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A B S T R A C T

Permanently frozen (approx. 3.5 Ma) alluvial Neogene sediments exposed in the Aldan river valley at the
Mammoth Mountain (Eastern Siberia) are unique, ancient, and poorly studied permafrost environments. So far,
the structure of the indigenous bacterial community has remained unknown. Use of 16S metagenomic analysis
with total DNA isolation using DNA Spin Kit for Soil (MO-Bio) and QIAamp DNA Stool Mini Kit (Qiagen) has
revealed the major and minor bacterial lineages in the permafrost alluvium sediments. In sum, 61 Operational
Taxonomic Units (OTUs) with 31,239 reads (Qiagen kit) and 15,404 reads (Mo-Bio kit) could be assigned to the
known taxa. Only three phyla, Bacteroidetes, Proteobacteria and Firmicutes, comprised> 5% of the OTUs abun-
dance and accounted for 99% of the total reads. OTUs pertaining to the top families (Chitinophagaceae,
Caulobacteraceae, Sphingomonadaceae, Bradyrhizobiaceae, Halomonadaceae) held> 90% of reads. The abundance
of Actinobacteria was less (0.7%), whereas members of other phyla (Deinococcus-Thermus, Cyanobacteria/
Chloroplast, Fusobacteria, and Acidobacteria) constituted a minor fraction of reads. The bacterial community in
the studied ancient alluvium differs from other permafrost sediments, mainly by predominance of Bacteroidetes
(> 52%). The diversity of this preserved bacterial community has the potential to cause effects unknown if
prompted to thaw and spread with changing climate. Therefore, this study elicits further reason to study how
reintroduction of these ancient bacteria could affect the surrounding ecosystem, including current bacterial
species.

1. Introduction

Permafrost is defined as a lithosphere material (soil and sediment)
that is permanently exposed to temperatures ≤0 °C and remains frozen
for at least two consecutive years, normally hundreds and thousands of
years. It covers about 26% of terrestrial soil ecosystems and can extend
down to> 1500 m into the subsurface in the Northern Hemisphere
(Williams and Smith, 1989; Steven et al., 2006).

Permafrost is regarded as the natural depository of extant micro-
organisms that have survived for up to millions of years (Friedmann,
1994; Vorobyova et al., 1997; Gilichinsky, 2002; Gilichinsky et al.,
2007; Steven et al., 2008). Members of the major phyla (Proteobacteria
and/or Actinobacteria) were found using culture-dependent and

independent approaches in Alaskan, Canadian and Siberian permafrost
of different ages and genesis (Shi et al., 1997; Vishnivetskaya et al.,
2000, 2006; Katayama et al., 2007, 2009; Steven et al., 2008; Yergeau
et al., 2010; Rivkina et al., 2015).

One of the oldest, most unique and poorly studied permafrost en-
vironments are permanently frozen alluvial Neogene sediments exposed
in the Aldan river valley near the Mammoth Mountain in the Central
Yakutia (Eastern Siberia). Intense cooling in the area began in the Late
Pliocene (Tripati et al., 2008), and minimal temperature fluctuations
did not affect the frozen state of these sediments (Lisiecki and Raymo,
2005; Demezhko and Golovanova, 2007). According to geological data,
the age of Mammoth Mountain-associated alluvial sediment is esti-
mated to be no< 3–3.5 Ma (Markov, 1973; Velichko and Isavea,
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1992). Little exploration of microorganisms in permafrost alluvium has
been performed; hence, the structure of bacterial community remains
unknown. However, it is likely that relatively poor diversity of cultured
heterotrophic bacteria and a low proportion between the numbers of
colony-forming units and the direct viable counts exists (Zhang et al.,
2013).

Indeed, how bacteria belonging to different phylogenetic groups
could exist before freezing is an intriguing issue. On the other hand, due
to particular genesis of these sediments (Markov, 1973) and contribu-
tions of different sources (such as relict plants as reported by Baranova
et al., 1976), the microbial communities may differ from the other
permafrost sediments. Next generation sequencing of 16S rRNA genes
as a culture-independent approach is attractive due to the possibility of
eliminating the clone library production step, generating numerous
sequences per sample (Rothberg and Leamon, 2008; Caporaso et al.,
2012), and especially to capture low-abundant microbial taxa in per-
mafrost (Yang et al., 2012), soils, and deep sea water (Sogin et al.,
2006; Roesch et al., 2007). One possible bias in microbial community
profiling from read abundance data can be associated with nucleic acid
extraction (Amend et al., 2010), and previous research recommended
different protocols to isolate total DNA from a studied sample (Feinstein
et al., 2009; Brooks et al., 2015).

The objective of this study was to characterize the bacterial com-
munity from Mammoth Mountain alluvial sediments using high-
throughput sequencing of 16S rRNA gene amplicons of total genomic
DNA isolated using two different kits.

2. Materials and methods

2.1. Sampling site

The sampling site was located at the ice-covered exposure (Fig. 1) of
Mammoth Mountain (N62°56′ E134°0.1′) in the left bank of the Aldan
river valley in Central Yakutia (Eastern Siberia). No specific permission
was required for sampling, and no endangered or protected species
were involved in this study. The mean annual temperature near the
exposure surface is presently about −4 °C. The exposure consisted of
three sediment layers attributed to (1) Late Pleistocene (about
15 Ка–40 Ка-old Ice Complex); (2) Middle and Early Pleistocene
(0.1–1 Mа old, frozen at the time of formation); (3) Neogene (frozen

probably at the end of Neogene about 3–3.5 Mа ago) (Markov, 1973).

2.2. Collection of samples

Samples of alluvial Neogene sands were collected at 83-m altitude
above the sea level (northern exposition) in a pit (about 100 × 100 cm)
dug to a 1.5-m depth. The pit surface was sterilized under the flame of a
gas burner. Contamination of the processed pit was controlled by
spreading 2-mL suspensions of Yarrowia lipolytica Y-3603 tagged with
red fluorescent protein (Yuzbasheva et al., 2011) (108 cells/mL) onto a
200 cm2 surface and was not detected after plating and direct micro-
scopy examinations.

Sterile DNA-free 50-mL Cellstar® tubes were opened near flame and
immediately pushed into exposed frozen sediments (−4 °C); the sam-
pling procedure excluded any contact between exterior surfaces and
sampling devices. These samples were allotted for DNA isolation. In
addition, frozen samples were taken from the same pit with extreme
precautions using metal bores, forceps, and scalpels sterilized with
ethanol and flamed which were then used for physicochemical and
microscopy analyses. All samples were transported in frozen state in a
36-L Coleman® cooler with saturated NaCl solution as a cooling agent
and were stored at −5 °C effectively mimicking natural conditions.

2.3. Analyses of sediments

Outer layers (2–3 cm) of stored frozen 4–5 kg samples were re-
moved in the laboratory with sterile knifes in a class II laminar hood
and only internal parts were used. Composite samples were prepared by
mixing portions from three sediment samples. The grain-size distribu-
tion was determined using the common sieving technique. The water
content was estimated after heating wet samples at 105 °C for 24 h. Loss
on ignition (LOI) was measured as a difference before and after burning
of dry samples at 430 °C for 3 h in a muffle furnace and served to es-
timate the organic carbon content (Schinner et al., 1996). The pH and
Eh values of sediment suspensions (in 10 mM CaCl2) were measured
using a Thermo Scientific Orion Model 261S pH/mV/Temperature
meter. Physicochemical analyses were performed in three independent
sets, each in triplicates with calculations of the mean and SD using
Excel software. Values of pH and Eh were measured in triplicates for 17
subsamples of the same sample.

Fig. 1. Scheme showing the sampling site at the Mammoth
Mountain exposure. Designations: (1) Neogene (N2) alluvial
sediments used in this study; (2) Pleistocene sediments: (2a)
pebbles in the ferrous sands, (2b) sands, (2c) lacustrine silt,
(2d) silt; (3) ice wedge; (4) active layer.
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2.4. Light microscopy

Morphology and distribution of particles in permafrost alluvium
were studied by light and electron microscopy of freeze fractures pre-
pared as described (Rogov and Kurchatova, 2013). Unthawed samples
were broken at< 0° and the fracture surface was coated with Formvar.
After thawing, samples were examined under a light Reichert Microstar
IV microscope. Representative images of 30–40 micrographs are shown
in Fig. 2.

2.5. 16S rRNA metagenomic sequencing

All reagents used for DNA extraction and further analyses were
molecular biology grade. Solutions and buffers were DNase-free and
sterilized. All procedures were conducted in class I hoods.

Total community DNA was extracted and analyzed independently
from 0.25 g of sample material with a DNA Spin Kit for Soil (MO-Bio)
and a QIAamp DNA Stool Mini Kit (Qiagen) according to the manu-
facturers' protocols. In these experiments, three equivalent subsamples
from a single original sediment sample were isolated by pushing in 50-
mL sterile vials. Thus, three biological replicates were used for this
study. Each biological replicate represents 40–50 g of sediment taken
from different sides of the original 4–5 kg sample. The three biological
replicates were then independently mixed until homogenous and 0.25 g
of the material was used in each protocol mentioned above to generate
average abundance of the content.

The V3-V4 region of the 16S rRNA genes was amplified with the
primer pair 343F (5′-CTCCTACGGRRSGCAGCAG-3′) and 806R (5′-
GGACTACNVGGGTWTCTAAT-3′) combined with Illumina adapter se-
quences, a pad and a linker of two bases, as well as barcodes on the
primers (Caporaso et al., 2012). PCR amplification was performed in
50 μL reaction mixtures containing 0.7 U Phusion Hot Start II High-
Fidelity and 1× Phusion GC buffer (Thermo Fisher Scientific), 0.2 μM
of each forward and reverse primers, 10 ng template DNA, 2.3 mM
MgCl2 (Sigma-Aldrich) and 0.2 mM of each dNTP (Life Technologies).
Thermal cycling conditions were as follows: initial denaturation at
98 °C for 1 min, followed by 30 cycles of 98 °C for 15 s, 62 °C for 15 s,
and 72 °C for 15 s, with final extension at 72 °C for 10 min.

A total of 200 ng PCR product from each sample was pooled to-
gether and purified using a MinElute Gel Extraction Kit (Qiagen).
Sample libraries for sequencing were prepared according to the MiSeq
Reagent Kit Preparation Guide (Illumina) and the protocol described
previously (Caporaso et al., 2011, 2012). Sample denaturation was
performed by mixing 4.5 μL of combined PCR products (4 nM) and
4.5 μL 0.2 M NaOH. Denatured DNA was diluted to 14 pM and 510 μL
was mixed with 90 μL of 14 pM Phix library. μLSample mixtures to-
taling 600 μL, together with customized sequencing primers for

forward, reverse, and index reads, were loaded into the corresponding
wells on the reagent cartridge of a Miseq 500 cycles kit and run on
Miseq for 2 × 250 bp paired-ends sequencing (Illumina) at the SB RAS
Genomics Core Facility (ICBFM SB RAS, Novosibirsk, Russia). The 16S
read data were deposited in the NCBI database under accession
SRP075638.

2.6. Bioinformatic analysis

Raw sequences were analyzed with UPARSE pipeline (Edgar, 2013)
using USEARCH v8.1.1861. The UPARSE pipeline included merging of
paired reads; read quality filtering; length trimming; merging of iden-
tical reads (dereplication); discarding singleton reads; removing chi-
meras and OTU clustering using the UPARSE-OTU algorithm. The OTU
sequences were assigned a taxonomy using the RDP classifier 2.11
(Wang et al., 2007) and searched against the NCBI 16S database using
BLASTN (Altschul et al., 1990). Community structure analyses were
based on the phylum, class and genus taxonomy levels.

OTUs reads were aligned with the MUSCLE v.3.8.31 (Edgar, 2013)
and phylogenetic analysis was performed using the maximum like-
lihood phylogeny tool in CLC GW 8.5 (1000 bootstrap pseudoreplicates
and GTR+G+T evolutionary model). Rarefaction curves of observed
OTUs were obtained using USEARCH.

3. Results

3.1. Properties of alluvial Neogene sediments at Mammoth Mountain

Alluvial sediments with the bulk density of 1.7 g cm−3 and porosity
values of 45% were composed mainly from coarse sand fraction
(0.2–2 mm, 84%) with pale quartz and feldspar as major minerals
(Table 1). The pH values of sediment suspensions (in 0.1 M CaCl2) after
thawing varied from 7.08 to 8.90; and the Eh was in a range
+355 mV–+406 mV (17 measurements). Light microscopy of the se-
diment fractures demonstrated the cryogenic structure with crystals
and thin streaks of ice with embedded biomorphic particles (Fig. 2).

3.2. General profile of bacterial community

DNA was extracted from the same sample using a DNA Spin Kit for
Soil (MO-Bio) or QIAamp DNA Stool Mini Kit (Qiagen) with yields of

Fig. 2. Images of the studied alluvial sediments as viewed by light microscopy.
Biomorphic particles observed within a white frame.

Table 1
Physical and chemical properties of alluvial Neogene sediments (composite sample).

Major minerals Quartz, feldspar

Grain size distribution particle size
1–2 mm 3%
0.5–1 mm 20%
0.25–0.5 mm 61%
0.1–0.25 mm 10%
< 0.1 mm 6%

Density
ρ 1.72 g cm−3

ρd 1.39 g cm−3

ρs 2.51 g cm−3

Porosity 45%
Water content 24%
Loss on ignitiona 3.6%
Organic carbona 1.6–2%
Total salinitya < 0.05%
Contenta

NO3 < 20 mg kg−1 dw
NO2 < 10 mg kg−1 dw
Total P < 20 mg kg−1 dw

pH of suspension (1:1 in 0.01 M CaCl2) 7.08–8.90
Eh +355–+406 mV

Table shows the mean values; SD ± 5% are not indicated.
a Data were taken from a different study (Zhang et al., 2013).
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150 and 438 ng DNA per each 0.25 g mixed homogenous sediment
subsample, respectively. After extraction, DNA was quantified with the
NanoDrop 200c (ThermoFisher Scientific) by analyzing absorbance of
UV–visible light. All three biological replicates produced comparably
similar results. A total of 31,239 (Qiagen kit) and 15,404 (Mo-Bio kit)
16S rRNA gene sequences (400–435 bp) were assigned to 61 OTUs
(Supplementary data, Table S1). Only three phyla comprised a> 5%
OTUs abundance: Bacteroidetes (71% and 52%, Qiagen and Mo-Bio
kits), Proteobacteria (23% and 42%), and Firmicutes (5%) and jointly
covered 99% of reads. The use of two DNA isolation kits caused no
variations in the order of predominance at the phylum level:
Bacteroidetes > Proteobacteria > Firmucutes (Fig. 3A). Rarefaction
curves reached asymptotic values, thus indicating sufficient read cov-
erage for identification of taxa constituting the studied bacteria (Sup-
plementary data, Fig. S1). Differences in OTU contributions for the two
DNA isolation procedures (Qiagen and Mo-Bio kits) were prominent for
Bacteroidetes and Proteobacteria, but not for Firmicutes.

3.3. Major bacteria classes, families and genera

In total, members of 6 classes held 98% of the total reads and the
top 11 families (and genera) shared a> 90% contribution to the bac-
terial community from ancient permafrost alluvium (Fig. 3 B, C). Re-
presentatives of the class Sphingobacteriia dominated within Bacter-
oidetes and sustained 70.7% (Qiagen kit) and 51% (Mo-Bio kit) of the
total reads (Fig. 3). Major contributors were members of the family
Chitinophagaceae and the genus Sediminibacterium (65.9% and 48.2% for
the two kits, respectively) and an unclassified group (Fig. 3C) that

possessed 92.5% similarity to the genus Niabella (Table S1).
The second abundant lineage Proteobacteria was dominated by

Alphaproteobacteria (35.8% and 14.4%) followed by
Gammaproteobacteria (3.3% and 5.8%) and Betaproteobacteria (4.5%
and 0.7%). Major groups within Alphaproteobacteria with> 1% abun-
dance represented the following families and genera: Caulobacteraceae
(the genus Caulobacter, the mean contribution 11.4%),
Sphingomonadaceae (Sphingomonas, 8.5%), Bradyrhizobiaceae
(Bradyrhizobium, 3.1%), and Methylobacteriaceae (Methylobacterium,
2.2%). Among Gammaproteobacteria, the most abundant were members
of Halomonadaceae and Shewanellaceae and especially the genera
Halomonas (2.2%) and Shewanella (1.2%). The Betaproteobacteria class
was mainly represented by the families Burkholderiaceae and the genus
Ralstonia (1.5%) and Comamonadaceae, the genus Pelomonas 1.1%.
Dominant sub-divisions within Firmicutes were the class Bacilli (espe-
cially Staphylococcaceae, Streptococcaceae, and Lactobacillaceae); mem-
bers of the genera Staphylococcus and Streptococcus contributed with
means of 1.8% and 0.75% of the total reads, respectively (Fig. 3C).

Overall, variations of DNA extraction procedures produced no
substantial interferences in the qualitative profile, except for the reli-
able detection of Burkholderiaceae with the Qiagen kit (Table S1).
However, differences in numerical contributions from most top divi-
sions (especially, Sediminibacterium, Caulobacter, and Sphingomonas)
were significant for two groups of data obtained using the two kits.

3.4. Minor groups

Remaining phyla contributed roughly 1% to the total reads.

Fig. 3. Composition of the bacterial community from 3 to 3.5 Ma
permafrost alluvial sediments under Mammoth Mountain (Eastern
Siberia). Relative read abundance of different bacterial phyla (A),
classes (B), and genera (C).
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Actinobacteria shared approximately 0.7%, among which members of
the Micrococcaceae and Brevibacteriaceae families (closely related to
Arthrobacter and Brevibacterium genera) were detected by sequencing
after DNA isolation with both kits. Representatives of the other lineages
(Deinococcus-Thermus, Cyanobacteria/Chloroplast, Fusobacteria, and
Acidobacteria) were rare and detected using only one of DNA isolation
procedures, and some of them were assigned to unclassified groups
(Table S1). On the whole, the bacterial community from the studied
permafrost sediments is composed from members of both major and
minor groups with varying relatedness to the known taxa (Fig. S2).

4. Discussion

16S metagenomic analysis allowed us to find bacterial lineages in
ancient permafrost alluvium, which were not captured by culture-de-
pendent approach, except for some members of Actinobacteria (Zhang
et al., 2013). Moreover, variations of DNA isolation procedures (two
kits for the same sample) were useful mainly to detect some minor
groups, although caused no changes in the compositional profile for
major taxa at least. Taken together, the obtained data show some
specific features of the bacterial component in permafrost alluvium.

Strikingly, Bacteroidetes constitute the most abundant fraction in the
ancient permafrost alluvial sediments under study. Members of this
lineage occur but do not dominate over Proteobacteria in various un-
frozen alluvial aquifers and sediments (Medihala et al., 2012; Yergeau
et al., 2012; Gibbons et al., 2014; Missimer et al., 2014; Handley et al.,
2015; Li et al., 2015), active and permafrost soils (Roesch et al., 2007;
Yang et al., 2012), and are rather rare in some permafrost sediments
(Yergeau et al., 2010; Rivkina et al., 2015). Second, low abundance of
Actinobacteria in the studied 3–3.5 Ma permafrost alluvium contrasts
permafrost soils and lake sediments (Vishnivetskaya et al., 2006; Yang
et al., 2012; Rivkina et al., 2015), as well as deep ground ice (Steven
et al., 2008; Yergeau et al., 2010) but is common in unfrozen alluvial
water and sediments (Medihala et al., 2012; Amalfitano et al., 2014;
Missimer et al., 2014). The significant proportion of Proteobacteria as in
this study and even their predominance is common, as demonstrated in
the above-cited works.

Members of most bacterial families and genera in the studied
community from nutritionally poor permafrost alluvial sediments are
widespread in terrestrial and aquatic habitats. Thus, closest relatives of
almost all Bacteroidetes in the studied sample pertain to the genus
Sediminibacterium firstly described by Qu and Yuan (2008) who isolated
the type strain S. salmoneum from sediment of a eutrophic reservoir.
Other species (S. ginsengisoli and S. goheungense) were found in soils and
freshwater (Kim et al., 2013; Kang et al., 2014). Representatives of the
genus Caulobacter inhabit oligotrophic environments (Abraham et al.,
1999) and of the genus Sphingomonas are ubiquitous in a variety of
aqueous and terrestrial habitats (Balkwill et al., 2006). The occurrence
of Bradyrhizobium nitrogen-fixing plant root symbionts (Jordan, 1982)
and Staphylococcus is not surprising since plant and animal remnants
are present in studied sediments; staphylococci were also found among
the isolates from some permafrost environments (Steven et al., 2008). It
is noteworthy that even halophiles of the genus Halomonas (Dobson and
Franzmann, 1996) persisted in permafrost alluvium. These bacteria
likely entered before freezing from neighboring saline environments
currently and probably previously widespread in this region, taking into
account the prevalence of evaporation over precipitation. As a result of
freezing, the salinity of unfrozen water microenvironments could in-
crease and be suitable for halophilic bacteria.

Preliminary16S metagenomic analysis of the bacterial community
in Pleistocene ice veins from the upper horizons at the same site as the
studied ancient permafrost alluvium have demonstrated the pre-
dominance of Proteobacteria (> 80%) and the occurrence of
Bacteroidetes, Firmicutes, and Actinobacteria (2–3% abundances).
Gammaproteobacteria, the most abundant lineage in the ice veins, was
represented mainly by the genera Marinobacter > Methylophaga >

Pseudomonas > Halomonas (unpublished results). Hence, bacterial
communities in ancient permafrost alluvium and ice veins even at the
same sampling site differ in general profile. Further studies are neces-
sary to gain insight into a more complete bacterial community structure
in the entire Neogene alluvium and outlier horizons, with the use of
many independent samples.

The conditions in permafrost alluvial Neogene sediments are un-
likely to support active growth of many bacteria. In this light, an issue
on the survival mechanisms becomes intriguing, especially for non-
spore-forming bacteria that are predominant in the studied sediments
and a variety of natural habitats. Specifically, little is known about the
adaptation mechanisms adopted by bacteria belonging to
Sediminibacterium genus; a recent study has shown a flexible adaptation
of closely related isolates to withstand stresses (Ayarza et al., 2015). It
is quite plausible that most bacteria in ancient permafrost alluvium
exist or even survive as uncultivable (or yet-to-be-cultivated) and viable
non-culturable cells (Vartoukian et al., 2010; Puspita et al., 2012),
common in natural habitats (Roszak and Colwell, 1987; Amann et al.,
1995). Specifically, readily cultivable non-spore-forming bacteria en-
tering a non-culturable state in response to nutrient starvation, tem-
perature downshift, and other stresses is well characterized for nu-
merous species (Roszak and Colwell, 1987; Kaprelyants et al., 1993;
Oliver, 2010; Puspita et al., 2012; Li et al., 2014 and references
therein). Moreover, non-spore-forming bacteria are able to produce
dormant cyst-like cells intended for long-term survival, which were
found in some ancient permafrost and unfrozen environments using
direct electron microscopy (Mulyukin et al., 2003; Soina et al., 2004;
Suzina et al., 2004). Specific procedures are often required for growth
recovery in cultured and permafrost populations containing cyst-like
cells (Mulyukin et al., 2009; Kriazhevskikh et al., 2012) and certain
approaches are recommended to improve PCR-based detection of dor-
mant cystous cells and spores (Mulyukin et al., 2013). Further studies
are needed to clarify in what state microbial cells persist in permafrost
alluvium and similar environments.

Hence, ancient permafrost Neogene alluvial sediments represent an
environment with a particular compositional profile of bacterial com-
munity where diverse microorganisms survive for long periods of time.
The consequences of future reintroduction of preserved bacterial com-
munities in permafrost such as that in this study to the surrounding
ecosystem are unknown. Further studies would benefit the under-
standing of how thaw and flow of these materials will affect present-day
organisms in this environment.
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