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ABSTRACT 24 

The prevalence of microbial life in permafrost up to several million years old has been well 25 

documented. However, the long-term survivability, evolution and metabolic activity of the 26 

entombed microbes over this timespan remain underexplored.  We integrated aspartic acid (Asp) 27 

racemization assays with metagenomic sequencing to characterize the microbial activity, 28 

phylogenetic diversity and metabolic functions of indigenous microbial communities across a ~ 29 

0.01 to 1.1 Ma chronosequence of continuously frozen permafrost from northeastern Siberia. 30 

Although Asp in the older bulk sediments (0.8-1.1 Ma) underwent severe racemization relative 31 

to the youngest (~0.01 Ma), the much lower D/L Asp (0.05-0.14) in the separated cells from all 32 

samples suggested that indigenous microbial communities were viable and metabolically active 33 

in ancient permafrost up to 1.1 Ma. The microbial community in the youngest sediment was the 34 

most diverse and primarily dominated by the phyla Actinobacteria and Proteobacteria. By 35 

contrast, the microbial diversity dramatically decreased in the older sediments, and anaerobic, 36 

spore-forming bacteria within Firmicutes became overwhelmingly dominant.  In addition to the 37 

enrichment of sporulation-related genes, functional genes involved in anaerobic metabolic 38 

pathways such as fermentation, sulfate reduction and methanogenesis were more abundant in the 39 

older sediments.  Collectively, the predominance of spore-forming bacteria and associated 40 

anaerobic metabolisms in the older sediments suggest that a subset of the original indigenous 41 

microbial community entrapped in the permafrost survived burial over geological time.  42 

 43 

 44 

 45 

 46 
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IMPORTANCE 47 

Understanding the long-term survivability and associated metabolic traits of microorganisms in 48 

ancient permafrost frozen millions years ago provide a unique window into the burial and 49 

preservation processes experienced in general by subsurface microorganisms in sedimentary 50 

deposits because of permafrost’s hydrological isolation and exceptional DNA preservation.  We 51 

employed aspartic acid racemization modeling and metagenomics to determine which microbial 52 

communities were metabolically active in the 1.1 Ma permafrost from northeastern Siberia. The 53 

simultaneous sequencing of extracellular and intracellular genomic DNA provided insight into 54 

the metabolic potential distinguishing extinct from extant microorganisms under frozen 55 

conditions over this time interval. The in-depth metagenomic sequencing advances our 56 

understanding of the microbial diversity and metabolic functions of extant microbiomes from 57 

early Pleistocene permafrost. Therefore, these findings extend our knowledge on the 58 

survivability of microbes in permafrost from 33 Kyr to 1.1 Ma. 59 

 60 

Keywords:  Aspartic acid racemization, spore-forming bacteria, ancient permafrost, microbial 61 

activity 62 
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INTRODUCTION 71 

The widely distributed permafrost in the northern hemisphere represents an extreme 72 

subsurface environment of perpetual subzero temperatures with a limited influx of nutrients 73 

sustaining minimal metabolisms in the presence of in situ radiation from the decay of U, Th and 74 

K (1, 2). However, the persistence of DNA and a wide diversity and abundance of microbial life 75 

have been documented in permafrost deposits in Siberia, Canada and Alaska (1-3). Previous 76 

studies typically targeted total genomic DNA (3-5) that includes intracellular DNA (iDNA) from 77 

structurally intact cells (live or dead), and extracellular DNA (eDNA) released through cell lysis 78 

or actively excreted from living microbes. Although the ubiquity of eDNA is well acknowledged 79 

in many habitats, such as soil and marine sediment (6, 7), the persistence and proportion of 80 

eDNA in ancient frozen permafrost remains unknown. Furthermore, recent studies have revealed 81 

that the abundant eDNA obscures estimates of microbial diversity in soil (8) and marine 82 

sediment (9). Such concerns about relic DNA from necromass might be more prominent in 83 

ancient permafrost because eDNA will be better preserved at subzero temperatures (10). In this 84 

regard, it is important to sequence the iDNA and eDNA fractions in order to determine whether 85 

the phylogenetic diversity and function of these two DNA fractions are distinct and, if so, 86 

whether they record extant versus extinct microbial communities in ancient permafrost. 87 

The mechanisms for long-term survival strategies by cold-adapted microorganisms in ancient 88 

permafrost have been investigated in several studies (3, 11-14). Given the harsh conditions in 89 

ancient permafrost, microbial dormancy is considered to be a major mechanism to maintain long-90 

term viability over geological time (15). Many spore-forming bacteria within the classes 91 

Clostridia and Bacilli have been frequently cultivated from ancient permafrost in Siberia (16-19), 92 

Canada (20) and northern Norway (21). Moreover, a recent metagenomic study revealed that the 93 

relative abundance of spore-forming bacteria increased from 13% to 79% along a 19 to 33 kyr 94 
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chronosequence in Alaskan permafrost (3).  In older permafrost sediment of  400-600 kyr, two 95 

studies have found that non-spore-forming Actinobacteria were more dominant than the spore-96 

forming Firmicutes (10, 13).  These observations that spore-forming bacteria are more dominant 97 

than non-spore forming Actinobacteria in 5 to 33 kyr permafrost, but that Actinobacteria are 98 

more dominant than spore-forming bacteria in much older permafrost might reasonably be 99 

justified because spores are not metabolically active (22). Therefore, metabolic activity and DNA 100 

repair of non-spore-forming bacteria may be essential for survival in permafrost greater than 50 101 

to 200 kyr (13, 23, 24).  Although non-spore-forming bacteria such as Actinobacteria were more 102 

frequently isolated from Siberian permafrost sediments ranging in age from 10 kyr to 3 myr, the 103 

cultivation of spore-formers capable of growth at sub-zero temperatures has been reported from 104 

3 myr old permafrost (16-19). It has been previously hypothesized that the spore-formers in 105 

ancient permafrost might be present as active vegetative cells instead of  being in a dormant state 106 

(14). 107 

 Aspartic acid (Asp) racemization measurements and modeling has been utilized to constrain 108 

the microbial anabolic activity, thereby constraining the relative amounts of active versus 109 

dormant cells in marine sediments, deep subsurface fracture water and permafrost sediments (25-110 

30). The Asp racemization model has been shown to work well in subsurface permafrost 111 

sediments with known stable temperature records and established geological ages (25, 31). 112 

According to the D/L Asp ratio of bulk sediment, the above studies (25, 31) concluded that the 113 

microbes should be metabolically active in ancient permafrost up to 25 kyr old. However, the 114 

D/L Asp values measured from the bulk sediments of greater ages (25-40 kyr) were too high to 115 

claim that the microbial activity level was higher than that required for protein maintenance (31). 116 

Since the active vegetative cells might only contribute to a small fraction of the total Asp in the 117 
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frozen sediments, the D/L Asp value in cells detached from sediments would provide a more 118 

accurate estimate of the microbial activity in ancient frozen permafrost (31).  119 

The geological ages of the permafrost sediments in the Kolyma-Indigirka Lowland of Siberia 120 

span a long chronosequence from the Holocene to the Pliocene era over a depth of 600-800 121 

meters (32, 33). The layers of permafrost sediments harbor various types of organisms that were 122 

buried thousands to millions of years ago (31, 34). In this study, frozen sediments ranging in age 123 

from 0.01 to 1.1 Ma were selected to provide a unique window into the selective survivability 124 

and microbial activity of soil microbial communities progressively buried and isolated in 125 

permafrost through geological time under the assumption that the soil microbial communities 126 

originally present in the 1.1 Ma active layer before burial and freezing are very similar to those 127 

present in the 10 kyr active before burial and freezing (10). The phylogenetic diversity and 128 

metabolic potential of the indigenous microbial communities were interrogated with 16S rRNA 129 

amplicon and shotgun metagenomic sequencing of the eDNA and iDNA pools. Additionally, to 130 

shed light on the metabolic status and mechanisms for long-term microbial survival of the in situ 131 

microflora we measured the D/L Asp ratios in the bulk sediment samples and the separated cells. 132 

Our results suggest that the 10 kyr to 1.1 Ma permafrost chronosequence records selection of a 133 

microbial community dominated by anaerobic, spore-forming bacteria within Firmicutes that 134 

have remained metabolically active during freezing, burial and isolation over geological time 135 

from a more diverse active layer microbial community dominated by Actinobacteria and 136 

Proteobacteria that have mostly died off. 137 

 138 

 139 

 140 
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MATERIALS AND METHODS 141 

Sample collection for ancient permafrost sediment. The sampling site was located within 142 

Kolyma–Indigirka Lowland in northeastern Siberia (Fig. S1). A borehole AL1-15 (69o20.44’N, 143 

154o59.71’E; elevation of 13 m) was drilled on the floodplain close to the Alazeya River (Fig. S1) 144 

in August, 2015. The drilling operations and the aseptic techniques employed to prevent 145 

contamination have previously been described  (17, 35).  Permafrost cores were extracted using 146 

drilling equipment that operates without drilling fluids. This drilling method prevents down-hole 147 

contamination and reduces the environmental impact. Extracted cores were processed inside a 148 

field laboratory tent. The surfaces of 20 to 30 cm long cores were cleaned by removing melted 149 

layers with an ethyl alcohol-sterilized knife and the frozen internal parts of the cores were placed 150 

into sterile Whirl-Pak® bags and kept frozen at -15°C in powered cooler Dometic CFX 50W 151 

during storage in field and transportation. The downhole in situ temperature was measured 152 

immediately after coring had been completed. Permafrost sediments were collected from various 153 

intervals of the core for geochemical characterization. Three samples (1.4, 11.8 and 24.8 m 154 

below the surface) of permafrost sediments were selected for geochemical, aspartic acid and 155 

DNA analyses (Fig. 1) and transported to Princeton University on dry ice and stored at -80°C 156 

until analyses.    157 

Permafrost can form syngenetically, where freezing occurs during sediment deposition and 158 

burial, or epigenetically, where freezing occurs long after deposition (33). The youngest 159 

permafrost sampled at 1.4 m depth was silty loam of the Yedoma suite, which was 160 

syngenetically frozen ~0.04 Ma ago. However, the age of permafrost at 1.4 m is ~0.01 Ma, late 161 

Pleistocene to early Holocene, younger than the Yedoma deposits, because the frozen sediment 162 

was thawed and refrozen in this location as indicated by absence of the large ice wedges (36). 163 
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According to the stratification record  (17, 37), the  sediments at 11.8 m and 24.8 m were from 164 

the formations of Olyor (0.8-1.6 Ma) and Tumus-Yar suites (1.8-2.2 Ma), respectively. Since the 165 

permafrost at these depths was formed epigenetically, the permafrost ages at 11.8 m and 24.8 m 166 

were estimated to be ~0.8-0.89 Ma and ~1-1.1 Ma (early Pleistocene), respectively.  167 

Porewater chemistry. Anion samples were derived from pore water extracts of the internal 168 

cores and concentrations fluoride, chloride, bromide, nitrite, nitrate, sulfate, phosphate, formate, 169 

acetate, and proprionate were measured by an ion chromatograph coupled to an ESI-quadrupole 170 

mass spectrometer (Dionex IC25 and Thermo Scientific MSQ, USA).  171 

DNA extraction and 16S rRNA amplicon sequencing. To simultaneously extract eDNA 172 

and iDNA from permafrost sediments, a procedure suitable for large-scale extraction was 173 

modified from a previous study (38). Since the biomass in the ancient permafrost is typically low 174 

(2), large quantities of materials (10-40 g) were used to extract iDNA and eDNA using DNeasy 175 

PowerMax soil kit (Qiagen, Carlsbad, CA).  Phosphate buffer (0.12 M Na2HPO4; pH 8) was 176 

filter-sterilized through a 0.2-µm-pore-size membrane before being used for eDNA extraction.  177 

Each 10 g permafrost sediment sample was thawed and mixed with 8.1 mL of phosphate buffer. 178 

After shaking at 300 rpm for 15 min, the slurry was centrifuged at 10,000 g for 10 min at 4oC.  179 

The supernatant was transferred to a new 50 mL Falcon tube without disturbing the sediment, 180 

and another 8.1 mL of phosphate buffer was added to the remaining sediment. The same 181 

procedure to mix the slurry was repeated and the supernatant was removed after centrifugation.  182 

The combined supernatant (~16.2 mL) containing eDNA was extracted following the 183 

manufacturer’s procedures in the extraction kit except that the steps for bead-beating and cell 184 

lysis were by-passed. The remaining sediment after eDNA removal was used to extract iDNA 185 

according to the standard protocol of the same extraction kit. Sediment-free blank controls for 186 
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eDNA and iDNA were subjected to the respective procedures as described above in order to 187 

track potential contamination introduced from the reagents and laboratory environment during 188 

extraction. The concentration of DNA was quantified using a Qubit 3.0 Fluorometer with the 189 

dsDNA HS Assay Kit (Invitrogen, Carlsbad, CA, USA). Since the DNA yield from 24.8 m was 190 

below the Qubit detection limit (0.01 ng/µL), a total of four 10 g samples were used for 191 

extraction, and the final DNA products were combined for subsequent analyses.     192 

To prepare the library for 16S rRNA amplicon sequencing, a dual-indexed PCR 193 

amplification strategy was used to amplify the 16S rRNA gene V4 region using a universal 194 

primer set targeting most bacteria and archaea (515F/806R) (39).  PCR reactions were prepared 195 

in a 25-µL (final volume) reaction mixture containing KAPA HiFi HotStart ReadyMix (12.5 µL), 196 

primers (2.5 µM, final concentration) and 1-5 µL DNA template depending on the DNA 197 

concentration. The PCR reactions consisted of initial denaturation at 94°C for 3 min; 25 or 30 198 

cycles of denaturation at 94°C for 45 s, annealing at 50°C for 1 min, extension at 72°C for 10 199 

min, and then a final extension step at 72°C for 10 min. The DNA extractions from sediment-200 

free blank controls were also amplified. All amplicon products were pooled at equal molar ratio, 201 

and sequenced on Illumina Hiseq 2500 (150-bp, paired-end) in the Genomics Core Facility at 202 

Princeton University. The duel-indexed samples were demultiplexed and the raw reads were 203 

quality-filtered (Phred≥30) using Galaxy pipelines at Princeton University 204 

(http://galaxy.princeton.edu). The trimmed sequences were further analyzed by QIIME 205 

(Quantitative Insights Into Microbial Ecology) (40) using the Silva database release 128 (41). 206 

Chimeric sequences were removed and operational taxonomic units (OTUs) were clustered using 207 

a 97% similarity threshold. The alpha-diversity metrics (Chao 1 and Shannon indices) were 208 

calculated and visualized using the web-based tool MicrobiomeAnalyst (42). Statistical 209 
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differences of alpha-diversity between groups of samples were computed using one-way 210 

ANOVA test in MicrobiomeAnalyst. Beta-diversity was computed using weighted and 211 

unweighted UniFrac distances and then principal coordinate analyses (PCoA) were performed to 212 

visualize the relationship and clustering among samples. Permutational multivariate analysis of 213 

variance (Adonis function in QIIME) was used to assess correlations between community 214 

composition and metadata such as geological age, depth and physiochemical properties. Venn 215 

diagrams were drawn using MetaCoMET (43) to visualize the shared and unique OTUs between 216 

iDNA and eDNA fractions.  217 

Shotgun metagenomic sequencing and bioinformatics analyses. The library for shotgun 218 

metagenomic sequencing was prepared using a transposase-based method with the Nextera DNA 219 

Library Prep Kit (Illumina). Given the extremely low DNA yield in the older sediments, the 220 

procedures for library preparation were optimized by extending the cycles of PCR to 16 in order 221 

to obtain sufficiently amplified DNA for sequencing.  A total of five metagenomes (1.4iDNA, 222 

1.4eDNA, 11.8iDNA, 11.8eDNA and 24.8iDNA), ~150 million short reads (150 bp, pair end) in 223 

total, were generated on Illumina Hiseq 2500.  The metagenomic sequencing for 24.8eDNA 224 

fraction was not possible because the trace amount of DNA resulted in the failure of library 225 

preparation. The raw sequences were first quality-filtered using the pipelines in Galaxy at 226 

Princeton University (http://galaxy.princeton.edu) as described above. PhyloSift was used to 227 

infer the microbial community composition from the unassembled reads of the  metagenome 228 

based on the phylogeny of a suite of single-copy marker genes in the standard PhyloSift database 229 

(44).  The classification of the functional genes and the relative abundance (percentage 230 

normalized to the total reads of reads) were determined using GraftM and the packages published 231 

therein (45).  In addition to the packages provided in GraftM (45),  customized packages were 232 
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constructed to analyze functional genes related to sporulation, O2 respiration (cytochrome c 233 

oxidase), sulfate reduction, and fermentation of peptides and amino acids.  All raw sequences 234 

data were deposited in NCBI SRA under the Bioproject (PRJNA505516) with the accession 235 

numbers of SRR8187969 and SRR8188252-SRR8188256. 236 

Cell separation and enumeration by dual-staining. In order to separate cells from ancient 237 

permafrost sediment, we adopted a previously published protocol using multiple density 238 

gradients of Nycodenz and sodium polytungstate (46). The sediment (5 g) was thawed and 239 

homogenized with 20 mL solution of 1 phosphate-buffered saline (PBS) (pH 7.4) in 50 mL 240 

Falcon tubes. To increase the efficiency of cell detachment, 2.5 mL of detergent mix (50 mM 241 

EDTA, 100 mM sodium pyrophosphate and 5% Tween 80) was added and shaken for 60 min at 242 

500 rpm.  The homogenized slurry was loaded onto a multiple density gradient consisting 243 

sodium polytungstate (2.15 g/mL) and three layers of Nycodenz  (1.42, 1.27 and 1.16 g/mL) as 244 

previously described (46).  All samples were then centrifuged at 15,000 g for 60 min at 4°C. 245 

The aqueous upper layers were collected and centrifuged at 12,000 g for 10 min. The pellets 246 

were resuspended with 1.5 mL PBS solution and centrifuged again at 12,000 g for 10 min. The 247 

supernatant was discarded and the cell pellets were resuspended in 1 mL PBS solution. 248 

The LIVE/DEAD® BacLight Bacterial Viability kit (Invitrogen, Carlsbad, CA) was used to 249 

enumerate the potential live and dead cells. The live cells with intact cell membranes would be 250 

stained as green by the membrane-permeable dye (Syto9) whereas the red dye (propidium iodide, 251 

PI) can only penetrate into the membrane-compromised dead cells. Briefly, 50 µL cell 252 

suspension was mixed with 50 µL dye mixture to achieve a final concentration of Syto9 at 6 µM 253 

and PI at 30 µM. The samples were incubated in the dark for 15 min and then filtered onto a 0.2-254 

μm black polycarbonate membrane via a vacuum system. The live (green-fluorescing) and 255 
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potentially dead (red-fluorescing) cells were visualized and imaged using Epifluorescence 256 

microscopy (Olympus BX60, Olympus America Inc., Melville, NY).  257 

Asp racemization assay by high performance liquid chromatography (HPLC). The 258 

sediment (1 g) was mixed with 1.5 N HCl (1 mL) to remove carbonate as previously described 259 

(25). The demineralized sediment was dried and then hydrolyzed by adding 10 mL 6 N HCl as 260 

described in a previous study (26). The hydrolysis was performed at 105oC for 16 h under N2 and 261 

then the reactions were stopped on ice to cool down.  An aliquot of the hydrolysate (100 µL) was 262 

transferred into glass vials and dried under fume hood. The dried residues were dissolved in 1 263 

mL Milli-Q water and dried again on a speed vacuum concentrator. The final hydrolyzed 264 

products were dissolved in 4 mL Milli-Q water and stored at -20oC prior to analysis. To 265 

hydrolyze the separated cells, the cell suspension (0.5 mL) was centrifuged at 14,000 g for 5 266 

min and then 6N HCl (0.5 mL) was added to resuspend the pellet. The homogenized cell 267 

suspension was incubated 105oC for 16 h under N2 as described above. The hydrolysate (100 µL) 268 

was dried and then dissolved in 1mL Milli-Q water. To reduce interference in Asp detection, 5-269 

10 µL NaOH (1N) was added to each sample and immediately centrifuged at 14,000 g for 5 270 

min to remove any soluble iron after precipitation. The supernatant was filtered (0.2 µm) and 271 

stored at -20°C prior to HPLC analysis.   272 

To quantify D- and L-Asp acids in hydrolysate, a modified HPLC procedure was adopted 273 

from a previous study (26). The amino acids were derivatized with o-phthaldialdehyde/N-acetyl-274 

L-cysteine as previously described (27) and immediately analyzed by HPLC. HPLC (PU-1580, 275 

JASCO, Japan equipped with a Water C18 column (Nova Pak@ c18, 300 by 3.9mm; 5-mm 276 

particle size, Waters, USA) and a fluorescence detector (Jasco FP-1520, Japan). D- and L-Asp 277 

acids were eluted with a binary mobile phase consisting methanol and 50 mM sodium acetate 278 
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buffer (pH 5.4). The flow rate was 0.6 mL/min and the gradient condition can be found in Table 279 

S1. Triplicate measurements were performed for all samples. Background racemization during 280 

hydrolysis at high temperature were determined and subtracted from the D/L Asp values 281 

measured for the samples as suggested in a previous study (27). All glassware used during 282 

hydrolysis and other steps were treated with 4N HCl and baked at 450°C overnight to remove 283 

any residual amino acid contamination. Blanks with no sediment were run in parallel and no 284 

significant D- or L-Asp was detected in blanks as compared with samples. 285 

The racemization rate was calculated according to the Arrhenius equation:  286 

𝑘 = 𝐴𝑒(
𝐸𝑎
𝑅𝑇

)
   (1) 287 

in which k is the racemization rate constant,  Ea is the activation energy (kJ mol-1), A is the 288 

frequency factor, R refers to the universal gas constant (8.314×10-3 kJ  K−1 mol−1) and T is 289 

temperature in K.  The kinetic parameters of Asp racemization in permafrost sediment (25) were 290 

used to extrapolate the specific racemization rate constant of each sample based on the in situ 291 

temperatures at corresponding depths (Table S2).  We assumed the temperature of the sediment 292 

has been stable under frozen conditions and predicted the D/L Asp values for each depth using 293 

the equation 2 below: 294 

𝑙𝑛𝑡 [
1+D/L

1−D/L
] − 𝑙𝑛0 [

1+D/L

1−D/L
] = 2𝑘𝑡      (2) 295 

where D/L refers to the ratio of D-Asp to L-Asp and t is time.   296 

 297 

RESULTS AND DISCUSSION 298 

Geochemical characteristics. The in situ temperature ranged from -2 to -6°C at 1 to 25 m 299 

depth in the borehole (Fig. 1). These temperatures were higher than the mean annual temperature 300 

of wells drilled (-11 to -13°C) in Kolyma Lowland area in 2002 (25). The pH was slightly acidic 301 
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(6.22 - 6.93) in the upper layers (0.8 - 4.6 m) whereas the deeper strata exhibited more neutral 302 

pHs, varying from 7.03 to 7.88 (Fig. 1). The concentrations of methane in the core sediment 303 

varied widely from 4 to 200 µmol/kg at various intervals (Fig. 1). The detection of ancient 304 

methane and methanogenic activity has been frequently reported from Siberian permafrost in 305 

previous studies (33, 35).  The major anions (Cl-, SO4
2-, NO2

- and NO3
-) in the water extracts 306 

from the three depths (1.4, 11.8 and 24.8m) were generally <10 µg/g with slight variations 307 

(Table S2). As reported in a previous study (32), the presence of various electron acceptors could 308 

be utilized by indigenous microorganisms to drive denitrification and sulfate reduction in this 309 

particular site. 310 

 311 

Asp racemization in bulk sediment. The concentration of L-Asp in the youngest layer 312 

(1.54±0.06 µmol/g) was approximately 22 times higher than that of the older sediments 313 

(0.07±0.01 µmol/g) (Fig. 2A). D-Asp was also detected (up to 0.37±0.03 µmol/g at 1.4m) and 314 

the concentration showed a similar decreasing trend with depth as that of L-Asp (Fig. 2A). 315 

Interestingly, the D/L Asp values in the bulk sediment increased with the geological age (Fig. 316 

2B). The increase of D/L Asp ratios with geological age has been previously shown in Siberian 317 

permafrost up to 0.04 Ma old (25, 31) and in sub-seafloor sediment up to several million years 318 

old (26, 28, 29, 47). Therefore, our results confirmed that Asp in buried sediment were subjected 319 

to racemization through geological time even at subzero temperatures in frozen permafrost. 320 

Since temperature is a major factor influencing racemization, the racemization rate of Asp has 321 

been extrapolated to subzero temperature (-4°C) in marine sediment based on heating 322 

experiments in a previous study (48). If the initial D/L Asp in the bulk sediment before freezing 323 

is assumed to be zero, then the Asp racemization in the older sediments would achieve 324 
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equilibrium with a D/L of 1 (Fig. 2B).  Obviously, the actual D/L Asp was much lower than 1 325 

(Fig. 2) thereby suggesting that the microbial cells in the deeper, older permafrost were 326 

sufficiently metabolically active to maintain a low D/L Asp, but calculation of an in situ 327 

metabolic rate would require further amino acid analyses and assumptions regarding the 328 

metabolic yields and protein repair processes of the active microorganisms (27).  329 

Cell separation and cellular D/L Asp. Since D- and L-Asp in the bulk sediments originated 330 

from total biomass and necromass present in the sediment, it is critical to separate cells from 331 

sediments and determine the cellular D/L Asp in ancient permafrost. Both green- and red 332 

fluorescently stained cells of different morphologies and sizes were observed in all samples (Fig. 333 

S2). The total cell counts decreased dramatically with depth and age (Fig. S2 and S3), which is 334 

consistent with fluorescently stained cell counts of marine (26, 28) and lake (49, 50) sediments. 335 

Notably, the percentage of potentially viable cells (22.8%) at 1.4 m was similar to that in coastal 336 

marine sediment (51), and permafrost from Alaska (3) and northern Norway (21). It should be 337 

noted that  membrane-compromised cells are not necessarily dead and membrane integrity does 338 

not guarantee microbial activity (51), particularly in ancient permafrost with numerous stressors.  339 

Consistent with the observed trend in the bulk sediment (Fig. 2A), the concentration of Asp 340 

in separated cells from youngest sample (1.03±0.08 nmol/g) was much higher than that from the 341 

deeper and older sediments at 11.8 and 24.8 m (0.15±0.01 and 0.17 ±0.01 nmol/g, respectively).  342 

However, the cellular Asp content only accounted for a small fraction (~0.05-0.2%) of the total 343 

Asp in the bulk sediment. Interestingly, the D/L Asp values in the cells (0.05-0.14) were much 344 

smaller than that of the bulk sediment at each depth (Fig. 2B). This range overlaps the 0.02 and 345 

0.12 D/L Asp values of bacterial cultures  (27, 29). Furthermore, the D/L Asp values in cells 346 

extracted from sub-seafloor sediment and deep fracture fluids were  0.014-0.085 (52) and 0.037-347 
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0.095 (27), respectively. Therefore, the D/L Asp values from separated cells in ancient 348 

permafrost were similar to those determined from live pure cultures and active microflora in 349 

different subsurface environments. More importantly, the actual values of D/L Asp in separated 350 

cells was much less than the predicted D/L Asp due to purely chemical racemization at all depths 351 

(Fig. 2B). Together with the evidence from live cell staining (Fig. S2 and 3), we conclude that 352 

the extant microbial communities are viable and are sufficiently metabolically active to maintain 353 

a relatively low D/L ratio at subzero temperatures in ancient permafrost up to 1.1 Ma old.  354 

Microbial diversity. Previous studies showed that amplifiable DNA products were only 355 

detected in permafrost samples younger than 400-600 kyr due to severe DNA damage (10, 13). 356 

In our study, detectable and amplifiable DNA was obtained in much older permafrost of up to 357 

1.1 Ma (Table S3). The decreasing trend for total DNA yield (Table S3) with geological age was 358 

consistent with previous reports in ancient permafrost samples up to 400-600 kyr  (10, 13). 359 

Alpha-diversity (Chao1 and Shannon indices) dramatically decreased with age (Fig. S4), which 360 

is consistent with previous findings in ancient permafrost in Siberia (10, 13) and Alaska (3). 361 

Principal coordinate analysis revealed that microbial communities determined from iDNA and 362 

eDNA fractions were significantly different (p<0.001) from one another (Fig. S5).  363 

Permutational multivariate analysis of variance revealed that the variation in beta-diversity 364 

among iDNA fractions could be largely explained by depth (42%, F=2.9, p<0.05) and age (51%, 365 

F=4.1, p<0.01).  That the depth and age were found to be the primary determinants probably 366 

reflects the depletion of nutrients and the long-term exposure to cold temperature and highly 367 

reduced conditions in the deeper/older sediments through geological time. The eDNA analyses 368 

of the 11.8 m and 24.8 m samples, however, closely clustered to that of the blank controls as 369 

shown by weighed Unifrac PCoA analysis (Fig. S7B). Therefore, many OTUs in the eDNA 370 
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fractions at 11.8 and 24.8 m originated from the common contaminants from reagents and the 371 

laboratory environment (53) and do not reflect environmental parameters.  372 

 373 

As revealed by 16S rRNA amplicon and metagenomic sequencing of iDNA fractions (Fig. 3 374 

and S6), the relative abundance of Actinobacteria, Acidobacteria and Chloroflexi decreased with 375 

geological age. The phylum Firmicutes was overwhelmingly predominant in the iDNA fractions 376 

from the older sediments at 11.8 and 24.8 m (Fig. 3 and S6). Despite the difference in relative 377 

abundance between 11.8 and 24.8 m, most of these microbial lineages were identified as 378 

belonging to the class Clostridia (Fig. S6 and S7) that is typically comprised of anaerobic, spore-379 

forming bacteria. Although the majority of the OTUs (35.8-87.2%) were exclusively present in 380 

the iDNA fractions (Fig. S8), 267 OTUs are shared among all the iDNA fractions (Fig. 4). The 381 

shared community was mainly comprised of the phyla Firmicutes, Actinobacteria, Proteobacteria 382 

and Chloroflexi (Fig. S8). These microbial lineages commonly found in soil are apparently 383 

persistent in permafrost irrespective of the geological age. More interestingly, 44.5% of the total 384 

OTUs (1293) in the iDNA of the 11.8 m sample were shared with those of the 1.4 m sample, 385 

whereas the iDNA of the 11.8 and 24.8 m samples shared only 10.5% of their total number of 386 

OTUs (Fig. S8). The overlapping OTUs between the young and old permafrost sediments has 387 

been previously reported (10), suggesting that the original microflora present in the deepest older 388 

sediments share some similarity with the microbial community in the youngest, shallowest 389 

permafrost layer. These shared OTU’s provide an opportunity to examine species level changes 390 

over the course of depositional time and as a function of isolation from the surface with 391 

increasing subsurface isolation time upon freezing. Recovery of draft genomes of these ancient 392 
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and modern microbial species with deeper sequencing would provide further information about 393 

the mechanism and long-term evolution in cryogenic environments throughout geological time.  394 

The eDNA fractions represent a mixture of nucleic acids excreted from the extant microbial 395 

communities and lysed microbial cells. In the youngest permafrost sediment the number of 396 

OTUs unique to the 16S rRNA gene amplicons of the eDNA fraction was 2,095 and likely 397 

represent lysed microbial cell, whereas 10,139 OTUs were shared with the iDNA fraction and 398 

might represent 16S rRNA genes of recently lysed microbial cells or an artifact from DNA 399 

extraction process (Fig. 4). In the deep, older sediments, however, most of the OTUs in the 400 

iDNA fractions were unique (~70-90%) and a much smaller proportion of the eDNA pool was 401 

unique, only 150 OTUs in the case of the 11.8 m sample. This suggests that little of the DNA 402 

from lysed cells (unique OTUs in the eDNA) survives for 1.1 Ma in a frozen state. However, 403 

caution should be exercised because the absence of OTUs in either eDNA or iDNA fraction 404 

could also be attributed to the detection limit of the approach employed in this study. The spore-405 

forming bacteria within Firmicutes were predominant amongst the unique OTUs of the iDNA 406 

pools, whereas Actinobacteria and Proteobacteria were more abundant in unique OTUs from 407 

eDNA fractions (Fig. 4 and S9). Such differences between inferred physiology of the ancient 408 

relic DNA (unique OTUs in the eDNA) versus that of the iDNA suggest that most aerobes 409 

became extinct whereas the spore-forming bacteria affiliated within the phylum Firmicutes 410 

survived the ~1 million years of entrapment in the ancient permafrost.  411 

By comparison the percentage of overlapping OTUs between iDNA and eDNA fractions in 412 

the coastal soil of the Atacama Desert of Chile was 88% and that of the hyperarid core soils of 413 

the Atacama Desert were 20% (54). Since a portion of the 16S rRNA gene of the eDNA pool can 414 

be continually replenished by turnover of microbial biomass (55), Schulze-Makuch et al. (54) 415 
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argued that the microbial activity in coastal soil was much higher than that of the hyper arid core 416 

due to the greater humidity and nutrient abundance. The overlap in OTUs from our results 417 

ranged from 53% for the youngest permafrost to 6-25% for the oldest permafrost (Fig. 4 and S9) 418 

and suggests that like the Atacama Desert the microbial activity in the youngest permafrost 419 

sediment was likely much higher than the older permafrost sediments due to the higher 420 

temperature (Fig. 1) and availability of labile organic matter in the Yedoma deposit (56).  421 

Predominance of anaerobic metabolisms in the deeper sediments. The subsequent 422 

functional analyses of the five metagenomes provided further evidence that the potential 423 

metabolic  pathways of the microbial communities became predominantly anaerobic in the 424 

deeper, older strata (11.8 and 24.8 m) relative to the youngest layer which were enriched with 425 

genes related to aerobic metabolism. For example, genes encoding various types of cytochrome 426 

oxidases were only enriched (Fig. 5A) in the Holocene sediment from the Yedoma suite (Fig. 1). 427 

The relative abundance of high O2 affinity terminal oxidases (microaerobic, cbb3- and bd-types) 428 

were more abundant than low-O2 affinity terminal oxidases (aerobic; aa3- type), suggesting 429 

microaerobic metabolism dominates in the top Yedoma permafrost layer (Fig. 1).  The genes 430 

linked to aerobic oxidation of methane (particulate methane monooxygenase gene, pmoA), 431 

ammonia (ammonia monooxygenase, amoA and hydroxylamine oxidoreductase, hao) and 432 

methanol (methanol dehydrogenase, mxaF) were only detected in the 1.4 m sample.  The genes 433 

associated with the denitrification pathway (napA, nirK and nosZ genes) were enriched in the 1.4 434 

m sample relative to the deeper samples (Fig. 5A). By contrast, the functional genes linked to 435 

anaerobic metabolism such as dissimilatory sulfate reduction (dissimilatory sulfite reductase, 436 

DsrA and DsrB), methanogenesis (α-subunit of methyl-coenzyme M reductase, McrA) and H2 437 

production (Fe-Fe hydrogenase) were more abundant in the deeper sediments particularly at 438 
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24.8m (Fig. 5A). The potential for anaerobic metabolism deduces from the metagenomic data 439 

suggests that highly reduced, anoxic conditions were created in the deeper frozen sediment to 440 

support anaerobic microbial respiration with various electron acceptors (32). For the youngest, 441 

shallowest permafrost sediment where cell turnover appears to have been the greatest the 442 

metagenomic data suggest either that a microaerophilic environment was captured at the time of 443 

freezing or that diffusion of O2 from the overlying active layer through patchy epigenetic pore 444 

ice is sustaining microaerophilic respiration today.  445 

Long-term survival strategies in Pleistocene permafrost.  A suite of sporulation-related 446 

genes were found highly enriched in the metagenomes of the deeper samples compared to their 447 

relative abundance in the metagenome of youngest permafrost sediment (Fig. 5B), which is not 448 

surprising given the predominance of anaerobic, spore-forming bacteria (mostly Clostridia) in 449 

the deeper, older layers (Fig. 3). Among them, Spo0A,  spoIIGA  and spoIVB  are involved in 450 

various stages of sporulation (57, 58). The dpaA and spoVA genes are involved in synthesis and 451 

transport of dipicolinic acid (DPA) (59), whereas SASPs genes encode for small, acid soluble 452 

proteins (SASPs) in spores (60). The high level of DPA in spores and complexation of DNA by 453 

SASPs are important for the long-term survival of spores (61). Notably, the gene for encoding 454 

spore photoproduct lyase (SplA), which is known for DNA repair caused by UV radiation (62), 455 

was also enriched in the deeper samples.  Additionally, other genes (recA and ykoV) that are 456 

potentially important in DNA repair (63, 64) were detected with high abundance from all 457 

samples (Fig. 5B). Intriguingly, the gene encoding the protein repair enzyme (Protein L- 458 

Isoaspartyl / D-Aspartyl O-Methyltransferase, PIMT) was present in low abundance at all depths 459 

(Fig. 5B). Therefore, the PIMT is a plausible means through which the low cellular D/L Asp (Fig. 460 

2B) was maintained by converting isomerized (iso-Asp) or racemized (D-Asp) back to L-Asp 461 
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residues in metabolically active microbial cells (65). Since PIMT is only found in Gram-negative 462 

bacteria and archaea (66), the dominant Gram-positive spore-forming bacteria from the older 463 

permafrost are either replacing their enzymes deactivated by Asp racemization or they repairing 464 

their damaged proteins by an unknown mechanism. Both require metabolic activity, but less for 465 

the latter than the former. 466 

The overwhelmingly predominant spore-forming bacteria (Fig. 4) and enrichment of 467 

sporulation-related genes (Fig. 5B) in the iDNA fraction of older sediments (0.8-1.1 Ma) 468 

indicates microbial dormancy might play a critical role in long-term survival under frozen 469 

conditions. The increase of spore-forming bacteria in older permafrost was broadly similar to a 470 

recent study of Alaskan permafrost up to 33 kyr in age (3), but contradicts other studies from 471 

Siberia permafrost up to 400-600 kyr (10, 13).  The greater abundance of non-spore forming 472 

bacteria (Actinobacteria) over spore formers (Firmicutes) in these older permafrost samples were 473 

ascribed to the metabolic activity and DNA repair of non-spore-forming bacteria (13, 24).  Due 474 

to the lack of high energy compounds in dormant endospores (67), microorganisms buried in 475 

ancient permafrost must maintain low levels of metabolic activity to repair DNA and protein 476 

damage in order to survive through geological time. Therefore, the predominant spore-forming 477 

bacteria in the older permafrost of this study should be in an active metabolic state instead of 478 

dormancy (14). Such postulation was corroborated by several lines of evidence including the low 479 

D/L cellular Asp (Fig. 2B), live cell staining (Fig. S3 and S5) and predominance of spore-480 

forming bacteria in iDNA pools from the older permafrost (Fig. 4 and S6-7). Due to limited 481 

nutrient influx in the sealed, frozen systems, it’s possible that the dominant spore-forming 482 

bacteria survived as persisters that can maintain minimum activity to repair DNA and proteins 483 

over prolonged periods of time (14). 484 
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Microbial interactions involved in the metabolism of ancient carbon. The ancient 485 

permafrost represents a large reservoir of organic carbon that can be utilized by the indigenous 486 

microbial community (2, 37). Not surprisingly, genes involved in the degradation of different 487 

carbon compounds were detected at all depths with varying abundance (Fig. 6A. The relative 488 

abundance of genes for hydrolysis of labile sugars such as starch (amylase) and sucrose (sucrase) 489 

was much higher in the youngest sediment (Fig. 6A). In contrast, the genes responsible for 490 

degradation of recalcitrant carbon (xylosidase and galactosidase) were more abundant in the 491 

deeper, older sediments (Fig. 6A). The enrichment of genes involved in utilizing various 492 

carbohydrates has also been reported in 19-33 kyr old Alaskan permafrost (3). Apart from 493 

fermentation of carbohydrates, numerous proteolytic enzymes from the family cysteine (C) 494 

peptidases, metallo (M) peptidases and serine (S) peptidases (68) were detected in all three 495 

permafrost samples (Fig. 6B). However, those peptidases (clostripai, papain and pyroglutamyl 496 

peptidase) from anaerobic protein-degrading microorganisms (69) were more numerically 497 

abundant in the older strata. Furthermore, the key genes involved in intracellular biodegradation 498 

of amino acids were highly enriched in the deeper, older sediment as compared with the 499 

youngest layer (Fig. 6B). For instance, the ferredoxin-reducing oxidoreductases specific for 500 

aldehydes, 2-ketoisovalerate ferredoxin oxidoreductases and indolepyruvate ferredoxin 501 

oxidoreductase were more abundant (Fig. 6B). These ferredoxin-reducing oxidoreductases are 502 

highly O2-sensitive (70) and were known to be involved in the breakdown of both non-aromatic 503 

and aromatic amino acids in Clostridium species (71). Therefore, the dominant bacteria 504 

associated with Clostridia in the deep, ancient permafrost have the genetic potential to cycle 505 

detrital proteins and further ferment amino acids  throughout the geological time.  506 
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Due to the potential of fermentative capabilities by the predominant spore-forming Clostridia, 507 

genes involved in the production of formate (pyruvate formate lyase), acetate (acetate kinase) 508 

and butyrate (butanol dehydrogenase and butyrate kinase) were more numerically abundant in 509 

the older sediments (Fig. 6B). These fatty acids generated from fermentative processes can be 510 

utilized by sulfate-reducing bacteria and syntrophic bacteria detected in the older permfrost 511 

sediments. For example, the most dominant sulfate-reducing bacteria, Desulfosporosinus, are 512 

able to oxidize short-chain fatty acids (e.g., acetate, propionate and butyrate) with sulfate, nitrate 513 

and Fe(III) as electron acceptors (72, 73). Additionally, several syntrophic bacteria from the 514 

genera Syntrophomonas and Smithella were detected in the older permafrost. These microbial 515 

lineages are well-known for their capability of syntrophically oxidizing fatty acids when coupled 516 

with hydrogenotrophic methanogens (74, 75).  Notably, small fractions (less than 1%) of 517 

hydrogenotrophic methanogens (mainly Methanoregula) were detected in the iDNA fraction 518 

from the older strata.  The mcrA sequences from the older sediments showed the highest 519 

similarity to Methanoregula  formicica SMSPT, an  isolate from methanogenic sludge (76), and 520 

Methanoregula boonei 6A8, isolated from acidic peat bog (77). Furthermore, the relative 521 

abundance of  key enzyme acetyl-CoA synthase involved in autotrophic CO2 fixation (Wood-522 

Ljungdahl pathway) were highly enriched in the older permafrost relative to the youngest 523 

permafrost. The presence of acetyl-CoA synthase and its role in anabolic CO2 fixation have been 524 

reported in the genome of Methanoregula formicica SMSPT (76) and Methanoregula boonei 525 

6A8 (77).  Since various amounts of CH4 were indeed detected at different depths of the 526 

borehole (Fig. 1) with 13C values of -85‰ VPDB (78), the identified archaeal lineages from the 527 

genus Methanoregula in the older sediments might contribute to methane production by utilizing 528 

CO2 and H2 in the sealed, frozen ecosystem with limited nutrient flux.  529 
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 530 

 531 

Conclusions 532 

The ubiquity of relic DNA in many habitats including water, soil and sediment has raised some 533 

concerns on its impact on microbial community diversity estimates (8, 9, 79). We simultaneously 534 

extracted the DNA from intact cells, iDNA, and the extracellular DNA, eDNA, potentially 535 

representing past, relic microbial lineages preserved in a 0.01-1.1 Ma chronosequence of 536 

permanently frozen sediments along. The OTUs in the eDNA that are not shared with those of 537 

the iDNA pools suggested that certain ancient species became extinct (i.e., not members of 538 

metabolically active subsurface permafrost communities) whereas other microorganisms 539 

represented by OTUs in the iDNA pool remained active through geological time. The 540 

overlapping core community among iDNA pools from all samples (Fig. S8) indicated that a 541 

subset of microorganisms in the older layers was also present in the youngest permafrost in 542 

Yedoma deposit. The predominance of anaerobic, spore-forming bacteria in the iDNA fractions 543 

from the older permafrost suggested that microbial dormancy might have played important roles 544 

in maintaining long-term survivability over the prolonged periods of geological time. Due to the 545 

lack of metabolic activity in dormant spores, the predominant spore-forming bacteria might be 546 

present as active, vegetative cells instead of dormant forms in order to maintain the observed low 547 

cellular D/L Asp. Indeed, the live cell-staining and Asp racemization assay of the separated cells 548 

indicated that many indigenous microorganisms buried in the oldest permafrost in Northern 549 

Hemisphere might represent living microbial communities that are metabolically active. Due to 550 

the low DNA yield and limited sequencing depth, no metagenome-assembled genomes (MAGs) 551 

could be recovered to further elucidate the adaption and evolution mechanisms of the survived 552 
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microbial populations in the ancient permafrost.  With a combination of metagenomics and 553 

single-cell amplified genomes (SAGs), a previous study has revealed that the evolutionary 554 

changes of microbial genomes were undetectable in subsurface marine sediments of thousands 555 

years old (80).  Therefore, future studies should be pursued to recover MAGs or SAGs to 556 

confirm whether the survived species have undergone adaptive evolution in frozen sediments 557 

that are millions of years old.  558 
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 798 

FIG. 1. Diagram of core sediment (0.0-25.05 m) from borehole AL1-15. The temperature, pH 799 

and concentration of CH4 at various depths are shown on the right of the diagram.  The stars 800 

indicate the depth of samples (1.4, 11.8 and 24.8 m) that were selected for Asp racemization and 801 

DNA extraction for microbial community characterization.  802 

 803 
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 804 

 805 

FIG.  2.  (A) D and L-Aspartic acid concentration in bulk sediment and separated cells. (B) D/L 806 

Asp in bulk sediment and separated cells and projected D/L Asp according to Asp racemization 807 

model using the geological age of permafrost.  808 
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 809 

FIG.  3. Comparison of microbial community composition at phylum level determined by 16S 810 

rRNA amplicon sequencing. Only major phyla represent >1% the whole microbial community 811 

are shown for bacteria.  812 
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 816 

FIG.  4. (A) Venn diagrams of OTUs from eDNA, iDNA and extraction blanks, and (B) 817 

taxonomic distributions iDNA, eDNA and shared OTUs from sediments at 1.4 m (top) and 11.8 818 

m (bottom).  819 
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 827 

FIG. 5. (A) Relative abundance of functional genes related metabolisms with different electron 828 

acceptors. (B) Long-term survival mechanisms including sporulation and DNA repair associated 829 

genes. 830 
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 832 

FIG. 6. Relative abundance of functional genes related to (A) carbohydrates and (B) 833 

fermentation of peptides and amino acids.  834 
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