or allow others to do so, for U.S. Government purposes. The DOE will provide public access to results of federally sponsored research in accordance with the DOE Public Access Plan.



Acknowledgments

We thank members of the Sandia National Laboratories’ Environmental Systems Biology and Biological & Chemical Sensors Departments for their valuable input during this study. We thank Todd Lane for providing guidance on this proposal concept. We thank Emily Hollister, Mark Ivey, Andrew Glen, and Diana Bull for providing technical guidance and encouragement. We thank Alberto Rodriguez, Steven Branda, Jesse Cahill, and Emily Hollister for providing technical reviews of this manuscript. We thank the Skidmore Family, Midnight Sun Golf Course, and Department of Natural Resources for access to the field sites. Teams from UAF, Sandia, CU-Boulder, and UT-Austin assisted with collection of cores at BTL1 and SKP during the March 2023 field campaign.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2024.1462941/full#supplementary-material



References

Beghini, F., McIver, L. J., Blanco-Míguez, A., Dubois, L., Asnicar, F., Maharjan, S., et al. (2021). Integrating taxonomic, functional, and strain-level profiling of diverse microbial communities with bioBakery 3. eLife 10: e65088. doi: 10.7554/eLife.65088

Bian, X.-Y., Maurice Mbadinga, S., Liu, Y.-F., Yang, S.-Z., Liu, J.-F., Ye, R.-Q., et al. (2015). Insights into the anaerobic biodegradation pathway of n-alkanes in oil reservoirs by detection of signature metabolites. Sci. Rep. 5:9801. doi: 10.1038/srep09801

Bolger, A. M., Lohse, M., and Usadel, B. (2014). Trimmomatic: a flexible trimmer for Illumina sequence data. Bioinformatics 30, 2114–2120.

Bowman, J. S., and Deming, J. W. (2014). Alkane hydroxylase genes in psychrophile genomes and the potential for cold active catalysis. BMC Genom. 15:1120. doi: 10.1186/1471-2164-15-1120

Bradford, M. A., Wieder, W. R., Bonan, G. B., Fierer, N., Raymond, P. A., and Crowther, T. W. (2016). Managing uncertainty in soil carbon feedbacks to climate change. Nat. Clim. Change 6, 751–758.

Callahan, B. J., McMurdie, P. J., Rosen, M. J., Han, A. W., Johnson, A. J. A., and Holmes, S. P. (2016). DADA2: high-resolution sample inference from Illumina amplicon data. Nat. Methods 13, 581–583. doi: 10.1038/nmeth.3869

Cantalapiedra, C. P., Hernández-Plaza, A., Letunic, I., Bork, P., Huerta-Cepas, J., and Tamura, K. (2021). eggNOG-mapper v2: functional annotation, orthology assignments, and domain prediction at the metagenomic scale. Mol. Biol. Evol. 38, 5825–5829. doi: 10.1093/molbev/msab293

Caporaso, J. G., Kuczynski, J., Stombaugh, J., Bittinger, K., Bushman, F. D., Costello, E. K., et al. (2010). QIIME allows analysis of high-throughput community sequencing data. Nat. Methods 7, 335–336.

Caporaso, J. G., Lauber, C. L., Walters, W. A., Berg-Lyons, D., Huntley, J., Fierer, N., et al. (2012). Ultra-high-throughput microbial community analysis on the Illumina HiSeq and MiSeq platforms. ISME J. 6, 1621–1624.

Chen, L., Li, W., Zhao, Y., Zhang, S., Meng, L., and Zhou, Y. (2023). Characterization of sulfide oxidation and optimization of sulfate production by a thermophilic Paenibacillus naphthalenovorans LYH-3 isolated from sewage sludge composting. J. Environ. Sci. 125, 712–722. doi: 10.1016/j.jes.2021.12.030

Constable, S. C., Parker, R. L., and Constable, C. G. (1987). Occam’s inversion: a practical algorithm for generating smooth models from electromagnetic sounding data. Geophysics 52, 289–300.

David, E., and Niculescu, V.-C. (2021). Volatile Organic Compounds (VOCs) as environmental pollutants: occurrence and mitigation using nanomaterials. Int. J. Environ. Res. Public Health 18:13147. doi: 10.3390/ijerph182413147

Effmert, U., Kalderás, J., Warnke, R., and Piechulla, B. (2012). Volatile mediated interactions between bacteria and fungi in the soil. J. Chem. Ecol. 38, 665–703.

Elder, C. D., Thompson, D. R., Thorpe, A. K., Chandanpurkar, H. A., Hanke, P. J., Hasson, N., et al. (2021). Characterizing methane emission hotspots from thawing permafrost. Glob. Biogeochem. Cycles 35:e2020GB006922. doi: 10.1029/2020GB006922

Farquharson, L. M., Romanovsky, V. E., Kholodov, A., and Nicolsky, D. (2022). Sub-aerial talik formation observed across the discontinuous permafrost zone of Alaska. Nat. Geosci. 15, 475–481.

Fierer, N., Lauber, C. L., Ramirez, K. S., Zaneveld, J., Bradford, M. A., and Knight, R. (2012). Comparative metagenomic, phylogenetic and physiological analyses of soil microbial communities across nitrogen gradients. ISME J. 6, 1007–1017. doi: 10.1038/ismej.2011.159

Franchina, F. A., Purcaro, G., Burklund, A., Beccaria, M., and Hill, J. E. (2019). Evaluation of different adsorbent materials for the untargeted and targeted bacterial VOC analysis using GC×GC-MS. Analyt. Chim. Acta 1066, 146–153. doi: 10.1016/j.aca.2019.03.027

Ghirardo, A., Lindstein, F., Koch, K., Buegger, F., Schloter, M., Albert, A., et al. (2020). Origin of volatile organic compound emissions from subarctic tundra under global warming. Glob. Change Biol. 26, 1908–1925. doi: 10.1111/gcb.14935

Gibson, J., and Harwood, C. S. (2002). Metabolic diversity in aromatic compound utilization by anaerobic microbes. Annu. Rev. Microbiol. 56, 345–369.

Gómez, A.-C., Lyons, T., Mamat, U., Yero, D., Bravo, M., Daura, X., et al. (2022). Synthesis and evaluation of novel furanones as biofilm inhibitors in opportunistic human pathogens. Eur. J. Med. Chem. 242: 114678. doi: 10.1016/j.ejmech.2022.114678

Hanschen, F. S., and Schreiner, M. (2017). Isothiocyanates, nitriles, and epithionitriles from glucosinolates are affected by genotype and developmental stage in brassica oleracea varieties. Front. Plant Sci. 8:1095. doi: 10.3389/fpls.2017.01095

Heslop, J. K., Walter Anthony, K. M., Winkel, M., Sepulveda-Jauregui, A., Martinez-Cruz, K., Bondurant, A., et al. (2020). A synthesis of methane dynamics in thermokarst lake environments. Earth Sci. Rev. 210:103365.

Holland, A. T., Bergk Pinto, B., Layton, R., Williamson, C. J., Anesio, A. M., Vogel, T. M., et al. (2020). Over winter microbial processes in a svalbard snow pack: an experimental approach. Front. Microbiol. 11: 1029. doi: 10.3389/fmicb.2020.01029

Hough, M., McClure, A., Bolduc, B., Dorrepaal, E., Saleska, S., Klepac-Ceraj, V., et al. (2020). Biotic and environmental drivers of plant microbiomes across a permafrost thaw gradient. Front. Microbiol. 11: 796. doi: 10.3389/fmicb.2020.00796

Huang, X.-Q., Li, R., Fu, J., and Dudareva, N. (2022). A peroxisomal heterodimeric enzyme is involved in benzaldehyde synthesis in plants. Nat. Commun. 13: 1352. doi: 10.1038/s41467-022-28978-2

in ’t Zandt, M. H., Liebner, S., and Welte, C. U. (2020). Roles of thermokarst lakes in a warming world. Trends Microbiol. 28, 769–779. doi: 10.1016/j.tim.2020.04.002

Jansson, J. K., and Taş, N. (2014). The microbial ecology of permafrost. Nat. Rev. Microbiol. 12, 414–425.

Ji, M., Kong, W., Liang, C., Zhou, T., Jia, H., and Dong, X. (2020). Permafrost thawing exhibits a greater influence on bacterial richness and community structure than permafrost age in Arctic permafrost soils. Cryosphere 14, 3907–3916.

Jiao, Y., Davie-Martin, C. L., Kramshøj, M., Christiansen, C. T., Lee, H., Althuizen, I. H. J., et al. (2023). Volatile organic compound release across a permafrost-affected peatland. Geoderma 430:116355.

Jobst, B., Schühle, K., Linne, U., and Heider, J. (2010). ATP-dependent carboxylation of acetophenone by a novel type of carboxylase. J. Bacteriol. 192, 1387–1394.

Jorgenson, M. T., Romanovsky, V., Harden, J., Shur, Y., O’Donnell, J., Schuur, E. A. G., et al. (2010). Resilience and vulnerability of permafrost to climate change. This article is one of a selection of papers from The Dynamics of Change in Alaska’s Boreal Forests: resilience and Vulnerability in Response to Climate Warming. Can. J. For. Res. 40, 1219–1236.

Kanehisa, M., Furumichi, M., Sato, Y., Kawashima, M., and Ishiguro-Watanabe, M. (2023). KEGG for taxonomy-based analysis of pathways and genomes. Nucleic Acids Res. 51, D587–D592.

Kokelj, S. V., Lantz, T. C., Tunnicliffe, J., Segal, R., and Lacelle, D. (2017). Climate-driven thaw of permafrost preserved glacial landscapes, northwestern Canada. Geology 45, 371–374.

Kramshøj, M., Albers, C. N., Svendsen, S. H., Björkman, M. P., Lindwall, F., Björk, R. G., et al. (2019). Volatile emissions from thawing permafrost soils are influenced by meltwater drainage conditions. Glob. Change Biol. 25, 1704–1716. doi: 10.1111/gcb.14582

Lemfack, M. C., Gohlke, B.-O., Toguem Serge, M. T., Preissner, S., Piechulla, B., and Preissner, R. (2018). mVOC 2.0: a database of microbial volatiles. Nucleic Acids Res. 46, D1261–D1265.

Li, B., Ho, S. S. H., Li, X., Guo, L., Chen, A., Hu, L., et al. (2021). A comprehensive review on anthropogenic volatile organic compounds (VOCs) emission estimates in China: comparison and outlook. Environ. Int. 156: 106710. doi: 10.1016/j.envint.2021.106710

Li, C., Hambright, K. D., Bowen, H. G., Trammell, M. A., Grossart, H. P., Burford, M. A., et al. (2021). Global co-occurrence of methanogenic archaea and methanotrophic bacteria in Microcystis aggregates. Environ. Microbiol. 23, 6503–6519. doi: 10.1111/1462-2920.15691

Li, D., Liu, C.-M., Luo, R., Sadakane, K., and Lam, T.-W. (2015). MEGAHIT: an ultra-fast single-node solution for large and complex metagenomics assembly via succinct de Bruijn graph. Bioinformatics 31, 1674–1676. doi: 10.1093/bioinformatics/btv033

Liljedahl, A. K., Boike, J., Daanen, R. P., Fedorov, A. N., Frost, G. V., Grosse, G., et al. (2016). Pan-Arctic ice-wedge degradation in warming permafrost and its influence on tundra hydrology. Nat. Geosci. 9, 312–318.

Mackelprang, R., Burkert, A., Haw, M., Mahendrarajah, T., Conaway, C. H., Douglas, T. A., et al. (2017). Microbial survival strategies in ancient permafrost: insights from metagenomics. ISME J. 11, 2305–2318.

Mackelprang, R., Waldrop, M. P., DeAngelis, K. M., David, M. M., Chavarria, K. L., Blazewicz, S. J., et al. (2011). Metagenomic analysis of a permafrost microbial community reveals a rapid response to thaw. Nature 480, 368–371. doi: 10.1038/nature10576

Mackie, R. I., White, B. A., and Bryant, M. P. (2008). Lipid metabolism in anaerobic ecosystems. Crit. Rev. Microbiol. 17, 449–479.

Maurer, D. L., Ellis, C. K., Thacker, T. C., Rice, S., Koziel, J. A., Nol, P., et al. (2019). Screening of microbial volatile organic compounds for detection of disease in cattle: development of lab-scale method. Sci. Rep. 9:12103. doi: 10.1038/s41598-019-47907-w

McGivern, B. B., Tfaily, M. M., Borton, M. A., Kosina, S. M., Daly, R. A., Nicora, C. D., et al. (2021). Decrypting bacterial polyphenol metabolism in an anoxic wetland soil. Nat. Commun. 12:2466. doi: 10.1038/s41467-021-22765-1

McNeill, J. D., and Labson, V. F. (1991). “7. Geological mapping using VLF radio fields,” in Electromagnetic Methods in Applied Geophysics, ed. M. N. Nabighian (Society of Exploration Geophysicists: Houston, TX), 521–640. doi: 10.1190/1.9781560802686.ch7

Meredith, L. K., and Tfaily, M. M. (2022). Capturing the microbial volatilome: an oft overlooked ‘ome’. Trends Microbiol. 30, 622–631. doi: 10.1016/j.tim.2021.12.004

Mishra, U., and Riley, W. J. (2012). Alaskan soil carbon stocks: spatial variability and dependence on environmental factors. Biogeosciences 9, 3637–3645.

Monteiro Santos, F. A., Mateus, A., Figueiras, J., and Gonçalves, M. A. (2006). Mapping groundwater contamination around a landfill facility using the VLF-EM method — A case study. J. Appl. Geophys. 60, 115–125.

Monteux, S., Weedon, J. T., Blume-Werry, G., Gavazov, K., Jassey, V. E. J., Johansson, M., et al. (2018). Long-term in situ permafrost thaw effects on bacterial communities and potential aerobic respiration. ISME J. 12, 2129–2141. doi: 10.1038/s41396-018-0176-z

Olefeldt, D., Goswami, S., Grosse, G., Hayes, D., Hugelius, G., Kuhry, P., et al. (2016). Circumpolar distribution and carbon storage of thermokarst landscapes. Nat. Commun. 7: 13043. doi: 10.1038/ncomms13043

Pellerin, A., Lotem, N., Walter Anthony, K., Eliani Russak, E., Hasson, N., Røy, H., et al. (2022). Methane production controls in a young thermokarst lake formed by abrupt permafrost thaw. Glob. Change Biol. 28, 3206–3221. doi: 10.1111/gcb.16151

PeÑUelas, J., Asensio, D., Tholl, D., Wenke, K., Rosenkranz, M., Piechulla, B., et al. (2014). Biogenic volatile emissions from the soil. Plant Cell Environ. 37, 1866–1891.

Ren, S., Wang, T., Guenet, B., Liu, D., Cao, Y., Ding, J., et al. (2024). Projected soil carbon loss with warming in constrained Earth system models. Nat. Commun. 15:102.

Rivard, C. J., and Grohmann, K. (1991). Degradation of furfural (2- furaldehyde) to methane and carbon dioxide by an anaerobic consortium. Appl. Biochem. Biotechnol. 28-29, 285–295. doi: 10.1007/BF02922608

Sasaki, Y. (1989). Two-dimensional joint inversion of magnetotelluric and dipole-dipole resistivity data. Geophysics 54, 254–262.

Schaefer, K., Lantuit, H., Romanovsky, V. E., Schuur, E. A. G., and Witt, R. (2014). The impact of the permafrost carbon feedback on global climate. Environ. Res. Lett. 9: 085003.

Schirrmeister, L., Meyer, H., Andreev, A., Wetterich, S., Kienast, F., Bobrov, A., et al. (2016). Late Quaternary paleoenvironmental records from the Chatanika River valley near Fairbanks (Alaska). Quatern. Sci. Rev. 147, 259–278.

Schmidt, R., Etalo, D. W., de Jager, V., Gerards, S., Zweers, H., de Boer, W., et al. (2016). Microbial small talk: volatiles in fungal–bacterial interactions. Front. Microbiol. 6:1495. doi: 10.3389/fmicb.2015.01495

Schulz-Bohm, K., Gerards, S., Hundscheid, M., Melenhorst, J., de Boer, W., and Garbeva, P. (2018). Calling from distance: attraction of soil bacteria by plant root volatiles. ISME J. 12, 1252–1262. doi: 10.1038/s41396-017-0035-3

Schulz-Bohm, K., Martín-Sánchez, L., and Garbeva, P. (2017). Microbial volatiles: small molecules with an important role in intra- and inter-kingdom interactions. Front. Microbiol. 8: 2484. doi: 10.3389/fmicb.2017.02484

Schuur, E. A. G., McGuire, A. D., Schädel, C., Grosse, G., Harden, J. W., Hayes, D. J., et al. (2015). Climate change and the permafrost carbon feedback. Nature 520, 171–179.

Segata, N., Izard, J., Waldron, L., Gevers, D., Miropolsky, L., Garrett, W. S., et al. (2011). Metagenomic biomarker discovery and explanation. Genome Biol. 12:R60.

Sela-Adler, M., Ronen, Z., Herut, B., Antler, G., Vigderovich, H., Eckert, W., et al. (2017). Co-existence of methanogenesis and sulfate reduction with common substrates in sulfate-rich estuarine sediments. Front. Microbiol. 8:766. doi: 10.3389/fmicb.2017.00766

Singer, E., Andreopoulos, B., Bowers, R. M., Lee, J., Deshpande, S., Chiniquy, J., et al. (2016). Next generation sequencing data of a defined microbial mock community. Sci. Data 3:160081.

Singleton, C. M., McCalley, C. K., Woodcroft, B. J., Boyd, J. A., Evans, P. N., Hodgkins, S. B., et al. (2018). Methanotrophy across a natural permafrost thaw environment. ISME J. 12, 2544–2558. doi: 10.1038/s41396-018-0065-5

Smith, S. L., Romanovsky, V. E., Lewkowicz, A. G., Burn, C. R., Allard, M., Clow, G. D., et al. (2010). Thermal state of permafrost in North America: a contribution to the international polar year. Permafrost Periglacial Processes. 21, 117–135.

Tao, F., Houlton, B. Z., Frey, S. D., Lehmann, J., Manzoni, S., Huang, Y., et al. (2024). Reply to: model uncertainty obscures major driver of soil carbon. Nature 627, E4–E6. doi: 10.1038/s41586-023-07000-9

Tripathi, B. M., Kim, H. M., Jung, J. Y., Nam, S., Ju, H. T., Kim, M., et al. (2019). Distinct taxonomic and functional profiles of the microbiome associated with different soil horizons of a moist tussock tundra in alaska. Front. Microbiol. 10:1442. doi: 10.3389/fmicb.2019.01442

Turetsky, M. R., Abbott, B. W., Jones, M. C., Anthony, K. W., Olefeldt, D., Schuur, E. A. G., et al. (2020). Carbon release through abrupt permafrost thaw. Nat. Geosci. 13, 138–143.

Turetsky, M. R., Abbott, B. W., Jones, M. C., Walter Anthony, K., Olefeldt, D., Schuur, E. A. G., et al. (2019). Permafrost collapse is accelerating carbon release. Nature 569, 32–34.

Tyc, O., Song, C., Dickschat, J. S., Vos, M., and Garbeva, P. (2017). The ecological role of volatile and soluble secondary metabolites produced by soil bacteria. Trends Microbiol. 25, 280–292. doi: 10.1016/j.tim.2016.12.002

Veraart, A. J., Garbeva, P., van Beersum, F., Ho, A., Hordijk, C. A., Meima-Franke, M., et al. (2018). Living apart together—bacterial volatiles influence methanotrophic growth and activity. ISME J. 12, 1163–1166. doi: 10.1038/s41396-018-0055-7

Vigneron, A., Lovejoy, C., Cruaud, P., Kalenitchenko, D., Culley, A., and Vincent, W. F. (2019). Contrasting winter versus summer microbial communities and metabolic functions in a permafrost thaw lake. Front. Microbiol. 10:1656. doi: 10.3389/fmicb.2019.01656

Vonk, J. E., Tank, S. E., Mann, P. J., Spencer, R. G. M., Treat, C. C., Striegl, R. G., et al. (2015). Biodegradability of dissolved organic carbon in permafrost soils and aquatic systems: a meta-analysis. Biogeosciences 12, 6915–6930.

Waldrop, M. P., Chabot, C. L., Liebner, S., Holm, S., Snyder, M. W., Dillon, M., et al. (2023). Permafrost microbial communities and functional genes are structured by latitudinal and soil geochemical gradients. ISME J. 17, 1224–1235. doi: 10.1038/s41396-023-01429-6

Walter Anthony, K. M., Anthony, P., Hasson, N., Edgar, C., Sivan, O. Eliani-Russak, E., et al. (2024). Upland Yedoma taliks are an unpredicted source of atmospheric methane. Nat. Commun. 15:6056. doi: 10.1038/s41467-024-50346-5

Walter Anthony, K. M., Lindgren, P., Hanke, P., Engram, M., Anthony, P., Daanen, R. P., et al. (2021). Decadal-scale hotspot methane ebullition within lakes following abrupt permafrost thaw. Environ. Res. Lett. 16: 035010.

Walter Anthony, K., Daanen, R., Anthony, P., Schneider von Deimling, T., Ping, C.-L., Chanton, J. P., et al. (2016). Methane emissions proportional to permafrost carbon thawed in Arctic lakes since the 1950s. Nat. Geosci. 9, 679–682.

Walter Anthony, K., Schneider von Deimling, T., Nitze, I., Frolking, S., Emond, A., Daanen, R., et al. (2018). 21st-century modeled permafrost carbon emissions accelerated by abrupt thaw beneath lakes. Nat. Commun. 9:3262. doi: 10.1038/s41467-018-05738-9

Wang, S., Lu, Q., Liang, Z., Yu, X., Lin, M., Mai, B., et al. (2023). Generation of zero-valent sulfur from dissimilatory sulfate reduction in sulfate-reducing microorganisms. Proc. Natl Acad. Sci. U.S.A. 120: e2220725120.

Westhoff, S., van Wezel, G. P., and Rozen, D. E. (2017). Distance-dependent danger responses in bacteria. Curr. Opin. Microbiol. 36, 95–101. doi: 10.1016/j.mib.2017.02.002

Wilhelm, R. C., DeRito, C. M., Shapleigh, J. P., Madsen, E. L., and Buckley, D. H. (2021). Phenolic acid-degrading Paraburkholderia prime decomposition in forest soil. ISME Commun. 1:4. doi: 10.1038/s43705-021-00009-z

Wood, D. E., Lu, J., and Langmead, B. (2019). Improved metagenomic analysis with Kraken 2. Genome Biol. 20:257.

Zolkos, S., and Tank, S. E. (2020). Experimental evidence that permafrost thaw history and mineral composition shape abiotic carbon cycling in thermokarst-affected stream networks. Front. Earth Sci. 8:152. doi: 10.3389/feart.2020.00152


Copyright
 © 2025 Smallwood, Hasson, Yang, Schambach, Bennett, Ricken, Sammon, Mascarenas, Eberling, Kolker, Whiting, Mays, Anthony and Miller. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fmicb-15-1462941-g006.jpg
VOC Abundance

VOC Abundance

VOC Abundance

Cyclohexane

X 20
1x1o7-_ T
8x10° - =13
6
Lk - 10
4x106 -
4 -5
2x106:
0- )
BTL1 BTL2 SKP NSY
Bore Site
1 Cyclohexane [E& Cyclohexane
Dehydrogenase
(EC: 1.3.8.10)
Acetic Acid
8 |
6x10°- 600
4x108 — 400
2x108 - —200
0- -0
BTL1 BTL2 SKP NSY
Bore Site
] AceticAcid & Acetate Kinase
[EC:2.7.2.1]
Styrene
5x106 40
6.
aal i 30
3%106
y — 20
2x105 -
1%106 - <%0
0- -0
BTL1 BTL2 SKP NSY
Bore Site

[ Styrene [ Aliphatic Nitrilase
[EC:3.5.5.7]

aouepunqy auas

aouepunqy auasg

aosuepunqy auas

Isobornyl Formate

aouepunqy auas)

aouepunqy auas

2.5x10° 400
6
§ 2.0%10° - | sios
1)
T 1.5x10°
- i —200
< 1.0%10°-
8 -~
> 5.0%105- .
0.0 - -0
BTL1 BTL2 SKP NSY
Bore Site
[ Isobornyl Formate B2l Formylmethanofuran
Dehydrogenase
[EC:1.2.7.12)
Acetophenone
8x107 40
8 6x107- 30 §
< - S
T :
E 5
3 4x%107 - 20 2
< : 5
o
g s :
S 2x10 - —10 3
0- —0
BTL1 BTL2 SKP NSY
Bore Site
[ Acetophenone [EI Ethylbenzene
Hydroxylase
[EC:1.17.99.2]
Oleic Acid
2.5%x106 400
6 -
: 2.0%10° - -
s i
T 1.5x10° -
2 - ~200
< 1.0x106 -
8 -
> 5.0%105 - B
0.0 - o

BTL1 BTL2 SKP

1 Oleic Acid

Bore Site

NSY

3 Catalase [EC:1.11.1.6]





OPS/images/fmicb-15-1462941-g007.jpg
P Medium Abundance VOC
5x
" i BTL1
I BTL2
- T [ SKP
B NSY
2.0x107
1.5%107
)
0
= '
© =
©
c
5 X
O y T T
O
>
1.0x107 -
5.0%106-
0.0~
¢ D 2 DN A2 LA o 2 S A O @ a. &N AL N N
"&* & Q‘F\ o o‘a-’s’\.@b .bO‘b o°° O o‘& @(\@(& ooo vS'\ & o‘b < ) 6‘6 '&’\ g’("\
T T o Pl S W e @0\0-;0 > L L
&’é’-\bw@\ Q\Q‘V& 0\6 & 6°c,~‘> O &" oV ¥ &\ o 53@» o¥ v@w&
W F W @t P97 O FF &N o 00
) PR v O C:\ o oQ 0_ o
. % o Vv W ¢ R S
Q o R 60 O L AP
& X @ » & TP
& *b N o & FORS
¥ & V& O
© < b
@) q:?

High Abundance VOC

VOC Abundance
H
L 4
o
. »

> Low Abundance VOC
6x10°- -
o =
—J—
© 4x10°-
=
§ -
8 -
S .
2x10°-
o-
» » & N QD a2 N
> .5 2 & O
& o"\b & & q',&* 0"0\ * \\*b 3
PR IR S PR
V’é O 09' ’\b‘ °¢Q~ b° 0@‘0 &O Q\) 00\
a2 \{b ,bo &O (}p oo'b ‘\\o
oo'\" S O ‘&«‘ &
@ R
Q*°Q '\'@ 4(“\0
v v





OPS/images/fmicb-15-1462941-g004.jpg
0

2
PC1

PC2

0 4

T
-

~
Ajisianigeyd|y

0SL'dIS

0SL'ASN

- 00€°2719

osL'zg

0SS°21149

- 0SL°L119





OPS/images/fmicb-15-1462941-g005.jpg
+]

aouepunqy auao

Genus
Bradyrhizobium
Streptomyces
Clostridium
Methanosarcina
Arthrobacter
Pseudomonas
Hyphomicrobium
Anaeromyxobacter
Rhodoplanes
Mesorhizobium
Rhizobium
Sphingomonas
Usitatibacter
Paenibacillus
Methylobacterium
Burkholderia
Nocardioides
Microbacterium
Pseudolabrys
Bacillus
Micromonospora
Mycolicibacterium
Mycobacterium
Rhodopseudomonas
Methyloceanibacter
Methyloligella
Paraburkholderia
Cupriavidus
Methanoregula
Corynebacterium
Amycolatopsis
Bosea

Variovorax
Rhodococcus
Pseudarthrobacter
Methanothrix
Cellulomonas
Flavobacterium
Nocardia
Geobacter

Massilia
Paracoccus
Methylocystis
Sinorhizobium

BTL1.150 BTL2.150

12.365
4.716
3.586
3.570

2.353

1.828
1.555
1.358
1.310

19.902
4.977
0.314
0.520

1.093
1.027
1.017 0.439
0.963  0.358
0.875 0.474
0.896
0.776 0.893
1.075
0.745 1.866
0.648
0.634 0.635
0.618 0.673
0.540 0.623
0.521 0.709

0.512
0.494

0.618
0.621
0465  0.009
0.455  0.386
0.451 0.533
0.437 0.272
1.438
0.420 0.508
0.417 0.107
0.397 0.015
2.263
0.369 0.239
0.338 0.334
0.323
0319 0219
0.309

SKP.150

NSY.150

1.272

0.106
0.057 0.043
0.709 0.903

0.623 0.988

0.781
1.169
0.284

0.765
0.129

0.728

0.678

.
5 _—
"fo‘: Archasa 02% .
Yie

Homo sapesens 0 2% .
.

Viruses 0 004% "t:
[.’33

[other Root] 0 1%






OPS/images/cross.jpg
©

|





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Bioindicator “fingerprints” of methane-emitting thermokarst features in Alaskan soils



		Background



		Materials and methods



		Geophysical surveys of drilling locations, methane flux measurements, and soil cores collection



		Subsampling soil cores



		Elemental chemical analysis



		16S rRNA sequencing and analysis of cores from various depths



		Shotgun metagenomic library preparation and sequencing of soil core samples



		Metagenomic bioinformatics and microbial composition analysis



		Gas collection and chemical desorption of VOCs from borehole sites



		2D-GC-MS instrumental parameters and standards



		Volatile compound composition and abundance analysis







		Results



		Profiling talik sites using geophysical surveys



		Microbial community structure and diversity



		Potential metabolic functional genes



		Characterizing borehole VOCs and their associated biogenic pathways







		Discussion



		Biogenic VOCs serve as biological indicators of CH4-emitting taliks



		Methanogens, methanotrophs, and microbial communities



		Borehole VOC fingerprints and related anaerobic degradation pathways



		Volatilomics for informing subsurface biokinetics







		Conclusion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary Material



		References

















OPS/images/cover.jpg
, frontiers | Frontiers in Microbiology













OPS/images/logo.jpg
’ frontiers ‘ Frontiers in Microbiology







OPS/images/fmicb-15-1462941-g002.jpg
Tanana-Yukon

A 4 ‘ ' ﬁ - Uplands

» : T
3 U

. e -
Chatanika AN \ K‘“ ‘ , 4

P
""":‘ ..' \'"

n

Permafrost types

Sporadic
- Isolated
- Continuous

Discontinuous

| T T 1T 17T 1T 1T 1T} Tanana River

25T Ny

- LSS a -

0 200 400 800 km | 'owands






OPS/images/fmicb-15-1462941-g003.jpg
--- <0.55% (25" percentile)

| Hydrogen-dependent
— 0.55% < and < 13.02% (50 percentile)

Carbon Dioxide

— 13.02% < and < 25.20% (75" percentile) methanogenesis
- > 2520% ‘ll l
R 4
Formyl-MFR
Methane CoM-S-S-CoB
e
‘1‘l‘1 N5-Formyl-
THMPT
4AL
Coenzyme B IIIvvv
5,10-Methenyl-
Methanol-dependent B BTLI.150 THMPT
methanogenesis M BTL2.150 l H
B skp.150
— 5,10-Methylene-
— .~ NSY.150 \AAAA/ THMPT
Methanol — >  Methyl-CoM Il 812300 Coenzyme M l l l
— 244444 . BTL2.550 'VYSW VY v .-

5-Methly- <
THM(S)PT <.

<
11174t
Acetate-dependent |

methanogenesis z
Acetate Acetylphosphate <>  Acetyl-CoA

1t — T M1

AALAAA






OPS/images/fmicb-15-1462941-g001.jpg
BTL

NSY

SKP

distance-m

40 60

distance-m

0 25

50

0 20 4 60 80 100 120 140 160 180

Cc Residual talik c’ 1 -

[ - Drained Lake (C A f trangmitter __Primary field g J§
¥ W :

S Ice wedge 188
g o

© = o
5

distance-m i -

onm-m





