ASTROBIOLOGY
Volume 6, Number 3, 2006
© Mary Ann Liebert, Inc.

Research Paper

Bacterial Community in Ancient Siberian
Permafrost as Characterized by Culture
and Culture-Independent Methods

TATIANA A. VISHNIVETSKAYA,!> MAYA A. PETROVA,!? JOHN URBANCE,!
MONICA PONDER,! CRAIG L. MOYER,!* DAVID A. GILICHINSKY,?
and JAMES M. TIEDJE!

ABSTRACT

The microbial composition of ancient permafrost sediments from the Kolyma lowland of
Northeast Eurasia was examined through culture and culture-independent approaches. These
sediments have been continuously frozen for 5,000 to 2-3 million years. A total of 265 Bacte-
ria 165 rRNA gene sequences were amplified from the permafrost total-community genomic
DNA and screened by amplified ribosomal 16S rRNA restriction analysis. Members of three
major lineages were found: gamma-Proteobacteria (mostly Xanthomonadaceae), Actinobacte-
ria, and Firmicutes. We also determined partial 16S rRNA gene sequences of 49 isolates from
a collection of 462 aerobes isolated from these sediments. The bacteria included Actinomyc-
etales (Arthrobacter and Microbacteriaceae); followed by the Firmicutes (Exiguobacterium and
Planomicrobium); the Bacteroidetes (Flavobacterium); the gamma-Proteobacteria (Psychrobac-
ter); and the alpha-Proteobacteria (Sphingomonas). Both culture and culture-independent ap-
proaches showed the presence of high and low G+C Gram-positive bacteria and gamma-Pro-
teobacteria. Some of the 16S rRNA gene sequences of environmental clones matched those of
Arthrobacter isolates. Two-thirds of the isolates grew at —2.5°C, indicating that they are psy-
chroactive, and all are closely related to phylogenetic groups with strains from other cold en-
vironments, mostly commonly from Antarctica. The culturable and non-culturable microor-
ganisms found in the terrestrial permafrost provide a prototype for possible life on the
cryogenic planets of the Solar System. Key Words: Psychrotroph—Arctic—Arthrobacter—Psy-
chrobacter-Exiguobacterium—16S rRNA phylogeny. Astrobiology 6, 400—414.

INTRODUCTION oceans and soils from temperate regions to the

poles experience temperatures of 4°C or lower.

Low TEMPERATURE is a dominant feature of the Hence, understanding microbial adaptations to
planets beyond Earth, and even on Earth the cold is fundamental to understanding biological
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strategies for life on the other planets. Permafrost
is a particularly relevant model for possible life
on Mars because of similar temperature, mois-
ture, and soil chemical and physical conditions.

Permafrost defines frozen soil, sediment, or
bedrock that is frozen continuously for 2 years or
more. It occupies over 20% of Earth’s land sur-
face (Gilichinsky and Wagener, 1995). Permafrost
is a harsh, but stable, environment where sub-
freezing temperature (—12°C to —20°C in the Arc-
tic), low water activity (a,, = 0.8-0.85), and inac-
cessibility of organic matter to the resident
microorganisms remain constant for thousands to
several million years (Gilichinsky, 2002). Micro-
bial populations that inhabit this environment ex-
perience long-term exposure to low temperature,
low water activity, low nutrient availability, and
constant gamma radiation from soil minerals as
well as cell aging processes. Nevertheless, these
buried soils and sediments harbor a variety of mi-
croorganisms (Gilichinsky ef al., 1995; Vorobyova
et al., 1997) that have retained viability or might
maintain low metabolic activity (Rivkina et al.,
2000; Bakermans et al., 2003) over geological time
periods and, upon thawing, renew or accelerate
their physiological activity.

Despite the description of an increasing num-
ber of culturable isolates from Siberian per-
mafrost (Soina et al., 1991; Gilichinsky et al., 1995;
Vorobyova et al., 1997, Vishnivetskaya et al.,
2000), relatively little information is available on
the composition of the microbial community in
this unique environment. This is primarily due to
the reliance on standard culture-based methods
for the recovery and identification of individual
permafrost isolates, and the focus on specific
physiological groups of microorganisms, rather
than on gaining a more comprehensive view of
the entire subsurface microbial community.

Permafrost habitats have remained isolated
from the outside world for thousands to millions
of years and provide a unique, natural culture
collection for studying microorganisms that have
been separated from the global gene pool of sur-
face biota. 165 rRNA gene sequence analysis of
the total-community genomic DNA has been
used to characterize Archaea within the per-
mafrost sediments (Tiedje et al., 1998). Neverthe-
less, no comparative studies of the 165 rRNA
gene diversity of culturable and non-culturable
permafrost bacteria have been reported to date.
Recently, we used improved isolation procedures
for recovering aerobic heterotrophic bacteria
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from these ancient sediments, which include di-
rect plating and permafrost soil enrichment with
or without adding nutrient media and cryopro-
tectants, all carried out at 4°C to increase the di-
versity of genotypes recovered (Vishnivetskaya et
al., 2000). Herein, we reported the permafrost bac-
terial community of the Kolyma Region charac-
terized by 165 rRNA gene sequences amplified
from the total-community genomic DNA and
from representative members of our culture col-
lection obtained under conditions more similar to
permafrost.

Subzero temperatures are a common phenom-
enon in space: most of the planets of the Solar
System, their satellites, and comets and asteroids
are of a cryogenic nature. The culturable and non-
culturable microorganisms found in the terres-
trial permafrost provide analogues that could be
used in the search for possible ecosystems, po-
tential inhabitants, or biosignatures, especially
specific biomarkers, on extraterrestrial cryogenic
bodies.

MATERIALS AND METHODS

Collection of the permafrost samples

The sampling sites were located in a tundra
ecosystem in the Kolyma lowland of Northeast
Eurasia, 152°-162°E, 68°-72°N, which is adjacent
to the East Siberian Sea. The distances among
boreholes ranged from 50 to 300 km. This area is
characterized by Arctic climate with a mean an-
nual air temperature of ~13.4°C. The seasonal
thawing of the soil surface usually starts in June
and reaches its maximum, 0.3-0.5 m, in mid-Sep-
tember. Below this “active” layer the ground is
permanently frozen and reaches a thickness of up
to 800 m. The permafrost mean annual tempera-
ture is stable at —10°C. The permafrost samples
were obtained by slow rotary drilling in the sum-
mers of 1991-1997 without the use of any solu-
tions or drilling mud to minimize possible cont-
amination. Evaluation of the sampling method as
well as description of contamination controls
were done by Khlebnikova et al. (1990) and con-
firmed by Juck et al. (2005) and Gilichinsky et al.
{(authors” unpublished data). These studies re-
vealed a penetration level for contaminants of less
than 1 cm from the core exterior. Contamination
of the processed core interiors with the Serratia
marcescens (Khlebnikova et al., 1990) or with a
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Pseudomonas strain expressing the green fluores-
cent protein (Juck et al., 2005) was not detected
by culture-dependent and culture-independent
microbial analyses. In the field, the handling of
permafrost cores was done in a sterile mobile
hood with precautions to ensure aseptic manip-
ulation, transportation, and storage of the sam-
ples (Khlebnikova et al., 1990). The surface (1-1.5
cm) of extracted frozen core was trimmed away
with a sterile knife to eliminate surface contami-
nation from the drilling. The frozen core was then
immediately divided into sections approximately
5 cm long, placed in presterilized aluminum tins,
sealed, and placed in frozen storage. All samples
remained frozen throughout this process and
during transport. The cores were stored at —10°C
to mimic the in situ conditions. In the laboratory,
frozen samples were fractured in a class II posi-
tive-flow hood with a sterile knife, and only sec-
tions internal to the core were taken for microbi-
ological analysis using sterile forceps (Shi et al.,
1997; Rivkina ef al., 1998).

Sediment characterization

The permafrost samples from depths of
1.2-68.6 m used in this study are listed in Table
1. The locations and characteristics of sampling
sites and cores were also detailed previously
(Rivkina et al., 1998; Vishnivetskaya et al., 2000).
For DNA extractions, four permafrost samples
were chosen (Table 1): Site A, sample 14, marine
sediments from borehole 4/91, Point Chukochii,
East Siberian Sea coast; Site B, sample 22, lake-
swamp sediments from borehole 3/92, Kon’ko-
vaya River; Site C, sample 20, lake-alluvium sed-
iments from borehole 5/94, Chukochya River;
and Site F, sample 45, buried soil from borehole
5/93, Khomus-Yuriakh River. Total bacterial cell
counts were determined by counting cells stained
with  5-(4,6-dichlorotriazin-2-yl)-aminofluores-
cein (DTAF) following the protocol of Bloem ef
al. (1995) as adapted to our facilities (Vishnivet-
skaya et al., 2000).

Total DNA extraction from permafrost

The permafrost samples (5 g) were placed in
sterile ceramic mortars after freezing in liquid ni-
trogen and ground until powder-like. The ground
sample was mixed with 13.5 ml of sterilte DNA
extraction buffer [100 mM Tris-HCI, 100 mM
sodium EDTA, 100 mM sodium phosphate (pH
8.0), 1.5 M NaCl, and 1% hexadecyltrimethylam-
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monium bromide], containing 75 ug/ml pro-
teinase K and 250 ug/ml achromopeptidase.
Achromopeptidase was used to increase DNA
yield from Gram-positive bacteria. Further steps
for DNA extraction by high temperature/salt/
sodium dodecyl sulfate-based lysis method were
described previously (Zhou et al., 1996). To in-
crease yield of DNA, the DNA extraction from
each sample was repeated three times. The crude
DNA was separated by electrophoresis in 1% low
melting point agarose and purified by filtration
with Microcon YM-100 columns (Millipore Corp.,
Billerica, MA). The concentration of DNA was es-
timated at 260 nm. All reagents used for the DNA
extraction and further analyses were molecular
biology grade. Solutions were fresh made in
DNase-free water and autoclaved.

Strain isolation from permafrost

We previously reported improved isolation
procedures and the initial characterization of 238
strains from permafrost sediments (Vishnivet-
skaya et al., 2000). Using different enrichment
techniques, from four to over 50 bacterial strains
were isolated from each sample. In spite of the
fact that the permafrost strains were isolated
without exposure to temperature above 4°C, all
isolates were psychrotolerant and could grow at
both 4°C and 24°C. We grouped the strains using
phenotypic criteria (Balkwill et al., 1989), which
included: pigmentation; colony morphology; cell
morphology; motility; catalase production; Gram
reaction; rep-polymerase chain reaction (PCR) ge-
nomic fingerprinting; antibiotic resistance to
ampicillin, chloramphenicol, streptomycin, ery-
thromycin, and tetracycline; and growth at low
temperatures. All tests were performed at 24°C
except for the latter. Forty-nine strains represent-
ing the observed diversity were selected for par-
tial 165 rRNA gene sequencing. In a number of
cases, several strains from the same rep-PCR clus-
ter were sequenced to assess their phylogenetic
homogeneity or to compare more intimately sim-
ilar strains isolated from different depths.

16S rRNA gene amplification from permafrost
sediment-derived genomic DNA and from the
bacterial isolates

Near-complete 165 rRNA genes were selec-
tively amplified from purified total-community
genomic DNA using moderately degenerate, Bac-
teria-specific primers targeted to Escherichia coli
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positions 49-68 (5'-TNA NAC ATG CAA GTC
GRR CG-3') and 1510 to 1492 (5'-RGY TAC CTT
GTT ACG ACT T-3') where degenerate R posi-
tions were accommodated by purine analog dK,
and Y positions were accommodated by pyrimi-
dine analog dP or N positions where there was
an equal mixture of both analogs at a single po-
sition (Glen Research, Sterling, VA). The 5" ends
of both primers contained a phosphalink phos-
phoramidite (Applied Biosystems, Foster City,
CA) that aids in cloning efficiency (Moyer et al.,
1994; Emerson and Moyer, 2002).

Amplifications were performed in a reaction
mixture containing ~50 ng of total-community ge-
nomic DNA, 2.5 U of Tag DNA polymerase (Ap-
plied Biosystems), 5 ul of 10X PCR bulffer, 2.5 mM
MgCl,, 200 uM each deoxynucleotide triphos-
phate, 150 ng/ul T4 gene 32 protein (Roche Mo-
lecular Biochemicals, Indianapolis, IN), 1 uM each
forward and reverse primers, and sterile water to
a total volume of 50 ul. Reaction mixtures were ir-
radiated with ultraviolet light for 5 min at 254 nm
(1,000 J/m?) before the addition of template, T4
gene 32 protein, and Tag DNA polymerase to elim-
inate potential contamination (Sarkar and Sommer,
1993). T4 gene 32 protein was used to enhance the
efficiency of PCR in the presence of residual
amounts of humic acids (Tebbe and Vahjen, 1993;
Kreader, 1996) and to keep the cycle numbers at 30.
All negative controls with water instead of DNA
template showed no amplification. We have also
tested several of the reagents we used and con-
firmed that no contamination came from the pro-
teinase K, lysozyme, or the achromopeptidase. The
results of PCR were reproducible.

Genomic DNA from the 49 strains was isolated
(Ausubel, 1994) and stored at —20°C until analy-
sis. The 165 rRNA genes were amplified using a
previously described forward primer (designated
here LFP1) (Zhou et al., 1997) targeting positions
10-27 of E. coli 165 rRNA, and 1510-1492 for the
reverse primer (above). Primers were obtained
from the Macromolecular Synthesis Facility,
Michigan State University (East Lansing, MI). The
standard PCR mix (50 ul) contained 5 ul of 10X
PCR buffer, 1.5 mM MgCl,, 30-50 ng of DNA,
2.5 mM each deoxynucleotide triphosphate, 1 uM
each primer, 0.5 U of Tag DNA polymerase, and
200 ng/ml bovine serum albumin. The tempera-
ture profile included an initial denaturation at
95°C for 3 min followed by 30 cycles of 95°C for
1 min, 55°C for 1 min, and 72°C for 1 min, with
a final extension at 72°C for 7 min.
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Screening of environmental clone libraries

The amplified PCR products from the total-
community genomic DNA were directly ligated
into the pCR™ 2.1 vector using an Original TA
cloning kit (Invitrogen, Carlsbad, CA) and trans-
formed into E. coli INVaF’ competent cells (In-
vitrogen), according to the manufacturer’s in-
structions. Positive clones were confirmed by
PCR with primers TA106 and TA187 (Invitrogen)
specific to the polylinker of the vector pCR 2.1.
The re-amplified PCR products were analyzed for
16S rRNA gene inserts of the correct size range
(1.5 kilobases) by electrophoresis in 1.2% agarose
gel. Four environmental clone libraries were con-
structed from the four samples indicated above,
and were called Al4, B22, C20, and F45 repre-
senting the sites and sample numbers from which
they originated.

Amplified ribosomal 165 rRNA restriction
analysis (ARDRA) of environmental clones was
used to detect clones with discrete operational
taxonomic units (OTUs). Plasmid DNA was iso-
lated from every putative positive clone with the
QIA prep Spin Miniprep Kit (Qiagen Inc., Valen-
cia, CA). Plasmids were then used as templates
for an additional PCR (using the same conditions
as for clone library generation). Fifteen micro-
liters of the PCR-amplified products were then
double-digested with 10 units of each tetrameric
restriction enzyme Mspl plus Rsal, or Hhal plus
Huaelll (Invitrogen) at 37°C overnight. The result-
ing restriction fragment length polymorphism
patterns, created by using tandem tetrameric re-
striction endonucleases, were analyzed by gel
electrophoresis in 3.5% Metaphor agarose (Cam-
brex, East Rutherford, NJ). The gel was stained
with 0.5 ug/ml ethidium bromide and visualized
by ultraviolet transillumination. Gel images were
digitized, and ARDRA patterns were normalized
with molecular size markers and clustered as pre-
viously described (Rademaker et al., 1999). The
cluster analysis of these data was done using the
GelCompar software program (Applied Maths,
Austin, TX).

165 rRNA sequencing of environmental clones
and bacterial isolates

Sequences of the 16S rRNA genes from envi-
ronmental DNA clones were determined using
either purified plasmid or PCR-amplified plas-
mid inserts as the sequencing template. The PCR
products were purified with the Wizard PCR
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Preps DNA Purification System (Promega, Madi-
son, WI). Nearly full-length sequences from 11
representative clones (a clone from each major
OTU containing five or more clones plus a clone
from two phylogenetically divergent Gram-posi-
tive, high G+C OTUs, each containing two
clones) were constructed using standard primers
(Lane et al., 1985). Complete 165 rRNA sequences
were manually aligned using both primary and
secondary structure. All sequences were checked
for chimera formation using CHIMERA_CHECK
version 2.7 software of the Ribosomal Database
Project II (Cole et al., 2003).

The 16S rRNA genes from bacterial cultured
isolates were partially sequenced using LFPI and
a reverse primer targeting positions 515-529 of E.
coli 165 rRNA (Lane et al., 1985) using an auto-
mated DNA sequencer.

Phylogenetic analyses

Sequences were initially aligned against the most
similar sequences in the ARB small subunit rRNA
database using the alignment algorithm in ARB
(http://www.mikro.biologie.tu-muenchen.de).
Additional 16S rRNA gene sequences from closely
related bacteria were retrieved from GenBank fol-
lowing identification by BLAST search (Altschul et
al., 1990). Sequence alignments were then adjusted
manually based upon elements of primary se-
quence and secondary structure. Because of the
broad phylogenetic diversity of the permafrost iso-
lates and because local analyses are more accurate
than global ones, phylogenetic inferences were di-
vided into five separate analyses. Ultimately, each
phylogenetic analysis was based upon nucleotide
positions near the 5 end of the molecule, which
were present in all sequences compared and could
be unambiguously aligned (Arthrobacter, 333 posi-
tions; Microbacteriaceae, 507 positions; Firmicutes,
380 positions; Bacteroidetes, 486 positions; Pro-
teobacteria, 356 positions). Phylogenetic analyses
were performed by the neighbor-joining (Saitou
and Nei, 1987) and distance (DeSoete, 1983) meth-
ods from within the ARB environment (data not
shown), and by a maximum likelihood method us-
ing the program fastDNAmI. Bootstrap values
were based on 100 trees generated using the pro-
gram fastDNAmI_boot (Olsen et al., 1994). All max-
imum likelihood analyses included a jumbled or-
der of sequence addition. GenBank accession
numbers of previously published sequences are
displayed in the phylogenetic trees (Fig. 1).
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GenBank accession numibers

Sequences generated in the present study were
deposited in GenBank (accession numbers
AY444816 through AY444863 for cultured iso-
lates and AY539810 through AY539820 for repre-
sentative clones).

RESULTS

DNA recovery from permafrost and screening
of bacterial 16S rRNA clones

A standard method of DNA recovery from
soils (Zhou et al., 1996) gave poor DNA yields
from permafrost. Instead, after grinding of the
samples frozen in liquid nitrogen, achromopep-
tidase was added to the DNA extraction buffer to
maximize the community genomic DNA yield
from Gram-positive bacteria. The yield of DNA
ranged from 0.5 to 2.8 ug/g of sediment dry
weight and did not correlate with pH or the or-
ganic carbon content of the samples (Table 1).
Theoretical calculations of bacterial cells from to-
tal DNA recovered were close to that of the total
direct counts. The data suggest that most of the
indigenous permafrost microbes are being lysed
and their DNA is being efficiently extracted.
Thus, differences between theoretical/total cell
counts and culturable colony-forming units sug-
gest that the bulk of the DNA recovered belonged
to mostly uncultivated members of the per-
mafrost community (Table 1).

A total of 49, 47, 70, and 99 putative positive
16S rRNA gene clones were detected from the
Al4, B22, C20, and F45 clone libraries, respec-
tively, based on correct size of insert and suc-
cessfully passing the CHIMERA_CHECK analy-
sis using partial sequence data (5'- and 3'-ends)
from all clones examined. CHIMERA_CHECK
detected between 6% to 8% chimeras for each of
the libraries; these clones were dropped from fur-
ther analysis. Most chimeras shared similarity
with sequences of the most predominant OTUs.
No chimeras were detected from any OTU that
contained more than a single clone as determined
by ARDRA. A final total of 265 16S rRNA genes
were successfully cloned from total-community
genomic DNA recovered from four permafrost
samples.

Cluster analysis showed that the A14, B22, and
C20 clone libraries were each composed of 17, 17,
and 16 OTUs (Table 2), respectively, dominated
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High G+C Gram-positives, genus Arthrobacter High G+C Gram-}p_ositives, Microbacteriaceae
88 {AMIobacterglobiformis DSM 20124T(M23411) 100 | Nocardioides sp. NCFB 3007 (X76179)
Arthrobacter sp. 58 (arsenic-contaminated soil, AF388034) 255-89
190-5° s [Subtercola pratensis DSM 14246 T(grass, AJ310412)
45B46.env, 45B29.env’, 293-3w° ; 190.2°
o5 AtirORaCter agis DSM 20550 (X80748) Corynebacterium sp. QSSCY-20 (Antarctic sublithic, AF 170756
33615 Frigoribacterium faeni DSM 103097(Y 18807)"
af 21545 o R 16 [—Corynebacterium sp. QSSC3-5 (Antarctic sublithic. AF170740)"
Arthrobacter sp. S23H2 (Antarctic sea ice. AFO41789)" | | 5 Frigonibacterium sp. GOBB3-206 (N. Baltic Sea, AF321022)"
os[ Arthrobacter citreus DSM 20133 '(X80737) 53 235.6°
255-129 255-8a7 Cryobacterium psychrophilum JCM 14637(D45058)"
Arthrobacter sulfureus DSM 201677 (X83409) 4825813,}; P psychrop
54 45-39 215.93° 235-11°, 273-2° env
£ Arth tersp. AH13 (fresh water lake, AJ289962) . 100 1§gﬁfylbacter festucae” VKMAc-1390 (nematode, AF159365)
76|12 ¢
235-2 “Curtobacterium herparum” DSM 140137 (grass. AJ310413
Arthrobacter nicotianae DSM 201237T(X80739) -]mn © )
5 43 49 3361429 .
50 Arthrobacter psychrolactophilus D2 (AF134181)h ) ‘%urtobactenum flaccumfaciens” LMG 3645 (grass. AJ312209)
o1 348-105 309-13° 190-3°
i Arthrobacter psychrolactophiius RG1 (AF134183)” 0.10
05]348-9° 130-85 109-2°
45B167.env!
0.10
Gram-positive, Firmicutes Gram-negative, Bacteroidetes
Bacillus subtilis NCDO 1769 (X60646) Flavobacterium hibemumATCC 51468 7(1L.39067)"
¥z asBacillus sp. 19498 (tomb mural, Spain AJ315066) 65 215.9¢
135940° Flavobacterium sp. IC001 (Antarctic sea ice, U85889)"
o0} PRERIbaCIIUS amylolyticus NRRL NRS-290'(D85396) Flavobacteriumsp. GOBB3-C103-1(N. Baltic Sea, AF321045)
25549 2} 215-60°
1o01Sporosarcina psychrophila |IAM 12468T(D1 6277\ %l409-13¢
309-63° 100y Clone LD3 (fresh water lake, AJOO7872)
soil clone TRS2 (AJ232784) 2397
255.29309.58° sof Sphingobacterium sp. OM-E81 (AB020206)
“Planococcus psychrotolerattis® JCM 11 OSOT(AF 324659)" 300-37¢
%8 } Planococcus sp. SOS Orange (Antarctica, AF242541)" 0.10
45-18¢
5I»;Iammiz:mbium okeanokoites IFO 125367( D55729)
Planomicrobium koreense JGO7 (fermented food AF144750)  Gram-negative, Proteobacteria T
] 503.12¢ o Sphingomonas paucimobilis IFO 13935'(D13725)
215-68° 00| [~ Novosphingomonas subarcticum KF1T(bioreactor, X94102)
e
215-38% 1094° % ; po M3G2038-B (Antarctic lake, AF395031)”
Exiguobacterium aurantiacum NCDA 23217 (X70316) phingomonas . (Antarcticlake, AF395031)
) ) ) T 100] Sphingomonas sp. Ant 20 (Antarctica, AF184221)
00 Exiguobacterium acetyficurn NCIMB 9889' (X70313) 336129
Exiguobacterium acelylicum c/c-aer/b (Antarctica, AJ297437)" Pseud as aeruginosa DSM 50071T(X0668 4)
e
21::‘11; 07.5° 302.28° Clone WD2111 (PCB-contaminated soit, AJ282678)
T I e %l 235.13¢ .
0.10 @ modern tundra soi Psychrobacter glacincola DSM 12194 (AJ312213)"h
medern fundra sol Marine psychrophilic bacterium MstK25 (AJ308373)
b 7,000-10,000 year-old sediment Moraxella sp Ant7 (Antarcﬁc waters AF025577)h
€ 20,000-30,000 year-oid sediment 273-4° 215.51¢ )
d 60,000- 100,000 year-old sediment 252_3:3
€ 200,000-600,000 year-old sedment 811 235 12¢
 0.6-2 million year-old sediment 0.10
9 2-3 million year-old sediment
h psychrotolerant, psychrophilic or
isolated from a cold environment
FIG.1. Phylogenetic relationships of Siberian permafrost isolates and selected relatives. Trees were produced by a

maximume-likelihood method using fastDNAmI_loop (Olsen et al., 1994). Bootstrap values are based upon 100 boot-

strap trees calculated using fastDNAmIl_boot (Olsen et

al., 1994). Nodes without bootstrap values represent either

branching orders that were inconsistent between the phylogenetic tree and the consensus tree generated from the
bootstrap trees or bootstrap values less than 50%. The scale bars represent 0.1 changes per nucleotide position. No-
cardioides strain NCFB 3007 and isolate 255-8 were incorporated in the Microbacteriaceae tree as an outgroup to root
the tree. Outgroup sequences used to root the other trees were removed for aesthetic considerations. The Proteobac-

teria tree is unrooted.
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TABLE 2. COMPARISON OF THE DIVERSITY AMONG 16S rRNA CLONES FROM SIBERIAN PERMAFROST SITES

Gram-positive,

Clone library Number of total ~ Number of total ~ Lysobacter, ES-1 high G+C Estimated
sample site? Origin positive clones® OTUs* phylotypes? phylotypest  coverage (%)¢
Al4 Marine 49 17 13 0 80

B22 Lake-swamp 47 17 9 2 75

C20 Lake-alluvium 70 16 7 0 84

F45 Buried soil 99 31 5 25 82

aSite locations and sample numbers from Table 1 from which the total community genomic DNA was extracted.
PClones containing and entire ~1.5-kilobase 165 rRNA insert with 5’- and 3’-ends passing CHIMERA_CHECK

analysis.

€OTUs as determined by ARDRA using two pairs of tetrameric restriction enzyme digests.

dAs determined by either full or partial (e.g., 5'- and 3'-ends) sequencing.

¢As defined by Good (1953), estimating the fraction of a clone library of infinite size successfully sampled by our
clone library with the same polymerase chain reaction and primer parameters.

by at least two major OTUs whose sequences
were similar to both the putative lithotroph ES-1
and Lysobacter sp. C3 (AY074793) within the Xan-
thomonadaceae (Emerson and Moyer, 1997; Sul-
livan et al., 2003). Nearly twice as many OTU pat-
terns (n = 31) were found in the F45 clone library
(Table 2). This library was dominated by OTUs
contained within two taxonomic groups, which
accounted for 57% and 39% of the total clones
(Fig. 2). These two taxonomic groups were affili-
ated with high G+C Gram-positives such as
Arthrobacter, Micrococcus, Renibacterium, and
Clavibacter, and the Xanthomonadaceae (ES-1 and
Lysobacter sp.), respectively. Minor OTUs across
these four clone libraries were affiliated with
other gamma-Proteobacteria including many En-
terobacteriaceae such as Aeromonas, Yersinia,
Serratia, and Citrobacter and Pseudomonadaceae
such as Pseudomonas (0-9%) or Firmicutes such as
Clostridium and Bacillus (ranging from 0% to 17%)
or both (Fig. 2). A comparison of the diversity ex-
hibited among these clone libraries is shown and
based on the dominant phylotypes detected
among OTUs along with the estimated coverage
for each library, which ranged from 75% to 84%
(Table 2).

165 rRNA phylogenetic analysis

The 165 rRNA sequences of clones from each
major OTU group were compared with sequences
for viable bacteria (Table 3 and Fig. 1). Four en-
vironmental clones had a high percentage of sim-
ilarity with isolates. All other environmental
clones studied had low similarity with viable iso-
lates and were not included in the final phyloge-

netic trees. Sequences were grouped into five di-
verse bacterial assemblages (Fig. 1).

The vast majority of the 165 rRNA gene se-
quences of the isolates (37 sequences or 76%)
were affiliated with the Gram-positive bacteria,
and 23 of those (47% of all sequences) belonged
to the family Micrococcaceae in the phylum Acti-
nobacteria. Over one-third of all sequences of
permafrost strains belonged to a single genus,
Arthrobacter (17 sequences or 35%), and six (12%)
belonged to the closely related Microbacteriaceae.

B [jsobacter, ES-1
80 - =3 y-Protevbacteria
EE G+, Low G+C
—_ [ G+ High G+C
X
<
=~ 60 1 —
<l
2
=
=
< 40
2
&
20 A
04

Al4 B22 C20

Clone Library

F45

FIG. 2. The diversity, represented by four different per-
mafrost samples, revealed by the rank abundance and
phylogenetic affiliation of all putative positive 165 rRNA
clones. Phylotype designations are as follows: Lysobacter,
ES-1, Xanthomonadacea group of gamma-Proteobacteria;
gamma-Proteobacteria, “other” gamma-Proteobacteria,
including many Enterobacteraceae and Pseudomon-
adaceae; G+, Low G+C, Firmicutes, including mostly
Clostridium and Bacillus spp.; G+, High G+C, Actino-
mycetales and Microbacteriacea, including mostly
Arthrobacter spp.
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The 14 remaining Gram-positives belonged to the
Firmicutes. Fewer Gram-negative bacteria were
found in the sequenced set (12 or 24% of total).
Five of those were affiliated with the Bacteri-
odetes, with the remaining seven belonging to the
Proteobacteria assemblages. Within the Pro-
teobacteria, two belonged to the genus Sphin-
gomonas of the alpha-subdivision, one was a
pseudomonad of the gamma-subdivision, and
the remaining four belonged to the Moraxel-
laceae, also in the gamma-subdivision. When the
49 permafrost sequences were compared with
GenBank 165 rRNA gene sequences, 22 (45%) had
nearest relatives that were either psychrophilic or
psychrotolerant or were isolated from cold envi-
ronments, most from the Antarctic. All were from
taxa that had members from cold environments.

Characteristics of permafrost isolates

Features of isolates for which 16S rRNA gene
sequences were determined are summarized in
Table 3. Bacterial strains isolated from permafrost
were subsequently checked for their ability to
grow at —2.5°C. Sixty-seven percent of the 462
strains grew at —2.5°C and formed visible
colonies within the 3-week incubation period (cf.
Table 3). Nineteen different permafrost isolates
were tested for resistance to five antibiotics. Per-
mafrost bacteria were more resistant or interme-
diate in resistance to streptomycin than to ampi-
cillin or the other antibiotics tested (Table 3). In a
more detailed study of a few of these isolates, four
out of six showed a trend of increased antibiotic
sensitivity at 4°C versus 24°C with all classes of
antibiotics except erythromycin (Ponder et al.,
2005).

Actinobacteria

Nearly 55% of the 462 isolated bacterial strains
were Gram-positive; over half of them had the rod-
to-coccus growth cycle that is a characteristic of
Actinomycetales. A high sequence similarity was
found between environmental clones and high
G+C Gram-positive bacteria. The cultivable bac-
teria and clones were obtained from samples col-
lected at different depths. Thus, clones 45B29.env,
45B46.env, 45B167.env, and 45B137.env were from
the F45 clone library, obtained from sample 45 of
40 m in depth, and were affiliated with the Actin-
omycetales (Fig. 1). Three clones belonged to the
genus Arthrobacter and one clone to Microbacteri-
aceae. Clone 45B167.env was closely related to iso-
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lates 130-8, 109-2, 348-10, 348-9, and 309-13, from
45, 6.5, 3.0, and 8.0 m, respectively, which in turn
are related to Arthrobacter psychrolactophilus RG1, a
psychrophile isolated from a limestone quarry.
Clones 45B46.env and 45B29.env both had a high
percentage of similarity to isolates 190-5 and 293-
3w, from 5.5 and 8.0 m, respectively, which were
most closely related to Arthrobacter sp. strain 58,
isolated from an arsenic-contaminated soil. One
clone, 45B137.env, had high similarity to Cryobac-
terium psychrophilum. Isolates that belong to the
genus Arthrobacter were coccoidal rods or spheri-
cal in shape; colonies were creamy or yellow pig-
mented. Microbacteria were yellow, orange, or
pink pigmented colonies composed of cocci. High
G+C Gram-positives were isolated from young
Holocene to old Late Pliocene sediments and were
able to grow on full, diluted trypticase soy broth
supplemented with 1.5% agar (Difco, Detroit, MI)
(designated here as TSA) and TSA supplemented
with 0.1 M sucrose or 2% NaCl as cryoprotectants.

Firmicutes

The remaining 14 Gram-positive bacteria (29%
of the isolates) belonged to the genera Bacillus,
Sporosarcina, Exiguobacterium, or Planomicrobium,
all of them in the order Bacillales. Only one iso-
late was related to spore-forming bacteria of the
genus Bacillus (Fig. 1). One non-pigmented bac-
terial strain with rod-shaped cells was found to
be closely related to Paenibacillus amylolyticus
(99.4% similarity). Four isolates (8%) with
creamy-yellow-orange pigmentation were re-
lated to Exiguobacterium. They shared 98.4-99.7%
165 rRNA sequence similarity with each other
and 96.7-98.8% similarity to Exiguobacterium
acetylicum. They were isolated from young and
old permafrost sediments on full-strength or di-
lute TSA media supplemented with 2% NaCl.
Five strains (20%) were affiliated with the
Planococcoaceae. Orange-pigmented strains with
coccoidal cells belonged to the genera Planococ-
cus, as well as Planomicrobium, were isolated from
sediments up to 100,00 years old. They were iso-
lated on full-strength and diluted TSA and on di-
tuted TSA supplemented with 2% NaCl (but not
sucrose). Strain 215-68 was able to grow on
medium supplemented with 10% NaCl.

Bacteroidetes

Five (10%) bright- to dark-yellow pigmented
isolates belonged to the Bacteroidetes, mostly to
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the class Flavobacteria (Fig. 1). Strains that be-
longed to this assemblage were composed from
filamentous rods, which could grow on full-
strength and diluted TSA. Four of the strains
were isolated from 20,000-30,000-year-old sedi-
ments with only one isolated from the 0.6-2-mil-
lion-year-old layer.

Gamma-Proteobacteria

The isolates formed two groups within the
gamma-subdivision of Proteobacteria (Fig. 1). Four
strains, isolated from different samples, had a high
percentage of sequence similarity between them
(96.9-99.2%) and were members of the genus Psy-
chrobacter with 98.8-99.5% similarity. These strains
produced colorless to creamy colonies and were
motile rods, which could grow on full-strength and
diluted TSA and on diluted TSA supplemented
with 0.1 M sucrose. Strain 235-13 was affiliated with
Pseudomonas and was most closely related to an en-
vironmental clone WD2111 from a PCB-contami-
nated soil (99.0% sequence similarity). It had rod-
shaped cells that were able to grow and produced
creamy colonies on full-strength and diluted TSA
supplemented with 0.1 M sucrose. All gamma-
Proteobacteria were isolated exclusively from
relatively young late Pleistocene permafrost
(20,000-30,000 years old).

Alpha-Proteobacteria

Strains 190-14 and 3361-2 were affiliated with
the genus Sphingomonas of the alpha-Proteobac-
teria (sequence similarity 99.8-100%}). Strain 190-
14 isolated from sediments of 200,000-600,000-
year-old had yellow pigmented colonies; its
non-motile rods occured singly or in chains.
Strain 3361-2, from 2-3-million-year-old per-
mafrost, formed orange colonies composed from
weakly motile rods. Both strains were able to
grow on full-strength and diluted TSA. Their
nearest relative, also psychrotolerant, was iso-
lated from Antarctic soil.

DISCUSSION

In this study, permafrost communities were an-
alyzed by culture and culture-independent ap-
proaches in an effort to assess their cultivable
component and their total biodiversity. Bacterial
communities in the permafrost contain culturable
cells as well as viable but non-culturable cells, e. g,
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deep resting cells and dead cells (for review, see
Vorobyova et al., 1997). Epifluorescence mi-
croscopy revealed from 2.1 X 107 to 4.6 X 108
cells/g of sediment. The comparative analysis
showed that an average from <0.01-0.3% (this
study) to 0.1-10% (Vorobyova et al., 1997) of cells
seen by microscopy with DTAF or acridine or-
ange, respectively, grew on nutrient media. The
high percentage of high G+C Gram-positive bac-
teria among isolates suggests that they are par-
ticularly well adapted to the frozen environ-
ments, and are more easily cultured. Possibilities
for the high survivability of non-spore-forming
bacteria in the permafrost may involve their abil-
ity to form dormant cells. Cyst-like refractive cells
have been shown for Arthrobacter sp. and Micro-
coccus sp. (Soina et al., 2004). In the case of other
non-spore-forming bacteria, alternative mecha-
nisms may contribute to an efficient minimal
physiology and to survival strategy in the per-
mafrost sediments.

Indigenous bacterial communities from Siber-
ian permafrost have been shown to have slow but
continuous metabolic activity down to —20°C
(Rivkina et al., 2000). The other studies of per-
mafrost strains, a Psychrobacter sp. (Bakermans et
al., 2003), a Psychrobacter strain 273-4, and an Ex-
iguobacterium strain 255-15 (Ponder et al., 2005),
showed that these strains could grow at temper-
atures below 0°C. Growth at low temperatures
(4°C) was accompanied by changes in cell mem-
branes that could affect membrane transport and,
hence, explain the differences in carbon source
utilization and antibiotic sensitivity (Ponder et al.,
2005). The changes in membrane composition
with decreasing temperature may reflect addi-
tional adaptations that improve survival. These
data suggest that permafrost microorganisms
may be active in their native habitat. Recently,
Price and Sowers (2004) analyzed data indicating
that microbes can survive at negative tempera-
tures as well as maintain low metabolic activity.
This suggests that cells retain protein synthesis
machinery and a DNA replication system at sub-
zero temperatures. Comparing data on rates of
aspartic acid racemization and DNA depurina-
tion with data on metabolic rates for survival,
Price and Sowers (2004) assumed that “rates of
repair of DNA and protein damage in living mi-
crobes are similar to rates of damage,” consistent
with viability.

Regardless of the fact that permafrost contains
substantial densities of live bacteria, Willerslev et
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al. (2004) were able to reproducibly amplify only
short 165 rRNA gene sequences of 120 basepairs
and 600 basepairs from permafrost samples up to
400,000-600,00 years, and stated that these frag-
ments belong to ancient DNA. Our method of
DNA isolation targeted DNA isolation from vi-
able bacterial cells and amplification of nearly
full-length 165 rRINA gene sequences. The results
of Willerslev et al. (2004) contradict previous re-
ports on the isolation of viable bacteria from
permafrost samples of several million years
(Gilichinsky ef al., 1995; Vorobyova et al., 1997;
Vishnivetskaya et al., 2000) and findings de-
scribed in this paper. The differences may be
caused by different approaches and methods.

Both culture and culture-independent ap-
proaches revealed the presence of gamma-Pro-
teobacteria and Gram-positive bacteria with high
and low G+C content. By culture-independent
approach, we found that one phylotype, which
is closely related to Lysobacter sp. of the Xan-
thomonadaceae in the gamma-Proteobacteria,
was a major part of the total bacterial community.
This phylotype has also been found to share a
nearly identical 165 rRNA gene sequence with
that of ES-1, a microaerophilic iron-oxidizing bac-
terium that grows at neutral pH (Emerson and
Moyer, 1997). Multiple strains of iron-oxidizing
bacteria that exhibit this novel physiology have
now been isolated from the rhizosphere of wet-
land plants (Emerson et al., 1999) and have been
shown to account for over half of the Fe(II) oxi-
dation that occurs in these wetland systems
(Neubauer et al., 2002). Here conditions may be
biogeochemically similar to the Kolyma soils and
sediments prior to their becoming permanently
frozen. The ES-1/Lysobacter-like phylotype was
detected in permafrost of all ages, whereas high
G+C Gram-positives were a minor component at
site B22 and the dominant phylotypes at the old-
est site (F45). The low G+C Gram-positive phy-
lotypes were found in the 100,000-600,000-year-
old sites (Al4, B22, and C20) but not in the
1.5-2-million-year-old permafrost site (F45).
What is perhaps more striking about our analy-
sis of the permafrost 16S rRNA clones is the ab-
sence of Acidobacterium found in almost all soils
examined by this approach (cf. Kuske et al., 1997;
Barns et al., 1999; Zhou et al., 2003).

An interesting phylogenetic pattern has also
emerged during our comparison of the seven dif-
ferent Lysobacter-like phylotypes that underwent
nearly full 165 rRNA gene sequence analysis (cf.
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Tables 1 and 2). A single representative sequence,
which came from library F45 (clone F45B39), con-
tains the consensus of each of the other six
sequences. Therefore, clone F45B39, which origi-
nates from the oldest permafrost sediment-de-
rived clone library at 1.5-2 million years old,
could be the common denominator for every
other sequence variation observed across the re-
maining younger sediment-derived libraries
(which account for a total of 14 unique point mu-
tations, presumably fixed at a later time). This
pattern was perpetuated by the pair of represen-
tative clones from library B22 (clones B22B17 and
B22B20) and library C20 (clones C20B1 and
C20B9) having acquired either single- or double-
point mutations, with these libraries representing
permafrost sediments that are either 600,000 or
200,000-600,000 years old, respectively. Finally,
the two representative clones (A14B9 and A14B6)
from the youngest site at 100,000-120,000 years
old, Al4, have the most point mutations with
three and four each, respectively. From a parsi-
mony standpoint this would imply that, if these
clones did originate at approximately the same
time as these ancient permafrost sediments were
deposited, then an average of 2.45 fixed muta-
tions per 10° years can be estimated, which trans-
lates into ~0.17% per 10° years for this lineage of
165 rRNA genes.

The phylogenetic diversity of 16S rRNA clones
from permafrost is much lower than described for
tundra (surface) soil of the same region for which
no dominant clones were found (Zhou et al., 1997)
and rarefaction analysis showed the diversity to
be as high as for temperate soils (Tiedje et al.,
1997). Furthermore, the phylogenetic affiliation of
the tundra clones was different from the per-
mafrost clones. The tundra soil clones were affil-
iated with the delta- and alpha-Proteobacteria,
Bacteroidetes, Planctomyces, Spirochaetes, Chlo-
robium, and Acidobacterium (Zhou et al., 1997). The
tundra soil thaws every summer, plant produc-
tivity generates new carbon resources, and mois-
ture levels are high, which creates an environ-
ment very different from that of the underlying
permafrost.

A high degree of similarity between 16S rRNA
gene sequences of a few environmental clones
and cultivable permafrost isolates was found for
two groups within the genus Arthrobacter and one
in the Microbacteriaceae. This correspondence
between soil and isolate 165 rRNA gene se-
quences strongly suggests that these bacterial
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groups are both resident in and survive in per-
mafrost sediments.

Our study showed that the cultured permafrost
bacteria were dominated by high G+C Gram-
positive bacteria, especially Arthrobacter and Mi-
crobacteriaceae; followed by the Firmicutes, es-
pecially Exiguobacterium and Planomicrobium;
the Bacteroidetes, especially Flavobacteriun; the
gamma-Proteobacteria, especially Psychrobacter;
and the alpha-Proteobacteria, especially Sphin-
gomonas. In a previous phylogenetic study of cul-
tured isolates from Siberian permafrost (Shi et al.,
1997), four major assemblages were detected:
high G+C and low G+C Gram-positives and the
beta- and gamma-Proteobacteria. Our phyloge-
netic data are similar in some features: the abun-
dance of high G+C Gram-positives in permafrost
of different ages, isolation of low G+C Gram-pos-
itives from young and old permafrost, and de-
tection of gamma-Proteobacteria. The two stud-
ies differ, however, with regard to the isolation
of Gram-negative bacteria. Shi et al. (1997) iso-
lated gamma-Proteobacteria only from old strata
(1.8-3.0 million years old), while we isolated
them only from young sediments (20,000-30,000
years old), though we found their signature in the
community genomic DNA from permafrost of
different ages. Shi et al. (1997) isolated beta-Pro-
teobacteria, but not alpha-Proteobacteria or Bac-
teroidetes. In contrast, we isolated members of
the latter two groups. Similar to our study, the
same bacterial groups were discovered in late
Holocene glacial ice of 5,000-20,000 years old
(Christner et al., 2000). Although isolates from an-
cient cold environments such as glacial ice and
permafrost belonged to the same phylogenetic as-
semblages, they are of different eras. It is striking
that about half of our permafrost isolates are
closely related to species isolated from other cold
environments. Furthermore, the majority of our
isolates grew well at —2.5°C, which indicates
their enhanced psychroactivity. These patterns
suggest that adaptation to the stresses of these
frozen environments is a phylogenetically con-
served trait. The dominant viable bacteria
demonstrate their considerable resistance to the
stress factors of long-term frozen permafrost.

A more comprehensive assessment of micro-
bial diversity in subsurface permafrost environ-
ments can be obtained by using a combination of
culture- and molecular-based techniques than by
using either method alone, since these two meth-
ods yield very different perspectives about the
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bacterial community structure. The viable mem-
bers of the permafrost bacterial community may
harbor special mechanisms that have allowed
their adaptation to the harsh environment. We
are currently exploring these adaptation mecha-
nisms through genomic and proteomic ap-
proaches.
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aminofluorescein; OTU, operational taxonomic
unit; PCR, polymerase chain reaction; TSA, tryp-
ticase soy broth supplemented with 1.5% agar.
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