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ABSTRACT Studies of biotic remains of polar ice caps
have been limited to morphological identification of plant
pollen and spores. By using sensitive molecular techniques, we
now demonstrate a much greater range of detectable organ-
isms; from 2000- and 4000-year-old ice-core samples, we
obtained and characterized 120 clones that represent at least
57 distinct taxa and reveal a diversity of fungi, plants, algae,
and protists. The organisms derive from distant sources as
well as from the local arctic environment. Our results suggest
that additional taxa may soon be readily identified, providing
a plank for future studies of deep ice cores and yielding
valuable information about ancient communities and their
change over time.

Polar ice caps continually accumulate wind-blown organic
material. Although fossil plant pollen and spores from several
deep ice cores have been characterized and have provided
information about ancient flora composition and dispersal (for
examples, see refs. 1-6), most organic material found in fossil
glacial ice does not lend itself to morphological identification
(7, 8). We have therefore used a molecular approach to explore
the biological context of two samples, dated approximately
2000 and 4000 years B.P., that were collected from an ice core
drilled at the Hans Tausen ice cap in North Greenland, one of
the northernmost glaciers in the world (82.5°N, 37.5°W, 1270 m
above sea level). We report a hitherto unknown diversity of
eukaryotic fungi, plants, algae, and protists of both local and
distant origin, thereby expanding the range of detectable
organic material in glacier ice. The study of deep ice cores at
the molecular level has wide implications because of the
possibility of increasing our knowledge of ancient communities
and their changes through time.

MATERIALS AND METHODS

Sampling and Extraction. Two samples of approximately 5
liters, each representing about 20 years of snow accumulation,
were collected from the ice core sections with a band saw
(treated with 5% sodium hypochlorite) and stored in sterile
plastic bags (Stomacher, London) at —80°C. The samples had
been dated to times, approximately 2000 or 4000 years B.P., by
using a scale based on annual snow accumulation, layers of
volcanic fallout of historically known eruptions, and ice-flow
modeling. One to two centimeters was sliced from the surfaces
of the samples with a microtome knife (Leica) that had been
treated with 5% sodium hypochlorite for 24 h, leaving approx-
imately 3 liters of ice per sample. The samples were then
melted in UV-treated (45 W for 72 h) plastic buckets (USON,
Herlev, Denmark), and each sample was filtered through a
sterile 0.22-um filter unit (Nalgene). The filter membrane was
transferred to a 10-ml sterile plastic tube (Nunc), and DNA
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was extracted directly from the filter by a silica-based purifi-
cation method (9, 10) with minor modifications (1 ml of
extraction buffer was added to the filter, which was incubated
at 65°C for 24 h with sporadic agitation). The extraction buffer
was transferred to a 1.5-ml safe-lock tube (Eppendorf), and 15
wl of silica suspension was added. The DNA was eluted at 65°C
in two aliquots of 15 ul of 1X TE (10 mM Tris/1 mM EDTA,
pH 7.6) and stored at —20°C.

Primers, PCR Amplifications, and Sequencing. The primers
NS8 (11) and the reverse of nu-SSU-1627-31 (12) were used to
amplify approximately 160 bp of the eukaryotic 18S rRNA
gene. Four new primers were designed to amplify exclusively
the rDNA sequences; designing was performed by using the
program AMPLIFY 1.2 after manually aligning 69 eukaryotic
and prokaryotic tDNA sequences from the small subunit
(SSU) rRNA database (13) and the National Center for
Biotechnology Information database: the pair nu-SSU-1288-
(5'-TGGTGGTGCATGGCCGTTCTTAGTTGG-3'/nu-
SSU-1420-(5'-ACATCTAAGGGCATCACAGACCTGTTA-
3") amplifies approximately 180 bp; and the primer pair
nu-SSU-598-(5'-GCCGCGGTAATTCCAGCTCCAAT-
AGCGT-3")/nu-SSU-898-(5'-TCCAAGAATTTCACCTC-
3"), amplifies approximately 340 bp. The primer pair nu-SSU-
1288-5" and NS8 potentially amplifies approximately 550 bp.
PCR amplification was performed in 50-ul volumes with 10
mM Tris'HCl, 1.5 mM MgCl,, 50 mM KClI (pH 8.3), 0.8 mM
dNTPs, 1 mM of each primer, and 1 unit of Pfu DNA
polymerase (Stratagene). Thirty-six cycles (1 min at 94°C, 1
min at 45°C, 2 min at 72°C, and a final cycle of 10 min at 72°C)
of PCR were carried out (GeneAmp PCR system 9600,
Perkin-Elmer). A second amplification was performed on the
amplification products and on the controls under identical
conditions. The PCR products were cleaned (QIAquick PCR
purification kit, Qiagen, Chatsworth, CA) and cloned [pCR-
Script Amp SK(+) cloning kit, Stratagene]. Positive clones
were amplified by using T3 and T7 primers for 31 cycles. The
PCR products were purified with a kit (QIAquick), cycle-
sequenced, and electrophoresed on a DNA sequencer (Prism
377, Applied Biosystems).

Precautions and Controls. Complete physical separation of
filtration, extraction, and PCR set-up from running, cloning,
and sequencing was achieved by using two different laborato-
ries, one pre- and one post-PCR, each completely separately
equipped with lab clothes, pipettes, chemicals, and reagents.
No DNA work had previously been carried out in the pre-PCR
laboratory. All pre- and post-PCR work was done in laminar
positive-flow hoods (model 1.2, Holten, Brgndby, Denmark)
with frequently changed sterilized gloves (Gammex, Ansell
Medical, Munich) and facemasks. Tools and containers for
chemicals and reagents in the pre-PCR room were cleaned
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with 5% sodium hypochlorite. All of the pipettes, including the
pistons, were cleaned for at least 48 h with 2.5 M HCl or 5%
sodium hypochlorite, followed by extensive rinsing in double-
distilled, U V-treated, and autoclaved water. Only pipette filter
tips (Alpha Laboratory, Hants, U.K.) were used.

Aliquots of chemicals and reagents were frozen at —20°C
immediately after purchase. The water (double-distilled, UV-
treated, and autoclaved), dANTP-mix, Taq buffer, ethanol, and
acetone were centrifuged through 30 K filter units (NMWL
Ultrafree-MC, Millipore) and the primer solutions were cen-
trifuged through 50 K filter units (Millipore) immediately
before use. The silica suspension was autoclaved immediately
before being used for extraction; the extraction and washing
buffers and the EDTA and Tris for the 10 mM Tris/1 mM
EDTA (pH 7.6) were incubated with silica suspension for at
least 48 h before extraction. All of the tubes (including the
centrifugation tubes) used in the pre-PCR processes were
washed with 2.5 M HCl/soap in 128-ml sterile specimen cups
(Elkay, Shrewsbury, MA) for a minimum of 48 h with constant
stirring. Thereafter, the tubes were washed twice with water
(double-distilled, UV-treated, and autoclaved) in 128-ml ster-
ile specimen cups under constant stirring for a minimum of
48 h; they were then dried in sterile specimen cups at 65°C, also
for a minimum of 48 h.

Five types of controls were used to check for possible
contamination by extraneous DNA: (i) An extraction from an
empty filter, (if) an extraction from an empty tube, (iii) an
extraction from clean water from a sampling bucket, (iv) a
no-template control, and (v) a sterile control (0.22-um filter
unit, Nalgene), which monitored the air inside the laminar-
flow hood used for pre-PCR work for possible contamination.
No amplification products were obtained in the blank controls.
The air control (v) produced an approximately 180-bp-long
amplification product, which was cloned and sequenced. The
10 clones that were investigated contained the same sequence,
one belonging to a loculoascomycetous fungus that was not
found in the ice core samples.

Data Analysis. The sequences of the clones that we obtained
were classified through GenBank comparisons by using the
gapped BLAST program (14), and they were aligned manually
with sequences from the SSU rRNA database (13). The clones
were compared for the percentage of sequence similarity by
using the GENEDOC program (version 2.2.000, B. Nicholas and
H. B. Nicholas, information available at website www.cris.com/
~ketchup/genedoc.shtml). Possible recombination among the
clones was investigated by means of the PHYLPRO program
(15). The overall frequency of amplification errors in the
ancient DNA sequences was estimated at approximately 1% to
2% on the basis of substitution differences in cloned PCR
products of mitochondrial DNA from the “Iceman,” a mum-

Table 1. Clones identified to the level of class
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mified human body approximately 5,000 years old that is found
in a glacier in the Tyrolean Alps (16), and a Neanderthal
bone (17).

RESULTS AND DISCUSSION

Amplification products were obtained from the sample ex-
tracts by using three sets of versatile eukaryotic primers
designed to amplify a 160-, 180-, or 340-bp fragment of the
eukaryotic 185 rRNA gene. No products were obtained with
the primer set expected to amplify a fragment of 550 bp. The
PCR products showed an inverse relationship between ampli-
fication efficiency and fragment length that is typical of ancient
DNA (16, 18). Twenty clones per primer set per ice sample, 120
in total, were sequenced.

Each clone was compared with sequences deposited in
GenBank as of August 3, 1998. For the 107 clones displaying
90% to 100% percent similarity to GenBank sequences, iden-
tification to the level of class was attempted by noting the
consensus taxon of the database sequences displaying the
highest similarity to the clones, and noting the consensus taxon
of those GenBank sequences displaying 1% to 3% dissimilarity
to the sequences with the highest score. By using this criterion,
66 clones could be assigned to different classes of fungi
(ascomycetes and basidiomycetes), to various classes of protists
(including green algae, alveolates, and stramenopiles), and
finally, to one class of conifers (Table 1). By using the same
criterion, 24 of the 30 clones that displayed 99% to 100%
similarity to GenBank sequences were identified to the level of
order or family, revealing the presence of several different
orders and families of fungi, one family of green algae, and one
family of conifers (Table 2).

The clones assigned to the conifer family Pinaceae show the
presence in the ice of material transported from long distances;
this finding agrees with previous detections of both conifer
pollen and wood fragments in Greenland ice cores (5, 6).
Several of the clones assigned to groups of fungi and algae
show high similarity to GenBank taxa previously recorded in
polar and alpine environments. These include some of the
clones allocated to the fungus order Sporidiales and display
strong resemblance to genera such as Leucosporidium (100%
similarity) and Rhodotorula (99% similarity), recorded from
Antarctica (19, 20). One clone assigned to the fungus class
Hymenomycetes could be grouped with the genera Mrarkia
(97% similarity), also previously found in Antarctica (19).
Another clone allocated to the class Euascomycetes shows high
similarity (99%) to a viable fungus recovered from the clothing
of the Tyrolean “Iceman” (21). All clones allocated to the
green algae family Chlamydomonadaceae were grouped ex-
clusively with the genera Chlamydomonas and Chloromonas

No. of Similarity to database
Age, yr clones Kingdom Phylum Class sequences, %
2000 2 Fungi Ascomycota Euascomycetes (2-22) 96-99
8 Hemiascomycetes (2-6) 98-100
2 Basidiomycota Urediniomycetes (2-8) 98-99
3 Hymenomycetes (1-3) 96-100
18 Viridiplantae Cholorophyta Chlorophyceae (2-18) 93-99
3 Coniferophyta Coniferopsida (3-4) 99
1 “Alveolata” Ciliophyta Oligohymenophora (1) 94
4000 14 Fungi Ascomycota Euascomycetes (1-90) 92-100
2 Hemiascomycetes (4-5) 97-100
6 Basidiomycota Urediniomycetes (1-7) 94-100
2 Hymenomycetes (1-3) 93-97
5 “Stramenopiles” — Chrysophyceae (4-5) 91-92

Numbers in parentheses after class names indicate the number of genera in that class matching the assigned clones in the
GenBank database with less than 4% dissimilarity. Final column indicates the highest percent similarities to GenBank

sequences.
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9 4

10 & R C . AR LT R CT BETERTET . T s e s e AT e

11 4C .A.........CT.CAC......C...GC.T..cocuunnns

12-13 2 PN - PR .

14-16 2 ..C..TACTC--,...G.. . +eT4.Cy . ~T.GTC. .C.GCGT. GC TCC..K..A
17 2 .C..TACTC--....G. sen o i .C..T..C..-T.GTC..C.GCGT.GC.TCC..G..A
18-19 2 .C..T-CAC-=.... ‘e .. e ..A..C..-.GG.C..CATCG. .GC. TCC. B
20-28 4 .GTT.C.ATGG.TTCC..TC....CGT.-.TC-=...GGT.T. .GTC..G..CGG.GC.TCC. GG H
29 2 .o .GTT.C...GG.TGCT...C....CCT.~-.TG-~...GGT.T ..G.C..G..C6G.GT.ACC. .GG. .
30-36 2 C STT.C..TGG.TTGC.ARY...~.GT.-..G--...CT..T.. ..G.C..G..CGG.GC.TCT. .GS. .
37 4cC H ..C..C..CT.C.C.TCT..C..C.C. e .= .ATT-TG..G..T.......G.vuun =aGes TG, ALG. .. PR of PR (PRI ¢ 14 ¢ 15 SR
38 4 ¢ .AA.GC..C..CT.C.CGT.T.AA....C....T...-.GTAATG..A..T ..C.TTTAGA.T..T..A...C....T....T.A.G..... G.GT
39-40 4 C CA......... TT.CT.T.GT.GCA...T....CTC.-G. .A-..GGG..T --GTT.-.T.GCGT-. .A.C.TCGGG.AGA-G.A. . .G.C...G.A.

160bp

41 4 TCCTTTARATCCGTGAATC TCGACTGCGECTGAGGCGETTCGC--CGTCGATG-CTGC---GEGAGTTGAT TAACT TA-TTTGRAGRGAAGTT
42-44 .7 B GTG.T....G.6CG..T..GCT. . .TTTGATGG.RA. . .A....GCARG..T. .AMA.CG.C

15 4 C B....Covealivaune 2 e C.TA...AG.A. .C==.TTCTG.CGRC.TGGCCGT . ++ v+ s+ AT

16-47 & G0 B Tawiawars o g C.TA...AG.AGCC.-TCTG.-.CGAC.TGGCCGT

48-49 4 WM. ...... IT.vnen GATCG.‘.C.T.C.ATCCC.CT--TCACGG,GG——GCTGGCGT..

50 4 B . nmwais L RPN o C.TA...AG.A.CT--TCTG.-.CGAC.TGGCCGT. . .

51 4 AL =--A.CCGG.AMC

52-53 2 T.A..G .. A.T.AGT...ARGATG.A..T-AT-

54 2 C ..CCTCTC.TA. .C. .AAG.

55-62 24 CF .GGC.CA..TCTGCTTA. . .RA. GGGCAHCTCCATC CAGA. .G...

63 4 .GGC.C...T..GITTAA. .AA. . GGGCAACTCCATC . TGGRA.C.

64 2 P P oy e GCT.A. .AAG. TCGGCAACGAC .AT.CAGA. .T..

65 2 SGGCT..... C.GCT.A.G.AGA. .GGCAACAC, .ACCCAGG. .T. .. .

(13 4 C GGC. ... TC.ACT.A.G.AG.TCGGCARCGAC . ACCCAGA.TT...AA. ... .

&7 4 C JGECG. .. GCT.GAG.AG.T.GGCAACGAC . AC.CAGA. .C. ... .A.C

6B-T70 4 CoO JGGECL W Gaaans GCT.A...AG.TCGGCAACGACMAC.CAGA. .C....A.C

71 2 .GGCT.T...C.GCC.A...AG. . .GGCAACACCTCC.CAGG. .T....R.A.

72 2 .GCCT.G. .TC.GCRGCTT . TACCGG-CAACGAG. --——-AGGC . GCT.AR.C

73 2 . .GCCT.G. . TC.GCAGCTT-. TACCGGCARCG. .A.CA.G.C..T.. .AA.C.

74 2 C .GGC..G..T..GCTTC.G. .A.CCGGCARCG . CACCCTGT. . .T. . .A. .C.

78 4 C .G...CT.GT..GCTT.... . ATCCGGCARCG.ARCC.TAT...T.. .AA.

76 2 .GGCG. ...GA. .CTA.A.A.A.C.GGCAACA . CACT . TA. . .GT. .TCA. . .

77=-748 4 C .GGC.C...T..GCTTCTG. .A.CCAGCAATG.CACC.AGTC. .T...A. ...

78 4 ..GC..AG..T...TTTGTCTTTT.G. TCGCC--AATCGATGG.GT. . .AR.C.A. .

an 4 G| oy £ ACT.GC.-T..T.GGCAACTTCG.CGCGAGAGG. .C.C. .CAT. .

180bp

81 2 TCGGTTG-GCCG-ACAGATGTCGTTTGCATATAR
82-83 2 CF suvsvanannasaeaBuues sl ATCTLCC, L Culu ot s GLRC cu M iisiiiinnnnnnnsnans
g4-92 2 CF K...K...
DISDT BA im0 e w o PTG RBU T - o iyt m i 0 T A, 01 MR.G..G..AC.C.
108-110 2 AGATT..A...T. Oy .t C A cE SO CKGT..G.C. GCTC
111 4 € AGATTC.A.G.A. .-.T.‘G...T‘,G,',CAC,...C.,
112 4 CF AGATTCCACG.A. .".T.‘G‘...C.G,—,CAC,G.T..{
113-114 4 CO AGATTC.A.G.A. ~.T..6.G..C.6.~.CAC.G.RCY.
115 2 CF RGATTC.A.G.h. ~TGAC. «vus C.ATT.CAT.G.T...
116 2 AGATTC.A.G.A. i IS SPCPY PRI o TS o+ T ol c R PRI
117 4 € AGATTCCACG.A.T...... C.CG-CG.TGC. ... GusesBCA.CG. s o= eTueBus e s~ CAC.G.Teu s
118-120 24 CO AGATT..A...A.T...... A.CA-GC..GC ... G.,‘,:CT,.C...—YT,‘ PR << | C U, CTG.T..R

F1G. 1. DNA sequences of clones from 3 distinct fragments of the 18S rRNA gene amplified from ice core samples. Only variable sites are shown.
Dots indicate identity with sequences on top of each alignment and dashes indicate insertions/deletions. Clones that are less than 4% different from each
other are grouped together by using standard abbreviations at nonhomogeneous sites. C, O, and F indicate clones identified to the level of class, order,
and family, respectively; J indicates a clone created by possible jumping PCR events. Numbers in first column represent clone number, and nos. 2 and
4 in second column refer to the approximate age (X1000 years) of the clone samples. Brackets at right indicate clones identified to the same class.

(99% similarity), which comprise the majority of snow- algal genera such as Raphidonema (98% similarity) or Sticho-
inhabiting algae and are responsible for the red coloration of coccus (96% similarity), both common in European snowfields
snow fields (22). Other clones display resemblance to green and also recorded in Alaska (23, 24). A few clones were
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F1G. 2. Diversity curves. The number of clone clusters obtained by
asingle primer set S plotted against the number of clones with different
sequences (4% level) for that primer set C. The curves are an average
of the values obtained for the 2000- and 4000-year-old samples.
Approximate lengths (160, 180, and 340 bp) of amplified fragments are
specified for each primer set.

grouped entirely with a group of unclassified heterotrophic
flagellates, Heteromita (95% similarity), including cold-
tolerant species recorded from Antarctic fell-fields. (25). Our
results therefore suggest that material from long-distance
dispersal and material from the local arctic environment are
both present in the ice. Some of this material is probably part
of an ancient snow-living microbial community that inhabited
the surface layers of the ice cap.

The 120 clones included 78 different sequences. Infre-
quently intraspecific variation has been reported within the
hypervariable domains of the 185 rRNA gene (26), and
although experimental errors can arise during PCR [in this
case primarily because of age-introduced template damage
(17)], clones displaying 96% to 100% similarity are here
considered to belong to the same taxa. We used this criterion
to assemble the 120 clones into 57 distinct clusters (Fig. 1).
However, this number is likely to be a minimal estimate of the
diversity of organisms present in the samples, because (i) an
applied threshold value of 4% will result in physiologically
distinct taxa being grouped together because of nearly iden-
tical 18S rDNAs, (ii) the BLAST results revealed several in-
stances in which different taxa that have identical sequences in
the regions amplified or clones that are 100% identical can
belong to different taxonomic groups, and (iii) the “diversity
curve” for at least one of the primer sets was found to be
approximately linear (Fig. 2). The curves reach a plateau when
the same sequences are repeatedly recorded (27); therefore,
further sampling, even from the same PCR, is likely to reveal
several new taxa.

Because the primer sets span different regions, species
overlap is possible among some of the distinct clones. How-
ever, the GenBank comparisons reveal that the primer sets
preferentially amplify different kingdoms (by x? analysis, P <
0.05), making a possible overlap unlikely. One clone that
appeared to represent a recombination product between other
sequences in the sample was probably an artifact created
during PCR, a phenomenon previously observed in investiga-
tions of ancient DNA (16, 18) (Fig. 1). Because no other
chimeras were detected, we believe that only a small part of the
observed diversity could have been caused by recombination
events.

Biological studies of deep ice cores have previously been
restricted to morphological investigations of fossil plant pollen
and spores (e.g., see refs. 1-6). The method applied in this
study makes possible the identification of a much wider range
of organisms. The results show that polar ice caps can contain
a diverse assemblage of eukaryotic organisms of both local and

Proc. Natl. Acad. Sci. USA 96 (1999) 8021

distant origin. Although one can only speculate about the
diversity of prokaryotes present in fossil glacier ice, the
eukaryotic diversity seen here raises expectations about these
widely spread groups of organisms.

Because DNA is apparently well-preserved in polar ice caps,
and several deep ice cores span more than 100,000 years, the
results suggest that molecular studies of fossil glacier ice can
provide new information about the diversity of both local and
distant ancient biotic communities and their changes in com-
position through time.
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