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We studied a sample from the GISP 2 (Greenland Ice Sheet Project) ice core to determine the diversity and
survival of microorganisms trapped in the ice at least 120,000 years ago. Previously, we examined the
phylogenetic relationships among 16S ribosomal DNA (rDNA) sequences in a clone library obtained by PCR
amplification from genomic DNA extracted from anaerobic enrichments. Here we report the isolation of nearly
800 aerobic organisms that were grouped by morphology and amplified rDNA restriction analysis patterns to
select isolates for further study. The phylogenetic analyses of 56 representative rDNA sequences showed that
the isolates belonged to four major phylogenetic groups: the high-G�C gram-positives, low-G�C gram-
positives, Proteobacteria, and the Cytophaga-Flavobacterium-Bacteroides group. The most abundant and diverse
isolates were within the high-G�C gram-positive cluster that had not been represented in the clone library.
The Jukes-Cantor evolutionary distance matrix results suggested that at least 7 isolates represent new species
within characterized genera and that 49 are different strains of known species. The isolates were further
categorized based on the isolation conditions, temperature range for growth, enzyme activity, antibiotic
resistance, presence of plasmids, and strain-specific genomic variations. A significant observation with impli-
cations for the development of novel and more effective cultivation methods was that preliminary incubation
in anaerobic and aerobic liquid prior to plating on agar media greatly increased the recovery of CFU from the
ice core sample.

Interest in the survival of microorganisms in cold environ-
ments is increasing, driven in part by the desire to ascertain
whether life can exist elsewhere in our solar system. The evi-
dence for ice on Mars and Europa has made the isolation and
study of psychrophiles particularly important for determining
the types of organisms that can survive in frozen environments
and for developing improved methods for their cultivation. In
this regard, glacier ice sheets represent possible analogs of
extraterrestrial cold habitats. They are also important as long-
term, chronological repositories of microorganisms. Despite
their relevance, studies of diversity, viability, and physiology of
the organisms in glacial ice are just beginning.

In initial studies, Abyzov et al. (3–5) found evidence of
diverse microorganisms in the deep glacier above Lake Vostok
in Antarctica. The microbial viability was later confirmed by
using 14C-labeled organic compounds, and some microorgan-
isms were successfully cultured (2). Skidmore et al. (36) found
aerobic chemoheterotrophs, anaerobic nitrate- and sulfate-re-
ducing bacteria, and methanogens in the debris-rich basal ice
layers and the surface of a high Arctic glacier, and Lanoil et al.
(B. D. Lanoil, M. Sharp, S. P. Anderson, M. T. La Duc, J.
Foght, and K. H. Nealson, Abstr. 101st Gen. Meet. Am. Soc.
Microbiol., abstr. N-208, p. 525, 2001) examined the microbial
populations at the bases of two Canadian glaciers. One of the

few studies of Greenland ice cores reported a diverse clone
library of eukaryotic 18S ribosomal DNA (rDNA), but the
viability of the cells was not tested (48). Christner et al. exam-
ined glacier ice cores from different geographic locations and
used both the analysis of 16S rDNA directly amplified from the
melted ice and the recovery of viable isolates to show the
presence of a diverse community that included Proteobacteria,
the Cytophaga-Flavobacterium-Bacteroides (CFB) group, and
gram-positive bacteria (12–14).

The availability of ice cores from GISP 2 (Greenland Ice
Sheet Project) provided a special opportunity to examine the
microbial diversity and correlate the findings with detailed
geochemical measurements. The coring operation drilled
through the 3,053-m-deep ice sheet and 1.5 m into the sedi-
ment below, and the chemical composition of the core has
been examined at several depths (21). Some quantitative
anomalies in the greenhouse gases CO2, CH4, and N2O have
been attributed to microbial metabolism (40, 42), but this issue
has not been yet experimentally addressed (30). In order to
better understand the diversity, survival, and possible activity
of microorganisms present in ice, we began a study of a sample
of the GISP 2 core taken from the “silty” ice at 3,043 m below
the surface and about 10 m above the sediment-ice interface.
Microorganisms in this sample could have been deposited in
the ice more than 120,000 years ago or could have been in the
underlying sediment for millions of years, because it has been
suggested that the basal ice in central Greenland originated
prior to the growth of the current ice sheet (20). Our objective
was to investigate the abundance, viability, and diversity of
organisms in this sample and make comparisons with studies of
geographically different ice cores. In a previous study (33), we
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obtained anaerobic psychrophilic enrichments from the core
sample, extracted total genomic DNA, and constructed a clone
library of PCR-amplified bacterial 16S rDNA sequences. The
phylogenetic analysis of the clone library demonstrated the
presence of rRNA genes from several major phylogenetic
groups, including �-, �-, and �-Proteobacteria; Thermus-Deino-
coccus; Bacteroides; Eubacterium; and Clostridium.

Our next challenge was to cultivate organisms in order to
demonstrate that viable cells existing in the sample can be
recovered, to compare their phylogenetic placements with the
groupings obtained with the clone library, and to survey their
physiological properties. Cultivating and characterizing iso-
lates were of particular importance for providing a more com-
prehensive view of diversity, because different results can be
obtained with molecular and culture-dependent approaches.
For example, gram-positive bacteria are often abundant
among isolates, but are not well represented in clone libraries
(11, 37, 38, 43). Although diversity studies based on amplifi-
cation of extracted total DNA overcome the inability to culti-
vate the majority of microorganisms from environmental sam-
ples (47), this approach also has limitations. Thus, it is
important to combine direct molecular community analysis
with the isolation of individual organisms in order to mitigate
the pitfalls of each approach. Furthermore, the isolation of
pure cultures is required for describing new taxa, for obtaining
complete genome sequences, and for assessing the physiolog-
ical functions of the organisms and their global ecological
roles.

Unfortunately, the recovery of culturable organisms from
extreme environments such as permanently frozen glacial ice
has been difficult, and the development of new methods and
conditions that improve the resuscitation and culturability of
environmental microorganisms is important. We therefore ex-
panded our previous study to examine the prokaryotic diversity
of organisms recovered from the GISP 2 ice core sample. Here
we report on the successful isolation of nearly 800 strains that
were grouped into categories based on morphological proper-
ties and amplified rDNA restriction analysis (ARDRA) pat-
terns and characterized phylogenetically and physiologically.

MATERIALS AND METHODS

Ice core site and sampling. Samples were aseptically removed from a section
of the GISP 2 drilled from a depth between 3,042.67 and 3,042.80 m (33). Briefly,
the outside ice layer of the core was removed from one end in a laminar flow
hood using a platinum wire heated by the current from a 6-V battery. The
exposed layer was then treated with ethanol, and a new layer was removed.
Samples were then drilled from the ice core by using sterile keyhole bits (20-ml
volume each) attached to a sterile drill bit extender and allowed to thaw over-
night at 5°C.

Microscopic examination. Microscopic characterization of the melted ice sam-
ple was performed by conventional light microscopy. The relative cell sizes and
the number of live and dead cells were estimated by staining with propidium
iodide and SYTO9 according to the instructions of the LIVE/DEAD BacLight
bacterial viability kit (Molecular Probes, Eugene, Oreg.) and examination under
an Olympus BX-60 wide-field microscope with a �40 objective. The same sam-
ples were subjected to flow cytometry (XL-MCL; Beckman-Coulter, Miami
Lakes, Fla.) in order to enumerate the total number of cells. Counted fluorescent
beads were added to the sample in order to estimate the exact volume measured,
and 10,000 non-bead events were counted.

Media and cultivation. All new aerobic and anaerobic cultures in different
liquid media were started from an aseptically taken subcore and incubated at
�2°C with shaking at 150 rpm for 1 year. The aerobic cultures were started by
inoculating 0.25 or 0.05 ml of melted ice into 50 ml of R2A broth (full or

1/4-strength R2B [1/4 R2B]), Luria broth (LB), or tryptic soy broth without
carbohydrate (TSB). New anaerobic cultures were prepared in the two basal
media MM1 and MM2 used in a prior study (33). MM1 contained the following
(per liter [wt/vol]): 0.5 g of KH2PO4, 0.4 g of NaCl, 0.16 g of NH4Cl, 0.05 g of
MgCl2 � 6H2O, 0.01 g of CaCl2 � 2H2O, 7.5 g of NaHCO3, 0.01 mg of resazurin,
and 1% (vol/vol) each vitamin and trace elements solutions as described previ-
ously (41). Na2S was used as a reducing agent at a 0.075% final concentration,
the pH was adjusted to 7, and either Na-acetate or Na-formate was added as a
carbon source to a 0.1 M final concentration. Medium MM2 was designed to
enrich for fermentative bacteria (MM2.6.1), sulfate reducers (MM2.6.2), and
methanogens (MM2.6.3) (18). The anaerobically prepared media in 125-ml bot-
tles were overgassed with N2-CO2 (4:1) or H2-CO2 (4:1) and inoculated with
syringes using 0.25 or 0.05 ml of melted ice per 50 ml. Medium MM1 supple-
mented with acetate or formate was inoculated and incubated aerobically as well.

Colony isolation. Samples (0.1 ml and 0.25 ml) of either the melted ice or the
anaerobic and aerobic cultures were plated periodically onto the following agar
media: R2A (32), 1/4 R2A, Trypticase soy agar without carbohydrate (TSA), LB
agar, or MM1 agar supplemented with formate or acetate. These plates were
incubated aerobically at 5, 10, and 18°C for up to 9 months. Colonies from each
morphotype were restreaked several times and checked for purity microscopi-
cally.

Characterization of isolates. The temperature growth range of the isolates was
tested on TSA or R2A agar media at 2, 10, 18, 25, 29, 33, and 37°C. Broth
cultures were grown at 18°C and used as inocula for studying the sensitivity to 14
antibiotics with disks containing the following antibiotics (Becton Dickinson,
Boston, Mass.): ampicillin (10 �g), penicillin (10 U), bacitracin (10 U), chlor-
amphenicol (10 �g), tetracycline (30 �g), erythromycin (15 �g), kanamycin (30
�g), gentamicin (10 �g), nalidixic acid (30 �g), novobiocin (30 �g), ciprofloxacin
(5 �g), rifampin (5 �g), streptomycin (10 �g), and vancomycin (30 �g). Zones of
inhibition were measured after 72 h and evaluated according to the manufac-
turer’s instructions. Enzymatic activities for amylases, proteases, �-galactosi-
dases, and lipases were screened on starch agar, brain heart infusion (BHI)-skim
milk agar (39), TSA amended with 0.01% 5-bromo-4-chloro-3-indolyl �-D-galac-
topyranoside (X-Gal) (Sigma, St. Louis, Mo.) and 0.1 mM isopropylthio-�-D-
galactoside (IPTG) (Fisher, Pittsburgh, Pa.), and lipase plates (23), respectively.
DNase activity was tested on DNA-containing test agar with methyl green pre-
pared according to the Difco manual (Difco Laboratories, Detroit, Mich.).

Plasmid DNA extraction and analysis. The isolates were grown at 18°C in TSB
or R2B, and 3 ml was used for purification of plasmid DNA with the Wizard
SV-plus kit (Promega, Madison, Wis.). For some isolates showing poor lysis, the
cell suspension solution underwent 5 min of bead beating with a MiniBead-
beater-8 cell disrupter (Biospec Products, Inc.). Initially, native uncut plasmids
were analyzed on 0.8 or 1% agarose gels with plasmids of known size as refer-
ences. Restriction digestions were further used for size estimation of the small
plasmids (�10 kb).

Repetitive PCR genomic fingerprinting. Comparative genomic fingerprinting
was performed with a single-primer ERIC (enterobacterial repetitive intragenic
consensus) (5	-AAGTAAGTGACTGGGTGAGCG-3	) according to the proto-
col previously described (25). Electrophoretic separation of the products was in
1% agarose (OmniPur; Merck, Rahway, N.J.) in Tris-acetate buffer (pH 8) at 5
V/cm.

Isolation of genomic DNA and analysis of 16S rRNA gene sequences. Broth
cultures in R2B or TSB grown at 18°C were used for isolation of genomic DNA
with a PureGene kit (Gentra Systems, Inc., Minneapolis, Minn.). The cells of
isolates 5, 18, and 54 were resistant to lysis, and a 5-min bead-beating step in the
cell suspension solution using a MiniBeadbeater-8 cell disrupter (Biospec Prod-
ucts, Inc.) was incorporated in order to obtain genomic DNA. The 16S rRNA
genes were amplified with 8F (5	-AGAGTTTGATCCTGGCTCAG-3	) and
1492R (5	-GGTTACCTTGTTACGACTT-3	) bacterial primers or 515F (5	-GT
GCAAGCMGCCGCGGTA-3	) and 1492R universal primers using Ready-to-go
PCR beads (Amersham Biosciences, Piscataway, N.J.). The thermal PCR profile
was as follows: initial denaturation at 95°C for 5 min followed by 35 cycles of
denaturation at 95°C for 1 min, primer annealing at 52°C for 1 min, and elon-
gation at 72°C for 1.5 min. The final elongation step was 7 min at 72°C. The 16S
rDNA products were analyzed by electrophoresis on 1% agarose gels. ARDRA
analysis was performed by treating the 16S rDNA PCR products with one of four
base pair-cleaving restriction endonucleases (MspI, RsaI, HaeIII, or AluI; Pro-
mega, Madison, Wis.) at 37°C for 3 to 4 h, and the resulting electrophoretic
patterns in 2% agarose gels were used to group the isolates. The 16S rDNA
products representing each distinct pattern were further purified and sequenced
at the Penn State Nucleic Acid Facility on an ABI 370 sequencer using the 8F,
704F, 907R, or 1492R primer to obtain overlapping sequences.
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Phylogenetic analysis. The single-stranded 16S rRNA gene sequences of the
Greenland ice core (GIC) isolates were matched with those from both the
Ribosomal Database Project (RDP) (http://rdp.cme.msu.edu/html) and from a
BLAST search of the National Center for Biotechnology Information (NCBI)
database (http://www.ncbi.nlm.nih.gov). The small subunit (SSU) rRNA gene
sequences from the 56 GIC isolates were aligned with 69 reference sequences
obtained from the RDP and GenBank databases by using the Clustal W program
found in the BioEdit platform (version 5.0.6; copyrighted 1997 to 2001 by Tom
Hall, Department of Microbiology, North Carolina State University, Raleigh).
The BioEdit alignment was used in maximum-likelihood and distance analyses
utilizing the PAUP package, version 4.0b10, as described before (33). The tree
was rooted by using the sequences of Taxeobacter gelupurpurascens and GIC
isolate 34.

Nucleotide sequence accession number. GenBank accession numbers for each
of the 16S rRNA reference gene sequences are given in Fig. 1. GenBank 16S
rRNA gene sequence accession numbers for each of the GIC isolates used in the
alignment are given in parentheses after the isolate number: 11 (AY439223), 12
(AY439224), 15 (AY439225), 16 (AY439226), 17 (AY439227), 18 (AY439228),
19 (AY439229), 20 (AY439230), 20or (AY439231), 20y (AY439232), 22
(AY439233), 23 (AY439234), 24or (AY439235), 24y (AY439236), 26
(AY439237), 27or (AY439238), 27y (AY439239), 30 (AY439240), 31
(AY439241), 31w (AY439242), 32 (AY439243), 33 (AY439244), 34 (AY439245),
36 (AY439246), 37 (AY439247), 38 (AY439248), 40y (AY439249), 43
(AY439250), 46 (AY439251), 5 (AY439252), 52 (AY439253), 54 (AY439254), 55
(AY439255), 56 (AY439256), 62 (AY439257), 64 (AY439258), 65 (AY439259),
66 (AY439260), 9 (AY439261), GIC6 (AY439262), R11 (AY439263), R15be
(AY439264), R15br (AY439265), R15p (AY439266), R16 (AY439267), R17
(AY439268), R18 (AY439269), R20p (AY439270), R21 (AY439271), R22
(AY439272), R23 (AY439273), R3 (AY439274), R8 (AY439275), T1
(AY439276), T2 (AY439277), and T3 (AY439278).

RESULTS

Isolation of organisms from melted ice and liquid cultures.
The ice core sample originated from the “silty” ice of GISP 2,
approximately 10 to 11 m above the bedrock. This debris-rich
section was chosen because of its unique characteristics: high
sediment loads of 0.65% by weight, relatively high gas concen-
trations with very high concentrations of methane (6,000 ppm
by volume [ppmv]) and CO2 (135,000 ppmv), temperature of
�9°C, and ancient origin (21). The initial examination of newly
melted ice samples used for the preparation of enrichment
cultures by epifluorescent microscopy and flow cytometry in-
dicated the presence of an abundant (6.1 � 107 to 9.1 � 107

cells/ml) and morphologically diverse microbial population in
which very small “dwarf” cells (�1 �m) predominated and
with a 5:1 ratio of live to dead cells (33).

Our major goal was to maximize the recovery of culturable
psychrophilic microorganisms and to compare results from var-
ious cultivation approaches. For this purpose, we chose media
and incubation conditions relevant to the natural environment
based on the assumption that cells in the glacier ice had been
subjected to desiccation, low temperature, and limiting nutri-
ent and O2 concentrations. We also considered that the high
levels of CO2 and methane might be a result of microbial
oxidation of organic matter and in situ production, respectively
(40). Therefore, for the enrichments and subsequent isola-
tions, we used the common low- and high-nutrient liquid media
(R2B, 1/4 R2B, TSB, and LB) for heterotrophic aerobic mi-
croorganisms and the minimal medium MM1 and media
MM2.6.1, MM2.6.2, and MM2.6.3 designed for the anaerobic
growth of metabolically different groups. The anaerobic media
contained various substrates and alternative electron acceptors
for anaerobic metabolism. Turbidity appeared 20 days after
inoculation from a newly melted subsample in the MM1,

MM2.6.1, MM2.6.2, and MM2.6.3 anaerobic media incubated
at �2°C. Microscopic examination of these cultures revealed
morphologically diverse populations. In contrast, the cultures
incubated aerobically in the low-nutrient broth R2B and 1/4
R2B became turbid only after 4 and 7 months, respectively,
and contained less morphologically diverse cells than those
incubated anaerobically. No turbidity was observed in aerobic
TSB and LB cultures even after 9 months.

A total of 793 colonies representing diverse morphologies
were isolated on aerobically incubated agar media directly
from the melted ice and from the anaerobic and aerobic cul-
tures (Table 1 and Fig. 2). Different colony recovery efficien-
cies were observed after plating onto nutrient-limited or nu-
trient-rich agar media. Most colonies were recovered on the
oligotrophic medium R2A and 1/4 R2A, and a few were re-
covered on TSA. In contrast, no growth was observed on agar
medium MM1 supplemented with acetate or formate or LB
agar even after 7 months. We also found that colonies initially
isolated from the liquid cultures needed 20 to 60 days before
becoming visible; however, the same colonies grew within 1 to
3 days upon subsequent restreaking on agar media.

Phylogenetic analysis of 16S rDNA sequences of isolates. All
793 initially recovered colonies were placed into over 70
groups based on colony and cell morphology and pigmenta-
tion, growth patterns, etc., and the chromosomal DNA was
extracted from all isolates listed in Table 1 representing each
group. The 16S rRNA genes were then amplified with bacterial
primers, and the products were purified. In a few cases in
which no 16S rDNA product was obtained with bacterial prim-
ers, amplification was attempted by using universal primers
(515F-1492R). In each case in which amplification products
were found with these primers, suggesting that these were
possibly eukaryotes, the isolates were excluded from the group
of bacterial isolates and were not studied further. In order to
avoid sequencing several identical 16S rDNA samples, the
PCR products were digested with restriction endonucleases
and grouped into different ARDRA patterns (data not shown).
The nucleotide sequences for 56 rDNA products representing
distinct ARDRA patterns were determined. To increase the
coverage of different isolates, a larger number of partial se-
quences (500 to 1,390 bp) were analyzed instead of a smaller
number of full-length sequences. For the majority of isolates,
the closest relatives from both databases (RDP II and NCBI)
were the same with reliably high similarity values. In cases in
which we found low similarity values between the 16S rDNA of
the isolate and that of the most closely related organism, a
larger portion of the gene was sequenced.

The results of the phylogenetic analysis of the 56 rDNA
sequences (Fig. 1) showed that the GIC isolates represented a
wide diversity of both gram-positive and gram-negative hetero-
trophic bacteria belonging to four major phylogenetic groups:
the high-G�C gram-positives, low-G�C gram-positives, Pro-
teobacteria, and the CFB group. Isolates related to high-G�C
gram-positives formed the largest cluster in terms of diversity
and high abundance, with 29 phylogenetically distinct organ-
isms. Members of three main subclusters could be distin-
guished: first, the Arthrobacter-Micrococcus lineage; second,
several genera of the Microbacteriaceae; and third, the Actino-
mycetes group. The isolates belonging to the low-G�C gram-
positive bacteria were less diverse and were affiliated with the
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FIG. 1. Phylogenetic relationships of the 56 rRNA gene sequences obtained from the isolates and 69 closely related sequences, based on a
distance analysis (neighbor-joining algorithm with Jukes-Cantor model). Bootstrap values generated from 1,000 replicates are shown at the nodes.
Accession numbers are provided in Materials and Methods.
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TABLE 1. Characteristics of selected GIC isolates

Isolate Origin or
enrichment

Growth
temp (°C) Colony description Closest relative species in the 16S rDNA

sequence database

1y Direct plating 2–18 Yellow, slimy Paenibacillus sp. strain V2Ant
5 Direct plating 10–18 Orange, small Mycobacterium austroafricanum
55 Direct plating 2–29 White, small Janibacter limosus
56 Direct plating 2–37 Yellow, small Sphingomonas mali
64 Direct plating 2–29 Orange-red, slimy Frigoribacterium faeni
65 Direct plating 2–29 Red, large Arthrobacter sp. strain MB 8–13, Ant
66 Direct plating 18–37 Yellow, medium Kocuria palustris (Micrococcaceae)
19 MM1 7–18 Yellow, small Microbacterium trichothecenolyticum
20or MM1 2–18 Orange, medium Curtobacterium citreum
20y MM1 2–18 Yellow, small Microbacterium trichothecenolyticum
12 MM1 � acetate 2–18 Beige, medium Sporosarcina globispora
16 MM1 � acetate 2–33 Whitish, gummy Paenibacillus amylolyticus
18 MM1 � acetate 2–33 Red-pink, medium Arthrobacter agilis
24or MM1 � acetate 2–25 Dark orange, medium Pseudomonas sp. strain Ant20
24y MM1 � acetate 2–25 Yellow, small Planibacter flavus
25 MM1 � acetate 2–25 Dark orange, medium Pseudomonas sp. strain Ant20
30 MM1 � acetate 2–25 Red-pink, small Arthrobacter agilis
T1 MM1 � acetate 2–25 Pale yellow, small Sphingomonas sp. strain M3C202B Ant
T2 MM1 � acetate 2–33 Pale yellow, slimy Brevundimonas sp. strain FWC43
T3 MM1 � acetate 2–33 Pale yellow, transparent Pseudomonas graminis
T4 MM1 � acetate 2–33 Pale yellow, transparent Pseudomonas graminis
R3 MM1 � acetate 2–25 Light yellow, medium Pseudomonas sp. strain Ant 20
22 MM1 � formate 2–25 Yellowish, large, jelly Pseudomonas sp. strain ICO38 Ant
23 MM1 � formate 2–37 Yellow, small Sphingomonas mali
36 MM1 � formate 2–37 Orange, medium Rhodococcus fascians
37 MM1 � formate 2–37 Greenish, shiny Stenotrophomonas maltophilia
43 MM1 � formate 2–25 Yellow, large Frigoribacterium faeni
54 MM1 � formate 2–29 Pink, medium Arthrobacter agilis
13 MM2.6.1 2–18 Beige, medium Sporosarcina globispora
14 MM2.6.1 2–18 Beige, medium Sporosarcina globispora
15 MM2.6.1 2–37 White, small Aerococcus viridans
17 MM2.6.1 2–33 White, small Sporosarcina globispora
9 MM2.6.2 2–18 White, shiny Sporosarcina globispora
10 MM2.6.2 2–18 Beige, shiny Sporosarcina globispora
11 MM2.6.2 7–37 Strong yellow, medium Micrococcus luteus
R4 MM2.6.2/9m 2–25 Orange, medium Pseudomonas sp. strain Ant 20
R5 MM2.6.2/9m 2–25 Orange, medium Pseudomonas sp. strain Ant 20
R6 MM2.6.2/9m 2–25 Orange, medium Pseudomonas sp. strain Ant 20
R7 MM2.6.2/9m 2–25 Orange, medium Pseudomonas sp. strain Ant 20
R15p R2B 2–33 Pink, medium Williamsia murale (Actinomyces)
R15br R2B 2–33 Yellow, slimy on R2A, brown pigment on TSA Brevundimonas sp. strain FWC43
R15 be R2B 2–33 Beige, slimy Pseudomonas cedrella
R16 R2B 2–33 Yellow, slimy Brevundimonas sp. strain FWC43
R17 R2B 2–33 Pinky, transparent Pseudomonas graminis
R18 R2B 2–25 Yellowish, slimy Rhodoglobus vestalii
R20p R2B 2–33 Light pink-orange, medium Williamsia murale (Actinomyces)
R20br R2B 2–33 Yellow, slimy on R2A brown pigment on TSA Brevundimonas sp. strain FWC43
R21 R2B 2–33 Whitish, large, slimy Paenibacillus amylolyticus
R22 R2B 18–37 White, slimy Serratia marcescens
R23 R2B 18–37 Yellow, small Moraxella osloensis
R8 1/4 R2B 2–37 Orange, medium Sphingomonas faenia
R9 1/4 R2B 2–33 Yellow, gummy Sphingomonas faenia
R11 1/4 R2B 10–37 Whitish, small on R2A, yellow, in depth on TSA Curtobacterium citreum
28 aMM1 � acetate 2–25 Orange-yellow, medium Rhodococcus fascians
40y aMM1 � acetate 2–29 Yellowish, small Sphingomonas mali
26 aMM1 � formate 2–25 Strong orange-yellow, small Rhodococcus fascians
27or aMM1 � formate 10–37 Orange, small Microbacterium arborescens
27y aMM1 � formate 10–37 Lemon yellow, small, transparent Microbacterium luteolum
31or aMM1 � formate 2–37 Orange, large, shiny Exiguobacterium aurantiacum
31w aMM1 � formate 2–33 White, very slimy Rhodococcus erythropolis
32 aMM1 � formate 2–25 Pale yellow, large, slimy Rhodococcus erythropolis
33 aMM1 � formate 2–33 Whitish, large, very slimy Arthrobacter chlorophenolicus A6
34 aMM1 � formate 10–25 Pink-orange, medium, shiny, slimy Taxeobacter gelupurpurascens
35w aMM1 � formate 12–37 White, very slimy Rhodococcus erythropolis
38 aMM1 � formate 2–33 Beige, slimy on R2A, rough, irregular on TSA Rhodococcus erythropolis
46 aMM1 � formate 10–29 Red-pink, small Methylobacterium extorquens
51 aMM1 � formate 2–29 Yellow, irregular on TSA Microsphaera multipartita

Yellow, very slimy on R2A
52 aMM1 � formate 2–25 Pink, medium Methylobacterium extorquens
53 aMM1 � formate 10–29 Pink, medium Methylobacterium extorquens
62 aMM1 � formate 2–25 Yellow, small Microbacterium oxydans
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two sporeforming genera Sporosarcina (isolates 9, 12, and 17)
and Paenibacillus (isolates 1y, 16, and R21) and the nonspore-
forming genera Exiguobacterium and Aerococcus. In many
cases (36%), the most closely related sequences in the Gen-
Bank and RDP databases appeared to be from psychrophilic
organisms isolated from the Arctic and Antarctic polar regions.
The examples of these were all Rhodococcus and Arthrobacter
isolates.

The Jukes-Cantor evolutionary distance matrix (data not
shown) was calculated in order to determine the degree of
relatedness between the ice core isolates and the sequences
used in constructing the phylogenetic tree. These results sug-
gested that seven of the isolates may represent new species
within characterized genera (
3% distance) (Table 2). The
possible novel species belonged to both high-G�C gram-pos-
itives and Proteobacteria, and three of them (isolates 55, 56,
and 64) were recovered directly from the ice. Of special inter-
est was the possible new species within the newly reported
genus Rhodoglobus (34). Among the novel gram-negative or-

ganisms, isolate 34 is likely a new species in the genus
Taxeobacter, which belongs to the deep-branching Cytophaga
group. Its 16S rDNA sequence contained the short signature
sequence 5	-TGGGTTTAAAGGG-3	 at positions 566 to 578,
which has been found to be specific to all CFB representatives
(28).

Examination of isolate recovery relative to origin and phy-
logenetic group. Using the phylogenetic relationships of iso-
lates representative of each of the 70 morphologically different
groups to tentatively place all 793 recovered colonies into
broad categories, we examined the data to determine which
incubation conditions and media gave rise to the different
phylogenetic isolate types. Although the identity of isolates
within each group could vary from the chosen representative, it
is likely that they are sufficiently related to belong within the
overall categories of high- or low-G�C gram-positives, Pro-
teobacteria, or the CFB group. The distribution of all isolated
colonies did differ substantially, depending on the medium
used and the conditions of cultivation (Fig. 2). It is seen that a

FIG. 2. Distribution of colonies, recovered directly from the melted ice, from anaerobic cultures in MM1, MM1 with acetate, MM1 with
formate, MM2.6.1, or MM2.6.2 and from aerobic cultures in R2B, 1/4 R2B, MM1 with acetate, or MM1 with formate according to medium used
and major phylogenetic groups.

TABLE 2. Phylogenetic grouping of potentially novel species representatives found among the GIC isolates

Species placementa Isolate
no. Closest relative (accession no.) % Distance

Novel species in the genus Taxeobacter 34 Taxeobacter gelupurpurascens (Y18836) 3.40
Novel species in the genus Methylobacterium 46 Methylobacterium extorquens (D32224) 3.87
Novel species in the genus Janibacter 55 Janibacter limosus (Y08539) 3.73
Novel species in the genus Sphingomonas 56 Sphingomonas mali (Y09638) 3.38
Novel species in the genus Frigoribacterium or the genus Subtercola 64 Frigoribacterium faeni (Y18807) 3.40

Subtercola frigoramans (AF224723) 3.90
Novel species in the genus Brevundimonas R16 Brevundimonas bullata (AB023428) 3.14
Novel species in the genus Rhodoglobus R18 Rhodoglobus vestalii (AJ459101) 3.46

a The assignment of these isolates as novel species is based on distance values from the known closest relative species larger than 3%.
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very low number of colonies (41 out of 793) originated from
plating samples of the melted ice directly onto agar media
without prior incubation in liquid media. In addition to the low
recovery, we observed that most of these colonies required 3 to
7 months to become visible, as compared to 20 to 60 days
observed for those obtained from the liquid cultures. Based on
these results and the data from the flow cytometric enumera-
tion of the cells in the original sample, we estimated that only
0.01 to 0.1% of the cells could be cultivated directly from the
melted ice and that the incubation in liquid media substantially
improved recovery.

Another observation was that gram-positive bacteria com-
prised the majority of the colonies (504 colonies) (Fig. 2). The
next most abundant (283 isolates) and relatively diverse cluster
contained organisms related to Proteobacteria. These were iso-
lated from both aerobic and anaerobic cultures and after direct
plating from the ice core. A larger number of colonies (437
colonies) was isolated from the anaerobic cultures than from
the aerobic ones (318 colonies). The majority of the isolates
from the anaerobic cultures in MM2.6.1 and MM2.6.2 be-
longed to the low-G�C gram-positives, whereas the high-G�C
microorganisms and Proteobacteria were abundant in the aer-
obically incubated R2A broth, 1/4 R2A broth, and MM1. The
one representative of the CFB group (isolate 34) was found
only in the aerobic MM1-plus-formate culture. Isolates 19, 43,
R11, R18, 12, 15, R3, and R16 were represented by more than
50 similar colonies/plate, indicating their prevalence in the
cultures. Most other isolates were originally recovered as
unique single-colony morphotypes, suggesting that they did not
grow during incubations.

Morphological and physiological characterization of the iso-
lates. Isolates, representing the different morphotypes and
originating from direct plating of melted ice, aerobic and an-
aerobic liquid medium cultures were also characterized ac-
cording to their phenotypic properties (Gram staining, colony
and cell morphology, pigmentation, sporulation, and growth
temperature) (Table 1). The results showed that 79% of all the
isolates formed pigmented colonies (red, yellow, orange, pink,
or beige). Sporeforming isolates were found to belong to the
low-G�C gram-positive clade, some of which (isolates 1y, 16,
and R21) had a slimy or gummy appearance. Synthesis of
significant extracellular polymers by isolates 31w, 32, 33, 34,
35w, 38, and 64, representing Rhodococcus, Taxeobacter, and
Frigoribacterium, was observed as well. Isolate 51, belonging to
the genus Streptomyces, formed an extracellular matrix on the
low-nutrient medium R2A but not on TSA.

Most of the isolates (85%) were psychrophilic according to
the definition of Neidhardt et al., which emphasizes an organ-
ism’s ability to grow at lower temperatures (5°C or below) than
mesophiles rather than setting an upper limit (26). Our isolates
grew at 2°C with an upper limit between 18 and 37°C (Fig. 3).
Among these, isolates 1y, 9, 10, 12, 13, 14, 20or, and 20y grew
only at temperatures below 18°C, and some (10, 22, 31w, 32,
33, 35, 36, 38, T1, T3, R6, R7, R17, and R15br) grew rapidly
(colony formation within 24 to 48 h) at 2°C. A few isolates (11,
15, 31or, 36, 37, R8, and 56) had a wide temperature range for
growth from 2 to 37°C, whereas two others (5 and 19) grew
only at temperatures between 10 and 18°C. The only isolates
requiring temperatures higher than 18°C for growth were 66,
R22, and R23, belonging to the genera Kocuria, Serratia, and

Moraxella, respectively. Forty-five isolates had potentially use-
ful cold-active enzymes, including those with proteolytic, gly-
cosidic, amylolytic, lipolytic, and DNA-hydrolyzing activities
(Table 3). Eight isolates had four activities, and 10 others were
positive for three of them.

The isolation of organisms that had been trapped in the
Greenland ice sheet provided the opportunity to examine the
levels of antibiotic sensitivity and resistance of organisms in the
presumed absence of current antibiotic use. The antibiotic
tests showed a wide variability of sensitive and resistant strains
(data not shown). It is interesting that only three Sporosarcina
isolates and one Rhodococcus isolate were sensitive to all an-
tibiotics tested. In general, the low-G�C gram-positives were
sensitive to more antibiotics than the isolates belonging to the
high-G�C gram-positive lineage. Nevertheless, several Mi-
crobacterium isolates (19, 27y, and 62) and two Rhodococcus
isolates (31w and 38) were resistant to most of the antibiotics
tested. Among the Proteobacteria, isolates with multiple resis-
tance belonged to Pseudomonas (isolate 22), Sphingomonas
(isolate 23), and Methylobacterium (isolates 46 and 53). These
results suggested that antibiotic resistance is a common trait in
environments not influenced by human application of antibi-
otics and is possibly acquired through different mechanisms,
such as genetic transfer among members of natural communi-
ties, reduced cell wall permeability, or multidrug pumps (22).

Plasmids were detected in 25% of the isolates. Large plas-
mids (above 40 to 50 kb) were isolated mostly from gram-
positive bacteria (11 isolates). Five strains belonging to Sphin-
gomonas (isolates T1 and 56), Arthrobacter (isolate 54), Serratia
(isolate R22), and Moraxella (isolate R23) possessed one or
more small plasmids. Isolate T1 harbored two plasmids with
sizes 2.8 and 3.4 kb, respectively, while isolate 54 had a single
2.4-kb plasmid, isolate 56 had a 7.9-kb plasmid, isolate R22
possessed two plasmids with sizes 4.2 and 4.9, and isolate R23
had a single 4.2-kb plasmid. No connection between the pres-
ence of plasmids and antibiotic resistance was found, because
among the highly resistant isolates, there were both plasmid-
carrying and plasmidless strains. Among the Microbacterium
isolates highly resistant to antibiotics, only isolate 27y harbored
one large plasmid, while isolates 19 and 62 had no detectable
plasmids. The same was observed for the two Methylobacterium

FIG. 3. Distribution of isolates according to growth temperature
range. Columns show the number of isolates exhibiting growth only
within the indicated temperature range.
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isolates, in which isolate 53 was the most resistant isolate
carrying a large plasmid, but isolate 46 did not have any de-
tectable plasmid despite its resistance to 11 of the antibiotics
tested.

Repetitive genomic fingerprinting. The rrn operons repre-
sent only a portion of the genome and high similarity between
16S rRNA gene sequences does not necessarily correspond to
high similarity of the genomes of different isolates. Some of
our isolates had highly homologous 16S rDNA sequences but
different colony and cell morphology and physiological char-
acteristics. In order to determine whether we were repeatedly
isolating the same organism and to reveal differences or con-
firm similarity among closely related organisms, we performed
ERIC-PCR genome analysis of our isolates using genomic
DNA. This method gives highly specific electrophoretic pro-
files of PCR-generated fragments, giving a picture of the whole
genome, and it has a very high differentiation power at the
strain level (45).

We examined each of the 19 isolates affiliated with the high-
G�C gram-positive genera Arthrobacter, Microccoccus, Mi-
crobacterium, Corynebacterium, Frigoribacterium, Curtobacte-
rium, and Mycetocola by ERIC-PCR (Fig. 4A). The finding
that 17 isolates had unique profiles (only isolates 19 and 20y
were identical) is consistent with the conclusion based on the
16S rDNA sequence analysis that these are different strains of
known species, or in the case of isolates 64 and R18, possibly
new species. Similarly, seven isolates clustering within the ge-
nus Rhodococcus all had different ERIC-PCR profiles and are
likely different strains and species (data not presented).

Three isolates within the low-G�C genus Paenibacillus (1y,
16, and R21) had 16S rDNA sequences that differed by only a
few bases. The ERIC-PCR pattern of isolate 16, however, was
substantially different from those for isolates 1y and R21,
which were identical (Fig. 4B). In contrast, the ERIC-PCR
profiles for the six isolates with 16S rDNA sequences matching

TABLE 3. Enzymatic activities of selected GIC isolates

Isolate Closest relative species in the 16S rDNA
sequence database

Enzymatic activity on:

TSA X-Gal BHI-skim
milk Starch agar DNase agar Lipase agar

1y Paenibacillus sp. strain V2 Ant � � � � �
5 Mycobacterium austroafricanum � � � � �
11 Micrococcus luteus � � � (�) �
16 Paenibacillus amylolyticus � � � � �
17 (12–14) Sporosarcina globispora � � � � �
18 Arthrobacter agilis � � � � �
19 Microbacterium trichothecenolyticum � � � � �
20or Curtobacterium citreum � � � � �
20y Microbacterium trichothecenolyticum � � � � (�)
22 Pseudomonas sp. strain ICO38 Ant � � � � �
23 Sphingomonas mali � � � NDa �
24or Pseudomonas sp. strain Ant20 (�) � � � �
24y Plantibacter flavus � � � � �
26 Rhodococcus fascians � � � � �
27or Microbacterium arborescens � � � � �
27y Microbacterium luteolum � � � � �
30 Arthrobacter agilis � � � � �
31or Exiguobacterium aurantiacum � � � �� �
32 Rhodococcus erythropolis � � � � �
34 Taxeobacter gelupurpurascens � � � � �
37 Stenotrophomonas maltophilia � � � � �
38 Rhodococcus erythropolis � � � � �
40y Shingomonas mali � � � � �
43 Frigoribacterium faeni � � � � �
51 Microsphaera multipartita � � � � �
53 Methylobacterium extorquens � � � � �
54 Arthrobacter agilis � � � � �
55 Janibacter limosus � � � � �
56 Sphingomonas mali � � � � �
62 Microbacterium oxydans � � � �� �
64 Frigoribacterium faeni � � � � �
T1 Sphingomonas sp. strain M3C202B � � � � �
T2 Brevundimonas sp. strain FWC43 � � � � �
R8 Sphingomonas faenia � � � � �
R11 Curtobacterium citreum � � � � �
R15br Brevundimonas sp. strain FWC43 � � � � �
R15be Pseudomonas cedrella � �� � � �
R17 Pseudomonas graminis � � � � �
R18 Rhodoglobus vestalii � � � � �
R21 Paenibacillus amylolyticus � � � � �
R22 Serratia marcescens � � � �� �

a ND, not determined.
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Sporosarcina globispora were identical (data not shown) and
likely represent the same strain.

The ERIC-PCR analysis was also useful for further charac-
terizing the three pink-pigmented representatives of the genus
Methylobacterium (isolates 46, 52, and 53) within the cluster of
Proteobacteria. The finding that the profiles for isolate 46 dif-
fered substantially from the identical profiles found for isolates
52 and 53 (Fig. 4C) was congruent with the 16S rDNA analysis,
suggesting that isolate 46 was a different Methylobacterium
species (Table 2). A similar examination of isolates T3, T4, and
R17 (�-Proteobacteria) showed that even though they had orig-
inated following incubation in different media, these isolates
had identical ERIC-PCR profiles and may represent the same
organism related to the recently proposed species Pseudomo-
nas graminis (1, 6).

Several isolates within the �-Proteobacteria were closely re-
lated to the genus Sphingomonas based on their 16S rDNA
sequences. Further examination by ERIC-PCR showed that
isolates R3 through R7 had highly similar genomic profiles,
whereas isolates R8, R9, T1, and 24or all had unique profiles
different from those in the first set (Fig. 4D). Two other iso-
lates, 23 and 40y, were related to Sphingomonas mali and had
identical ERIC-PCR profiles (Fig. 4D).

These results showed that the combination of 16S rDNA

sequence analyses with the strain-specific ERIC-PCR ap-
proach, as well as morphological, and physiological surveys,
was useful for the characterization of new isolates.

DISCUSSION

This study demonstrates the presence of viable and diverse
bacteria in a 120,000-year-old GIC sample. This first recovery
of a large collection of phylogenetically diverse organisms from
the bottom, most ancient part of the Greenland ice sheet made
it possible to compare them with other bacteria from geo-
graphically different ice cores and with present day microor-
ganisms from mesophilic and even thermophilic environments.
Many (36%) of our isolates were related to genera such as
Methylobacterium, Rhodococcus, Mycobacterium, Sphingomo-
nas, Arthrobacter, and Frigoribacterium, representatives of
which have been found in other permanently cold environ-
ments. The organisms from the GIC were similar to those
isolated from glacier ice cores and permafrosts by Christner et
al. (13, 14), Brambila et al. (10), Shi et al. (35), and Vorobyova
et al. (46). This is consistent with the idea that the occurrence
of related phylotypes in geographically diverse cold environ-
ments is possibly due to similar strategies to survive freezing
and remain active at low temperature (30).

The cell numbers estimated for the GIC sample by flow
cytometry were significantly higher than those found in other
glacial ice samples. This observation was not surprising, since
our sample came from the silty ice close to the bedrock and
contained soil particles that may have contributed to the higher
abundance of microorganisms. The bacteria in our sample may
be of mixed origin, with some originating from airborne dep-
osition (the generally accepted source of organisms in glacial
ice), while others may have been entrained from the underlying
soil. Thus, the organisms in our sample could have been
trapped in the frozen environment 120,000 years ago (esti-
mated by the time of ice deposition), or they could be similar
to those found in permafrost, which had been frozen for mil-
lions of years.

Interestingly, our results also show a predominance of very
small (dwarf) cells, the presence of organisms with various
pigments, colonies with extracellular polymers, and sporeform-
ing bacteria, all of which have been suggested as mechanisms
for stress adaptation and survival enhancement (7, 16, 19, 26).
Our observation that a significant population of very small, but
viable, cells exists in the melted ice is also consistent with the
assumption that some cells have an adaptive physiological re-
sponse to environmental stress, including cell size reduction,
condensation of the cytoplasm, loss of permeability, decrease
in RNA content, reduction of metabolic activity, and inability
to divide that leads to the viable but not culturable state (24).
Such adaptive responses might explain the difficulty in cultur-
ing these cells directly from environmental samples (16).

Predominantly pigmented organisms have been also isolated
from other cold environments (9, 12, 14, 15, 38), and Fong et
al. (19) found a correlation between the production of carote-
noids and the cold adaptation of microorganisms, possibly due
to increased rigidity of the membranes. The formation of large
quantities of extracellular polymers, observed for 28% of our
isolates, has been considered by others as one of the survival
responses to desiccation (7, 31), which would have been a

FIG. 4. ERIC-PCR fingerprint patterns of isolates in 1% agarose in
Tris-acetate buffer (pH 8). (A) High-G�C gram-positive isolates.
Lanes: 1, 20or; 2, R11; 3, 24y; 4, 64; 5, R18; 6, 43; 7, 6; 8, 20y, 9, 27or;
10, 27y; 11, 62; 12, 30; 13, 54; 14, 65; 15, 33; 16, 11; 17, 66; and 18,
Rhodoglobus vestalii. (B) Paenibacillus isolates. Lanes: 1, 1y; 2, 16; and
3, R21. (C) Methylobacterium isolates. Lanes: 1, 46; 2, 52; and 3, 53.
(D) �-Proteobacteria isolates. Lanes: 1, R4; 2, R8; 3, R9; 4, T1; 5, 23;
6, 24or; 7, 40y; and 8, R15br. M, molecular size marker (lambda DNA
digested with HindIII plus EcoRI).
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factor during the deposition of microorganisms from the at-
mospheric airflow into the glacial ice.

Certainly another well-documented survival mechanism is
through spore formation (27). Although some isolates were
members of sporeforming genera (Paenibacillus and Sporosar-
cina), it is perhaps surprising that sporeforming organisms do
not dominate, since spores might be expected to survive for
thousands of years. There are several possibilities for this re-
sult, including the inability of the spores to germinate during
our cultivation conditions, since little is known about spore
germination from environmental samples (27). It is also pos-
sible, however, that sporeforming organisms were not domi-
nant in this ice core population and that many of the isolates
have other unknown survival strategies that still need to be
investigated.

Two observations from this work are particularly relevant to
the broader issues of inefficient cultivation of organisms from
environmental samples. The first is reflected by the dramatic
difference between the low number of colonies appearing after
plating material directly from the melted ice core sample and
the increased number found after incubation in liquid media.
Although some portion of the increase could result from a
proliferation in cell numbers during incubation, this does not
account for the simultaneous increase in the diversity of or-
ganisms found. More importantly, our microscopic examina-
tion using a live/dead staining approach showed that an abun-
dant, viable population of more than 107 cells/ml existed in the
melted ice sample. In contrast, only a few colonies formed
when samples were directly inoculated onto agar media, even
after several months of incubation. The incubation in the an-
aerobic media was particularly effective for the subsequent
isolation of the low-G�C gram-positive organisms and some
Proteobacteria. The aerobic incubation in low-nutrient R2B
and 1/4 R2B liquid media enhanced the recovery of the high-
G�C gram-positives and Proteobacteria on agar media (Fig. 2).

It is clear that the liquid medium incubations were important
for the recovery of many isolates from the frozen ice core. Cells
deposited from the atmosphere and trapped in the glacier ice
have likely been subjected to desiccation, freezing, high pres-
sure, and limiting nutrient and O2 concentrations. Because of
the impact of these multiple and prolonged stress factors, many
organisms may have been damaged or persist in a dormant or
very low metabolic state. It is possible that the incubation in
liquid media permits stressed cells to recover the ability to
form colonies. Recently, Bloomfield et al. (8) proposed that
the failure to recover cells subjected to starvation or other
stress is caused by an oxidative suicide after transfer to a rich
medium resulting from the overproduction of superoxide and
free radicals. It is possible that our anaerobic incubations pro-
vided a period of slow onset of metabolic processes in the
absence of oxygen and allowed successful growth and colony
formation upon subsequent plating. This is indirectly sup-
ported by the observation that cells recover more quickly after
the addition of bovine liver catalase, which is a powerful anti-
oxidant (12). Further studies of the survival strategies and the
conditions required for cell recovery and improvement of cul-
turability are crucial to the exploration of life in other extreme
environments, including extraterrestrial ones.

The second important observation was that many of the
colonies recovered from the direct plating of the melted ice

core sample did not become visible until after 3 to 7 months of
incubation. This is also consistent with the need for cells to
repair damage or to recover metabolic functions. The long
incubation time was not a result of extremely slow growth
rates, since the isolates reformed new colonies within days
when restreaked onto new media. It would be interesting to
determine if recovery of colonies from other environmental
samples would also require such prolonged initial incubation.
Development of a better understanding of the processes that
occur during the recovery or resuscitation of cells that have
had low metabolic activity or have been dormant for extended
times is of general importance to the isolation of organisms
from environments other than ice cores.

Not surprisingly, the diversity of isolates presented here
differs from that found in our prior efforts based on the ex-
traction of DNA from the anaerobic enrichments and the con-
struction and analysis of a clone library (33). In that study,
approximately 60 bacterial inserts were screened by restriction
endonuclease analysis and grouped into 27 unique restriction
fragment length polymorphism (RFLP) types, and 24 repre-
sentative sequences were compared phylogenetically. Se-
quences for 16S rDNA genes related to the major phylogenetic
groups, including �-, �-, and �-Proteobacteria as well as rela-
tives of the Thermus and the anaerobic Bacteroides, Eubacte-
rium, and Clostridium groups, were detected. Sixteen se-
quences were closely related to those from known organisms,
with 4 sequences possibly representing new species, while 7
sequences reflected possible new genera, and 1 may be a rep-
resentative of a novel bacterial order or family. In addition to
the expected absence of strict anaerobes due to the aerobic
conditions used for colony isolation, the isolate collection pre-
sented here lacked representatives of possible new genera
found within the clone library. Thus, as observed by others (11,
37, 38, 43), the clone library of 16S rDNA genes revealed types
of bacteria different from the ones found with cultivation
methods. Interestingly, some of our isolates had 16S rRNA
gene sequences highly related to others found in the clone
library belonging to the genera Methylobacterium, Stenotroph-
omonas, and Brevundimonas, demonstrating the presence of
viable representatives in the ice core. Even though the ap-
proaches employed produced some common findings, there
were also significant differences. Therefore, a more compre-
hensive view of the microbial community is obtained when the
results from multiple approaches are combined and each
makes an independent contribution. For example, one of the
Brevundimonas isolates was selected based on the information
from the clone library. Having detected a Brevundimonas 16S
rRNA gene sequence in the library, we devised media and
cultivation conditions specific for Brevundimonas species and
obtained an isolate with a 16S rDNA sequence corresponding
to that found in the clone library. The additional use of infor-
mation from the clone library should help obtain isolates not
yet represented in our collection, such as anaerobes.

The analysis of the community by obtaining and comparing
isolates not only contributes to the general knowledge of di-
versity but also provides a large collection of organisms that
can be further characterized and used. In this study, we have
obtained isolates that may represent new species or new strains
and may have important functions. The results of the morpho-
logical characterization and the ERIC-PCR analyses show that
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isolates with very similar 16S rDNA sequences may differ in
other regions of their genome and may also differ in important
physiological properties. In some ecological niches, the pres-
ence of different subspecies or strains may be important for
establishing the structure of the microbial community. Thus,
determination of the genomic and physiological differences
among the ice core isolates with close evolutionary relation-
ships increases our understanding of the microbial diversity of
this environment.

The strong and often multiple enzymatic activities of many
isolates on different substrates (Table 3) was the basis for the
conclusion that the versatile metabolic properties of the iso-
lates increase their ability to utilize different substrates. We
find this important in the context of the extreme conditions in
the environment studied. Our collection of psychrophilic or-
ganisms with extracellular enzymes may also be a significant
source of novel and potentially useful cold-active enzymes.
Some fast-growing psychrophilic isolates containing plasmids
may be further developed as hosts for cloning and expression
of genes at low temperatures. The first successful attempt of
recombinant production of a cold-adapted protein in a psy-
chrophilic host was recently reported (44).

Studies of long-frozen ecosystems are important not only
because they provide information about the functional and
phylogenetic groups in these environments, but also because
they may suggest strategies microorganisms use to survive for
thousands to millions of years. In addition, it is not clear
whether these organisms have in situ activity or only have been
trapped and preserved in the ice. Recent findings including the
presence of water channels and brines in frozen matrices, and
the results of isotopic fractionation experiments suggest that
low rates of metabolism can occur and may be needed for cell
maintenance and repair of DNA damages (17, 29). Further
studies, including reconstruction experiments with artificial ice
cores containing isolates from the natural glacier ice, could
help answer questions about the in situ activity and the survival
and recovery mechanisms under extreme conditions.
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