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Despite the presence of well-documented changes in vegetation and faunal communities at the Pleistocene-Holocene transition, it is unclear whether similar shifts occurred in soil microbes. Recent studies do not show a clear connection between soil parameters and community structure, suggesting permafrost microbiome-climate studies may be unreliable. However, the majority of the permafrost microbial ecological studies have been performed only in either Holocene- or Pleistocene-aged sediments and not on permafrost that formed across the dramatic ecosystem reorganization at the Pleistocene-Holocene transition. In our study, we used permafrost recovered in proximity to the Pleistocene-Holocene transition subsampled under strict sterile conditions developed for ancient DNA studies. Our ordination analyses of microbial community composition based on 16S RNA genes and chemical composition of the soil samples resulted into two distinct clusters based on whether they were of late Pleistocene or Holocene age, while samples within an epoch were more similar than those across the boundary and did not result in age based separation. Between epochs, there was a statistically significant correlation between changes in OTU composition and soil chemical properties, but only Ca and Mn were correlated to OTU composition within Holocene aged samples; furthermore, no chemical parameters were correlated to OTU composition within Pleistocene aged samples. Thus, the results indicate that both soil chemical and microbial parameters are fairly stable until a threshold, driven by climate change in our study, is crossed, after which there is a shift to a new steady state. Modern anthropogenic climate change may lead to similar transitions in state for soil biogeochemical systems and microbial communities in Arctic regions.
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INTRODUCTION

The Pleistocene – Holocene transition was accompanied by rapid, extensive global climate and ecosystem changes (Barnosky et al., 2004; Guthrie, 2006). These rapid changes forced the Earth system to cross a climate threshold causing a major transition in terrestrial biosphere and pedogenesis from one stable state to another stable state and coincided with extinction of megafauna, reorganization of plant communities, and accompanying changes in soil chemistry and sedimentation (Alley et al., 2003; Steffen et al., 2018; Lacelle et al., 2019). At high latitudes, these changes may be preserved in relict permafrost (Shapiro and Cooper, 2003; Froese et al., 2009; Gaglioti et al., 2016). These natural biological and chemical archives have been used to reconstruct late Quaternary paleoclimate (Porter et al., 2019), vegetation (Willerslev et al., 2014), and faunal communities (Haile et al., 2009; Lorenzen et al., 2011). Despite the presence of well-documented changes in vegetation and faunal community structure across the Pleistocene-Holocene transition (Guthrie, 2006; Mann et al., 2016), it is still unclear whether these changes were associated with concomitant restructuring of soil microbial communities.

Recent studies have shown that the main factors governing microbial community structure in permafrost appear to be the age of the samples (Mackelprang et al., 2017; Burkert et al., 2019; Liang et al., 2019), ice content (Burkert et al., 2019), dispersal limitation and physical/thermodynamic constraints (Bottos et al., 2018), with little to no correlation with soil chemical parameters. For example, one recent study indicated that microbes within three Pleistocene-aged permafrost chronosequences changed in composition in response to increasing age, with a corresponding increase in survival strategies (Mackelprang et al., 2017). These correlations suggest that these environmental pressures, arising from harsh permafrost conditions, select for a subset of species and that the community structure deviates from the community present at the time the permafrost was formed (Willerslev et al., 2004; Kraft et al., 2015; Mackelprang et al., 2017; Liang et al., 2019). However, another study performed on two Pleistocene-aged permafrost samples of a similar age but differing origins (lake-alluvial sediments and Yedoma/ice complex sediments) indicated the presence of two distinct microbial communities, which were formed in response to differing environmental settings and not due to the age of the samples alone (Rivkina et al., 2016). As a result, it is not clear whether relict permafrost microbial communities provide a window into past soil microbial communities, or are the strict remnants of selective pressures of the permafrost environment, or some combination of the two.

In this study, we selected samples on either side of the Pleistocene-Holocene transition from a permafrost core extracted from central Yukon, a part of Eastern Beringia. The permafrost of Eastern Beringia contains exceptional proxy records of climate change (Froese et al., 2009). Furthermore, the Pleistocene-Holocene transition zone preserved in Eastern Beringian permafrost is prominent in the core stratigraphy, allowing for detailed microbiological and soil physicochemical analyses (Porter et al., 2019). The core in this study was collected about 1.5 m adjacent to, and shares stratigraphy with a well-dated and chemically and physically characterized core spanning the last ca. 16,000 years (Davies et al., 2018; Porter et al., 2019).



MATERIALS AND METHODS


Permafrost Coring Location and Analysis of the Soil Texture

The topography of our sampling site (DHP174-13L) along with the paleoenvironmental setting, stratigraphy and coring strategies were described previously (Davies et al., 2018; Porter et al., 2019). We obtained a 3.97 m long permafrost core (called DHL_16, collected in May 2016) about 1.5 m lateral to the core reported by Porter et al. (2019). Three intervals from depths of 174–210, 296–319, and 327–365 cm (termed DHL_16_1, DHL_16_2, and DHL_16_3 in this manuscript, respectively) were selected from the DHL_16 core for microbiological and chemical analyses. We were careful to sample near the Pleistocene-Holocene transition zone while avoiding the transition zone itself to minimize any effects of water migration in the paleoactive layer [detailed in Porter et al. (2019) for the stable isotopes of the pore waters in that study]. Active layer (or seasonally thawed soils) can allow water leaching from the paleo-surface to deeper depths (<∼50 cm at this site today) and result in mixing of the surface water, potentially impacting microbial and edaphic properties. We used the depleted water isotopes to provide further support that the waters (and thus the microbes) have not been mobilized since they froze (detailed in Porter et al., 2019).

The core stratigraphy, reported by Davies et al. (2018) and Porter et al. (2019), documents three prominent units that are readily recognized in both cores: units 1, 2, and 3 from the bottom of the core to the surface. The youngest unit sampled, corresponding to unit 3 of Porter et al. (2019) consists of peat (sampled interval 174–210 cm; DHL_16_1) and dates to the early Holocene (∼8–10.5 k cal yr BP), whereas DHL_16_2 and DHL_16_ 3 are loessal silts (eolian silt) (sampled at 296–319 cm and 327–365 cm respectively) both associated with the late Pleistocene (∼14.3–15 k cal yr BP, and ∼15–16 k cal yr BP, respectively), based on the age model of Porter et al. (2019). At the site, the peat/silt boundary was determined to be at 244 cm (which was dated to ∼10.5 k cal yr BP, Supplementary Figure S1). These three selected intervals were vertically cut into 1/3 and 2/3 subsections with the aid of a masonry saw. The 2/3 sections were used for DNA extraction, while the 1/3 sections were used for chemical analyses (Saidi-Mehrabad et al., 2020).

Soil textures of Holocene-aged samples from 210 cm depth and Pleistocene-aged samples from 296 cm depth were examined and photographed under 4.5× and 67× magnifications of a zoom stereomicroscope (Olympus-Life Sciences SZ61, Japan). These two depths were near the 244 cm peat/silt boundary. Samples were allowed to thaw and dry at 70°C in a table top oven for 48 h prior to microscopy.



Permafrost Edaphic Parameter Analysis

Selected intervals of DHL_16_1, DHL_16_2, and DHL_16_3 were sub-sectioned for soil chemical analysis based on a previously described method (Saidi-Mehrabad et al., 2020). Briefly, the 1/3 core sections were cut into 1 cm3 cubes with a hand saw in a 4°C cold room for measuring the basic chemical parameters of these samples, including organic carbon (OC), pH and gravimetric water content (GW) (Saidi-Mehrabad et al., 2020). Total carbon (TC) and total nitrogen (TN) were measured from 0.5 g of subsections based on a dry combustion method with the aid of an Elemental Analyzer (EA 4010; Costech International Strumatzione, Italy) (Sparks et al., 1996). Nitrate/nitrite (NO–3/NO2–) was analyzed using ∼ 5 g of soil material with a colorimetric diazo coupling method by a SmartChem Discrete Wet Chemistry analyzer (model 200, Westco Scientific, United States) (Maynard et al., 1993). Ammonium (NH4+) was measured from 0.5 g of subsections based on a colorimetric Berthelot protocol (Maynard et al., 1993). Electrical conductivity (EC) was measured at 1:5 soil:water (w/v) ratio, calibrated at 20°C with 0.01M KCl solution (Hardie and Doyle, 2012) using an EC500 ExStik® II conductivity measuring device (EXTECH instruments, United States). Dissolved metals were extracted from 0.5 g of sample by HNO3/HCl digestion and measured via inductively coupled plasma-optical emission spectroscopy (iCAP6300, Thermofisher Scientific, Canada) (Skoog et al., 2007).



DNA Extraction and Sequencing

Prior to DNA extraction the 2/3 sections associated with the DHL_16_1, DHL_16_2, and DHL_16_3 intervals were cut into ∼6 × 3.5 × 2.5 cm rectangular pieces (n = 16) and the exterior of these rectangles were painted with a total of 3 × 108 cells/ml of Escherichia coli (E. coli) (strain DH10B) suspended in 50 ml of 1 × PBS using a 25 mm paintbrush (Saidi-Mehrabad et al., 2020). The E. coli strain used in our contamination monitoring procedure harbored a mNeonGreen-expressing and ampicillin-resistant pBAD/His B vector, which allowed us to trace the contamination at a much smaller levels via direct PCR targeting the vector or macro-photography of the glowing mNeonGreen protein under 470 nm wavelength (Saidi-Mehrabad et al., 2020). All rectangular pieces were decontaminated by the combination of bleach washing and scraping under sterilize conditions designed for ancient DNA analysis in a class 1000 clean lab with no history of sample processing (Saidi-Mehrabad et al., 2020). Genomic DNA was extracted from a total of ∼10 g of homogenized thawed soil at room temperature from each 6 cm subsection using a modified ZymoBIOMICS DNA Microprep kit (Zymo Research, United States) protocol (Saidi-Mehrabad et al., 2020). DNA concentration was measured with a Qubit dsDNA HS Assay Kit according to manufacturer’s protocol (Thermofisher Scientific, Canada). The extracted DNA was tested for the presence of the biological tracer used in our contamination monitoring procedure via PCR (performed in triplicate and in a variety of dilutions) as described previously (Saidi-Mehrabad et al., 2020). We were unable to obtain sufficient DNA devoid of the contamination tracer for sequencing from DHL_16_3 sub-sections, as a result, these samples were excluded from further molecular analysis (Supplementary Figure S2). Thus, a total of six segments, three from DHL_16_1 (174–179, 179–184, and 189–194 cm) and three from DHL_16_2 (296–301, 305–310, and 314–319 cm), passed our quality control steps (Saidi-Mehrabad et al., 2020) for microbial community analysis.

Clean genomic DNA extracted from the permafrost samples, a lab-constructed mock community (Supplementary Figure S3), and DNA extraction blanks (Supplementary Table S1) were sequenced based on the V4 region of the 16S rRNA genes by using standard Earth Microbiome Project (EMP) primers 515F and 806R (Caporaso et al., 2011). The platform used by the commercial sequencing provider (Microbiome Insights, Canada) was an Illumina MiSeq machine using a 250-bp paired-end kit (V2 500-cycle PE Chemistry; Illumina, United States). No additional library preparation kits were used, as the libraries were constructed in a single PCR step. Generated sequences were demultiplexed via bcl2fastq2 2.20 according to Illumina guidelines (Illumina, United States).



Quality Control of Raw Sequences and OTU Construction

A combination of USEARCH 10.0.240 (Edgar, 2010) and Mothur 1.39.5 (Schloss et al., 2009) pipelines were utilized for analyzing the sequences. USEARCH was used to merge the reads and to form contigs based on the criteria recommended in USEARCH 10 manual for analyzing sequences generated from the V4 region of the 16S rRNA genes. Mothur was used to merge the raw reads into a single merge file and to normalize the reads to the lowest read counts via random subsampling. OTU picking, chimera, and universal singleton checks were performed with the UPARSE pipeline via de novo/greedy heuristic algorithm (Edgar, 2013). The threshold used for OTU clustering was 97% similarity. Constructed OTUs were mapped to taxonomy via SINTAX algorithm by using a trained V4 16S rRNA RDP (v16; 13k sequences) database (Cole et al., 2014; Edgar, 2016). The confidence level cut-off at each taxonomic level was set to 0 to prevent data loss. In addition to the bootstrap values obtained from SINTAX algorithm, the taxonomic identity of the sequences were manually investigated via Basic Local Alignment Search Tool (BLAST) in the NCBI database (Altschul et al., 1990). All strains detected in the blank controls, Eukarya, Archaea species and Cyanobacteria/Chloroplast (termed anomalous sequences) were removed from downstream community analyses (Supplementary Table S2).

In summary, 98.1% of the reads passed the filtering Q score parameters (with expected error < 1.0) and resulted in 87843 filtered reads. Of these, 11417 reads were unique (de-replicated) and 8287 were singletons (72.6%). OTU counts were rarified to 1768 sequences per sample by random subsampling. UPARSE picked 778 OTUs, with 612 OTUs assigned to domain Bacteria via SINTAX after removal of anomalous sequences. Despite a relatively small number of OTUs and sample size, the constructed rarefaction curve demonstrated enough sampling depth for downstream diversity analyses (Supplementary Figure S4). Raw sequences obtained in this study have been archived in NCBI Sequence Read Archive under the ascension number of PRJNA607368, and BioSample accession of SAMN14130768.



Community Analysis

All the statistical computations that utilized the R language were performed in R Studio environment 1.1.442. The soil parameters were log10 (x + 1) transformed and were later used to create a variable matrix for PcOrd version 6.22 (Wild Blueberry Media, Inc., United States) and a Phyloseq 1.16.2 object for alpha and beta diversity analyses (McMurdie and Holmes, 2013). The possible differences in OTU structure between groups were calculated with Bray-Curtis dissimilarity matrix and clustering was calculated based on average linkage in PcOrd version 6.22. Results were visualized in a principal coordinate analysis biplot (PCoA) and statistical support for differences between groups was calculated with the aid of Multi-Response Permutation Procedure (MRPP) with 999 randomized permutation tests in PcOrd version 6.22 (Mielke et al., 1976). The coefficient of determination of chemical parameters to sample groups (Holocene or Pleistocene) were assessed based on the “envfit” function of vegan ver 2.4-2 package with max p < 0.05 and 999 permutation tests (Oksanen et al., 2007). Differences in chemical composition between samples were visualized in a principal component biplot (PCA). Samples were clustered based on average linkage and statistical significance between clusters were assessed based on MRPP in PcOrd version 6.22 (Mielke et al., 1976). The shared and unique OTUs between and within clusters detected in PCoA analysis were investigated with a co-occurrence network test based on a maximum ecological distance of 0.8 and distance matrix of Jaccard by the aid of Phyloseq 1.16.2 package (McMurdie and Holmes, 2013). To assess which taxa were significantly differentially abundant in Pleistocene and Holocene groups, the DESeq2 differential abundance method (Love et al., 2014) with a threshold of 0.01 and p < 0.05 was used on the top 10 dominant phyla within all samples combined (microbiomeSeq package 0.1). In order to assess the sequence similarity of the Pleistocene- and Holocene-aged bacteria to published bacteria, each representative sequence of an OTU was compared to publicly available sequences via BLAST in NCBI (standard nucleotide (nr/nt) database). Uncultured/environmental sample sequences were excluded from our search criteria. The top sequence hit similarity values for each individual group were averaged and compared with each other. The possible effect of epoch-based separation on the relationship between soil chemistry and changes in OTU structure were investigated using a negative binomial many-generalized linear model (ManyGLM) (Warton et al., 2012). The model performed multiple random re-samplings via Monte Carlo algorithm to investigate many correlated variables while considering the strong mean-variance relationship due to the presence of rare species and high zero inflation (Warton, 2011; Warton et al., 2012). The statistical significance of this model was based on Wald’s test, which employed a generalized estimating equations approach (Warton et al., 2012). The model was executed with the mvabund 4.0.1 package (Wang et al., 2012). This model was also used to assess the differential abundance of OTUs shared between Pleistocene- and Holocene-aged samples with the same criteria described above.



Live/Dead Microscopy Assay

The viability assay was performed with a Live/Dead BacLight Bacterial Viability Kit (Invitrogen Thermo Fisher, Canada) and a DM RXA fluorescence microscope (Leica Microsystems, Germany). The viable cells were enumerated via green fluorescence at 470 nm excitation and the dead cells were enumerated via red fluorescence at 530 nm excitation. A 36 cm section from DHL_16_1 and a 23 cm section from DHL_16_2 were cut, homogenized and subsampled in quadruplicate as representative Holocene and Pleistocene samples, respectively. For each replicate subsample, 15 fields of view were counted under both wavelengths and the resulting n = 60 mean observation was used to calculate the abundance and live/dead proportion of the cells. The detailed protocol is available in the supporting information.



RESULTS

The Holocene-aged permafrost sediments had properties distinct from Pleistocene-aged permafrost sediments, matching the descriptions of Fraser and Burn (1997) and Kotler and Burn (2000). The most noticeable difference was Holocene sediments were dominated by peat, while Pleistocene sediments were comprised of silty loess with frozen rare lenses of ice and largely lacking visible plant remains (Supplementary Figures S2A–D). No clear differences in texture were observed for samples within each epoch (Supplementary Figure S2). The presence of well-preserved plant macroremains from the peat suggest a relatively uninterrupted aggradation of permafrost with the plant material since the time of deposition, and that the permafrost of our sampling region formed syngenetically, or as the surface aggraded, without signs of previous thaw; this is also reflected by the water isotopes from these cores reported by Porter et al. (2019).

All measured chemical parameters differed significantly between Pleistocene and Holocene sediments (Tables 1, 2 and Supplementary Figures S1, S5). Similar to texture, none of the measured chemical parameters showed statistically significant changes within epochs. Holocene samples had significantly higher organic carbon (p < 0.001), nitrate/nitrite (p < 0.01), water (p < 0.01), and total nitrogen (p < 0.01) as well as significantly lower metals (p < 0.05), electrical conductivity (p < 0.05), and pH (p < 0.001) than Pleistocene samples (Tables 1, 2).


TABLE 1. Basic soil edaphic parameters of the selected segments for microbial analysis.
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TABLE 2. Measured dissolved metals of the selected segments for microbial analysis.

[image: Table 2]In addition to dramatic changes in soil composition and chemistry, there was significantly higher cell viability and cell abundance in Holocene samples than in Pleistocene samples, with ∼8 fold higher viable cells (p < 0.001), ∼2 fold fewer dead cells (p < 0.001) and ∼2 fold higher total cells (p < 0.001) (Figure 1). Direct microscopic cell counts demonstrated Holocene samples had a total of 1.12 × 107 (±4.44 × 106) cells g–1 of wet soil, with 84% viable cells and 16% non-viable cells. Pleistocene samples had a total of 6.47 × 106 (±9.57 × 105) cells g–1 of wet soil, with 17% viable cells and 83% non-viable cells (Figure 1).
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FIGURE 1. Live/dead cell counts of Holocene and Pleistocene aged samples. Error bars represent one standard deviation from the mean (n = 60 mean observation). For this experiment, samples from 174–210 cm (n = 4) and 296–319 cm (n = 4) were selected to investigate cell viability in Holocene aged and Pleistocene aged soils. These depths were selected based on their close proximity to the Pleistocene-Holocene transition zone of 244 cm. The statistical significance (Student’s t-test) of fold change in cell counts from Holocene to Pleistocene is as follows: fold change in viable cells (p < 0.001), fold change in dead cells (p < 0.001), and fold change in total cells (p < 0.001).


Overall microbial diversity based on 16S rRNA genes was either not significantly different between Holocene and Pleistocene samples (as measured by observed OTUs, Shannon diversity index, Chao1 richness estimator, Simpson evenness, and Fisher’s alpha diversity index), or the statistical support for differences was weak (as for the Mann–Whitney U test) (Supplementary Table S3). In a PCoA biplot, composite Holocene and Pleistocene samples demonstrated a dramatic dissimilarity in OTU composition. The microbial communities formed two clusters based on epoch; there was no clear differentiation within the epoch-based groups (Figure 2). Similar to soil texture, chemistry and cell abundance, each epoch-based cluster had a unique set of OTUs not present in the other epoch, which are probably selected by the environmental condition of each permafrost soil. The OTUs within and between epochs demonstrated that of 336 OTUs within Holocene samples, 84.5% were unique to this group (which we termed core Holocene OTUs, 284 OTUs), and only 15.5% were shared with the Pleistocene group (which we termed Pleistocene-Holocene shared, 52 OTUs) (Supplementary Figure S6). Similarly, of a total of 328 OTUs within the Pleistocene cluster, 84.1% of the OTUs were unique to this group (which we termed core Pleistocene OTUs, 276 OTUs), and only 15.8% of the OTUs were in Pleistocene-Holocene shared group (Supplementary Figure S6). The three dominant OTUs that formed the top 30% of the composite Pleistocene and Holocene samples were associated with the Pleistocene-Holocene shared group. In general, OTUs found within this cluster were slightly more dominant in Pleistocene samples (52.1%) than Holocene samples (47.8%).
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FIGURE 2. PCoA biplot of the OTU composition in Holocene (n = 3) and Pleistocene (n = 3) aged samples. Combined Axis 1 (PCOA1) and Axis 2 (PCOA2) components explained a total of 84.7% of the dissimilarity between the clusters in the system (p = 0.022). Samples 174–179, 179–184, 189–194 cm formed the Holocene cluster (8–10 k cal yr BP) and 296–301, 305–310, 314–319 cm formed the Pleistocene aged cluster (14–15 k cal yr BP). In the ordination space, samples (5 cm segments of DHL_16-1 and 2) have been shown with white circles and OTUs with colored squares. Colors of OTUs represent their taxonomic identity at the phylum level.


Core Pleistocene and Holocene sequences were individually compared to the standard reference DNA sequence database in NCBI via BLAST. The average percent similarity of core Pleistocene OTU 16S rRNA gene sequences to published bacterial sequences was 92.1% (±0.05%; n = 276 OTUs) in comparison to Holocene OTUs, which was 97.5% (±0.03%; n = 284 OTUs) (p < 0.001). Since the average of the 16S rRNA gene sequence similarity value of Pleistocene OTUs were less than the 97% identity boundary between unknown and known species (Stackebrandt and Goebel, 1994), they are uncharacterized and are more different from extant bacterial communities in databases than are Holocene OTUs. Pleistocene-Holocene shared OTUs (n = 52) demonstrated similarity to characterized strains similar to that for the Holocene OTUs (97.3% ± 0.05%) (p > 0.05) and not Pleistocene OTUs (p < 0.001).

Differential abundance analysis of the top 10 dominant phyla in composite Holocene and Pleistocene samples identified five phyla (Actinobacteria, Acidobacteria, Proteobacteria, Deinococcus-Thermus and Fusobacteria) as the main drivers of differences in taxonomy (p < 0.001) between Pleistocene and Holocene samples (Supplementary Figures S7, S8). In composite Holocene samples, 94% of the sequences fell within the Proteobacteria (56%), Actinobacteria (17%), Firmicutes (15%), and Bacteroidetes (5%) (Figure 3). Deinococcus-Thermus and Fusobacteria were part of the core Holocene samples and together constituted 3.58% of the community. On the other hand, 98% of the composite Pleistocene sequences were Actinobacteria (43%), Firmicutes (24%), Proteobacteria (16%), Acidobacteria (8%), and Bacteroidetes (6%). A similar distinction in taxonomic composition between composite Holocene and Pleistocene samples was also evident at the class level (Supplementary Figure S9). In the Pleistocene-Holocene shared group, 98% of the OTUs were associated with Proteobacteria (88%), Actinobacteria (8%), Firmicutes (2%) and Bacteroidetes (1%) respectively (Supplementary Figure S10a). Although these OTUs were shared between Pleistocene and Holocene samples the abundance of these OTUs were significantly different between epochs (p < 0.001) (Supplementary Figure S10b).
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FIGURE 3. Relative abundance analyses of the OTUs detected in Holocene-aged and Pleistocene-aged permafrost samples at the phylum level.


To test for possible correlation between epoch-based separation of the microbial community structure and changes in soil chemical parameters, a ManyGLM model was utilized. The ManyGLM indicated that within the composited Holocene samples, only Ca and Mn had a statistically significant correlation (p < 0.05) to the core OTUs. The other 20 measured variables, including depth of the samples, did not show any significant relationship to the core OTUs (Table 3). Within Pleistocene samples, no significant correlation was found between core OTUs and any measured variable, including depth of the samples. However, between the Pleistocene and Holocene groups, there was a clear correlation between shift in epoch, changes in soil chemical parameters and reorganization in core OTU compositions (Table 3).


TABLE 3. The probability values calculated based on Wald’s generalized estimating equation in the context of a negative binomial many generalized linear model (ManyGLM).

[image: Table 3]


DISCUSSION

The perennially frozen nature of permafrost prevents movement of entrapped bacteria, creating a dispersal limitation. Furthermore, it is a challenging environment in terms of energy and nutrient availability (thermodynamic constraints) and damage to cells (physical constraints) (Mackelprang et al., 2017; Bottos et al., 2018; Burkert et al., 2019; Liang et al., 2019). Therefore, permafrost creates an environmental filter that only allows species resistant to these effects to survive, dramatically changing the composition of the community (Mackelprang et al., 2017; Bottos et al., 2018). Furthermore, these effects are compounded with time, further shifting the communities as the permafrost ages (Mackelprang et al., 2017). Hence, it is not clear if the surviving community members can be used as a paleoenvironmental tool.

Most previous studies of permafrost microbial community structure or community-level function have been conducted on permafrost chronosequences from a single epoch (e.g., Mackelprang et al., 2011, 2017; Hultman et al., 2015). Therefore, it is not known whether there is a shift in the permafrost microbial community structure close to the Pleistocene-Holocene transition. We observed dramatic differences in soil chemistry and OTU composition in samples from either side of the Pleistocene-Holocene transition (Figure 2, Supplementary Figures S1, S5, S6, and Tables 1, 2). A small number of OTUs (n = 52) that were able to persist despite the dramatic change during the Pleistocene-Holocene transition and the permafrost freezing-filtering effect were shared among the Pleistocene and Holocene samples (Pleistocene-Holocene shared group; Supplementary Figure S6). However, their abundance differed dramatically between epochs (Supplementary Figure S10b). No significant differences were observed between samples within an epoch (despite a difference in age between the samples). The lack of clear observable correlations between chemistry and microbiology within epochs is consistent with prior observations (e.g., Mackelprang et al., 2017; Bottos et al., 2018).

Based on our data, microbial community structure within an epoch is relatively stable over time, likely due to physiological flexibility and community stability of the microbial community (Shade et al., 2013). Thus, the environmental filter of the frozen and isolated conditions in the permafrost creates a strong selection pressure on microbial communities that are initially similar. Any relatively small signal of microbial community differences at the time of formation are lost. However, once the system surpasses a threshold, both chemical and microbial parameters rapidly shift to a new stable state. Some OTUs are able to persist, despite the dramatic change during the Pleistocene-Holocene transition and the permafrost freezing filtering effect, and were shared among the Pleistocene and Holocene samples (Pleistocene-Holocene shared group; Supplementary Figure S6) (Mandakovic et al., 2018). This scenario resembles the threshold hypothesis (also known as the tipping point hypothesis) (Scheffer et al., 2001), wherein a critical threshold exists in a system beyond which perturbations cause extensive changes (called “catastrophic” by Scheffer et al., 2001) and the system shifts from one stable state to another (Allison and Martiny, 2008; Shade et al., 2012; Mikkelson et al., 2016). Many paleoclimatic records indicate that the Pleistocene-Holocene transition was rapid and caused the climate system to cross a threshold, triggering a rapid transition to a warmer Holocene climate (Alley et al., 2003; Guthrie, 2006; Boers et al., 2018). Such an abrupt change is consistent with our ManyGLM model (Table 2), which did not detect any statistically significant correlation between OTU composition and soil chemical parameters within an epoch, with the exception of weak statistical support for correlations with Mn and Ca in Holocene samples (Table 2). However, between epochs, the ManyGLM model indicated a statistically significant change in microbial community structure and chemical profile (Table 2). Hence, we hypothesize that both soil chemical and microbial parameters were relatively stable until a threshold was reached at the Pleistocene-Holocene transition, after which there was a drastic shift to a new set of chemical and microbial parameters.

One implication of the threshold hypothesis described above is that it may explain why some decades-long in situ soil warming experiments have shown little or no change in microbial community structure (e.g., Kuffner et al., 2012), while lab-based incubations have shown dramatic shifts in community structure in a matter of days (e.g., Mackelprang et al., 2011). This difference between field and lab outcomes is likely because field-based studies generally involve moderate heating of the surface active layer of soil and thus do not strongly affect the underlying permafrost. In these experiments, microbes are able to gradually acclimate to moderate warming and the community resists shifts in composition (Allison and Martiny, 2008; Bradford et al., 2008; Rousk et al., 2012; Metcalfe, 2017). In contrast, in laboratory-based experiments, small amounts of permafrost thaw rapidly in response to increased temperature, leading to significant changes in the physicochemical parameters of the soil (Vonk et al., 2015) accompanied by dramatic changes in microbial community structure (e.g., Mackelprang et al., 2011; Schostag et al., 2019). Even changes at subzero temperatures in laboratory microcosms have been reported to alter microbial community structure (Tuorto et al., 2014).

Changes in OTU and chemical composition between epochs were accompanied by major changes in taxonomy (Supplementary Figures S7, S8). Proteobacteria-related species were dominant in Holocene samples, whereas Actinobacteria-related species dominated Pleistocene samples (Figure 3 and Supplementary Figures S7, S8). Species associated with phyla Proteobacteria and Actinobacteria are the most dominant species in soil worldwide (Janssen, 2006), including cold environments such as permafrost (e.g., Gittel et al., 2014; Zhang et al., 2016). Although phylogeny cannot be used to directly infer physiology and broad taxonomic groups (such as phyla) can include organisms with many different physiological features, strains affiliated with Actinobacteria have been characterized as oligotrophs adapted to nutrient-poor environments, while strains associated with Proteobacteria have been characterized as copiotrophs adapted to carbon-rich systems (De Vries and Shade, 2013; Itcus et al., 2018). Competition for nutrients among species associated with these two phyla have been reported (Goldfarb et al., 2011). According to a recent revision in environmental filtering theory, abiotic factors initially select certain strains, and then the second phase of selection pressure occurs based on species competition for resources (Freedman and Zak, 2015; Kraft et al., 2015). Hence, competition for resources could be a major consequence of threshold-crossing events, which might drastically alter ecosystem services, in particular when Pleistocene-aged permafrost thaws and releases the entrapped microorganisms to the surrounding environment due to climate warming (Castro et al., 2010; De Vries and Shade, 2013; Strauss et al., 2017; Schostag et al., 2019). Based on metatranscriptome analysis of frozen permafrost, Coolen and Orsi (2015) demonstrated a shift in microbial community structure from Firmicutes, Acidobacteria, Actinobacteria and Proteobacteria dominant community to a Firmicutes, Bacteroidetes, and Euryarchaeota dominant community upon thaw. Permafrost thaw in their study was in parallel in increase in complex biopolymer degradation, translation and biogenesis transcripts, indicating a general increase in microbial activity (Coolen and Orsi, 2015).

Another, less likely, scenario to explain the microbial community shift between epochs is the effect of the relict extracellular DNA on our diversity analyses. In this scenario, relict preserved DNA released from dead cells differs between Holocene and Pleistocene samples and bias increases with relict DNA pool size (similar to Carini et al., 2016). Within the Pleistocene samples, 83% of the enumerated cells were non-viable and Holocene samples had ∼8 fold higher viable cells (Figure 1). Hence, it is possible that relict DNA might be an important factor in epoch based separation of Holocene and Pleistocene microbial community structure. However, this scenario seems unlikely for two reasons. First, Burkert et al. (2019) did not find a significant change in microbial community structure after removal of relict DNA preserved within Beringian permafrost. Second, Lennon et al. (2018) reported a minimal effect of relict DNA on estimates of microbial alpha diversity as long as the species abundance distribution of the relict and intact DNA pools are equivalent. Hence, since our alpha diversity indices did not indicate any statistically significant variation between epochs (Supplementary Table S3), the species abundance distribution of the relict and intact DNA are likely equivalent. However, it is not possible to fully exclude this scenario.



CONCLUSION

Anthropocene warming in the western Arctic exceeds the dramatic warming associated with the Early Holocene thermal maximum, and arguably represents the warmest temperatures of the last ca. 14,000 years (Porter et al., 2019). As a result fragile cold-adapted systems have been predicted to be near a threshold- similar to the Pleistocene-Holocene transition (Miller et al., 2010). Similar changes observed in this study might occur in modern cold soils, which could alter ecosystem services with unknown consequences. The single core and six samples from this study only represent a snap shot of the effects of dramatic climate change on microbial population dynamics across the Pleistocene-Holocene transition at one location. Future investigations should focus on different types of permafrost-affected regions with different terrain types or different permafrost stratigraphy, both at microbial community and functional levels. It is yet to be seen if our findings are more generally representative of the microbial community dynamics across the Pleistocene-Holocene transition at a pan-Arctic scale. If our threshold hypothesis is supported by more regional studies in diverse settings, it may provide a framework for a better understanding of potential changes in important archaeal and bacterial functional guilds, which could in turn improve climate models by predicting microbial responses in a warmer world.

Also, we noticed that the bacteria entrapped in Pleistocene aged permafrost are distantly related to the known reference sequences, this suggest that the microbial members of the Eastern Beringian permafrost are mainly unknown. Future research demands to isolate these strains and study them at a phylogenetic and genome levels for possible biotechnological applications or for expanding our knowledge regarding bacterial evolution/succession over geologically meaningfully timescales.
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Segments 174-194 cm were associated with Holocene aged DHL_16_1 core and 296-319 cm were associated with Pleistocene aged DHL_16_2 core. *p < 0.001,
*o < 0.01. (+SD), standard deviation. 1 OC, organic carbon; TC, total carbon; TN, total nitrogen; GW, gravimetric water content; EC, electrical conductivity. H, Holocene
age, PPleistocene age, °% (w/w), Smg/kg, € S/cm.
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Epoch Depth (cm) Ca°* (SD) Cu?* (+SD) Fe®* (+SD) K°* (+SD) Mg°* (£SD) Mn9* (+SD) Znd* (+SD) Na?* (£SD) P°* (+SD) S°™ (+£SD)

Hea 174-179  0.23(0.07) 18.26(11.7) 0.33(0.19) 0.02(0.01) 0.05(0.02) 19.51(0.5) 1(5) 129 (69) 0.02 (0.0 0.17 (0.006)
H 179-184  0.27 (0.13) 9(1.25) 0.19(0.3 0.02 (0.0) 0.05(0.02) 18.33(1.08) 22 (6) 109 (40) 0.02 (0.004) 0.16(0.03)
H 189-194 4(0.02) 9.65(2) 0.32 (0.03)  0.01(0.001) 0.08 (0.007) 9(2) 8 (2) 146 (12) 0.02 (0. ) 0.12(0.01)
pb 296-301  0.83(0.08) 68 (30) 7(0.24) 0.13(0.01) 0.5(0.07) 153 (57) 137 (9.4) 224 (15) 0.09 (0.0 0.22(0.02)
P 305-310 8 (0.03) 82 (9.5) 1.71(0.02) 0.14(0.03) 0.47 (0.03) 136 (33) 139 (12) 261 (66) 0.09 (0. 002 0.21 (0.03)
P 314-319 1.60 (1) 62 (19) 1.96 (0.22) 0.13(0.006) 0.75 (0.34) 194 (47) 148 (1.4) 261 (65) 1(0.01)  0.16(0.02)

Segments 174-194 cm were associated with Holocene aged DHL_16_1 core and 296-319 cm were associated with Pleistocene aged DHL_16_2 core. “p < 0.01,
*“*n < 0.05. (£SD), standard deviation. @Holocene age, PPleistocene age, ©%(w/w), 9mg/kg.
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Measured Variables

Depth

TC?

TN
NO3~/NO2~
NH4+

EC?

pH

H20

oce

Holocene

0.605
0.394
0.219
0.531
0.151
0.391
0.081
0.379
0.469
0.039*0
0.417
0.3
0.108
0.12
0.037*
0.165
0.435
0.074
0.097

Pleistocene

0.184
0.32

0.444
0.385
0.072
0.494
0.294
0.226
0.287
0.349
0.225
0.505
0.604
0.271
0.567
0.383
0.596
0.239
0.672

Between Epoch

0.009*
0.021*
0.005**¢
0.012*
0.003**
0.021*
0.014*
0.044*
0.033*
0.022*
0.016*
0.027*
0.032*
0.014*
0.016*
0.014*
0.031*
0.008**
0.003**

aTG, total carbon; TN, total nitrogen; EC, electric conductivity; OC, organic carbon.
P45 < 0.05, ©**p < 0.01. Within an epoch, degrees of freedom remaining after fitting
each variable was 1 and degrees of freedom attributed to each variable was also
1. Between epochs, degrees of freedom remaining after fitting each variable was 4
and degrees of freedom attributed to each variable was 1.





