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Ancient Biomolecules from
Deep Ice Cores Reveal a Forested
Southern Greenland

Eske Willerslev,'* Enrico Cappellini,2 Wouter Boomsma,> Rasmus Nielsen,*
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Joel Barker,*® Martin Sharp,*¢ Kirsty E. H. Penkman,? James Haile,*’ Pierre Taberlet,*®
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It is difficult to obtain fossil data from the 10% of Earth’s terrestrial surface that is covered by thick
glaciers and ice sheets, and hence, knowledge of the paleoenvironments of these regions has
remained limited. We show that DNA and amino acids from buried organisms can be recovered
from the basal sections of deep ice cores, enabling reconstructions of past flora and fauna. We
show that high-altitude southern Greenland, currently lying below more than 2 kilometers of ice,
was inhabited by a diverse array of conifer trees and insects within the past million years. The
results provide direct evidence in support of a forested southern Greenland and suggest that many

deep ice cores may contain genetic records of paleoenvironments in their basal sections.

regions such as Greenland and Antarctica

are poorly understood because much of
the fossil evidence is hidden below kilometer-
thick ice sheets (/—3). We test the idea that the
basal sections of deep ice cores can act as
archives for ancient biomolecules.

The environmental histories of high-latitude
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The samples studied come from the basal
impurity-rich (silty) ice sections of the 2-km-
long Dye 3 core from south-central Greenland
(4), the 3-km-long Greenland Ice Core Project
(GRIP) core from the summit of the Greenland
ice sheet (5), and the Late Holocene John Evans
Glacier on Ellesmere Island, Nunavut, northern
Canada (Fig. 1). The last-mentioned sample was
included as a control to test for potential exotic
DNA because the glacier has recently overridden
a land surface with a known vegetation cover
(6). As an additional test for long-distance
atmospheric dispersal of DNA, we included
five control samples of debris-free Holocene
and Pleistocene ice taken just above the basal
silty samples from the Dye 3 and GRIP ice
cores (Fig. 1B). Finally, our analyses included
sediment samples from the Kap Kebenhavn
Formation from the northernmost part of
Greenland, dated to 2.4 million years before
the present (Ma yr B.P) (7, 2).

The silty ice yielded only a few pollen grains
and no macrofossils (7). However, the Dye 3
and John Evans Glacier silty ice samples showed
low levels of amino acid racemization (Fig. 1A,
inset), indicating good organic matter preserva-
tion (8). Therefore, after previous success with
permafrost and cave sediments (9-11), we at-
tempted to amplify ancient DNA from the ice.
This was done following strict criteria to secure
authenticity (/2—14), including covering the sur-

face of the frozen cores with plasmid DNA to
control for potential contamination that may
have entered the interior of the samples through
cracks or during the sampling procedure (7).
Polymerase chain reaction (PCR) products of
the plasmid DNA were obtained only from ex-
tracts of the outer ice scrapings but not from the
interior, confirming that sample contamination
had not penetrated the cores.

Using PCR, we could reproducibly amplify
short amplicons [59 to 120 base pairs (bp)] of
the chloroplast DNA (cpDNA) rbcL gene and
trnL intron from ~50 g of the interior ice melts
from the Dye 3 and the John Evans Glacier silty
samples. From Dye 3, we also obtained 97-bp
amplicons of invertebrate cytochrome oxidase
subunit I (COI) mitochondrial DNA (mtDNA).
Attempts to reproducibly amplify DNA from
the GRIP silty ice and from the Kap Kebenhavn
Formation sediments were not successful. These
results are consistent with the amino acid race-
mization data demonstrating superior preser-
vation of biomolecules in the Dye 3 and John
Evans Glacier silty samples, which is likely
because these samples are colder (Dye 3) or
younger (John Evans Glacier) than the GRIP
sample (Fig. 1A, inset). We also failed to amplify
DNA from the five control samples of Holocene
and Pleistocene ice taken just above the silty
samples from the Dye 3 and GRIP ice cores
(volumes: 100 g to 4 kg; Fig. 1B) (7). None of
the samples studied yielded putative sequences
of vertebrate mtDNA.

A previous study has shown that simple com-
parisons of short DNA sequences to GenBank
sequences by means of the Basic Local Align-
ment Search Tool (BLAST) make misidentifica-
tion likely (/5). Therefore, we assigned the
obtained sequences to the taxonomic levels of
order, family, or genus using a new rigorous
statistical approach (7). In brief, this Bayesian
method calculates the probability that each se-
quence belongs to a particular clade by consid-
ering its position in a phylogenetic tree based on
similar GenBank sequences. In the calculation
of these probabilities, uncertainties regarding phy-
logeny, models of evolution, and missing data
are taken into account. Sequences with >90%
posterior probability of membership to a taxo-
nomic group were assigned to that group. Addi-
tionally, a given plant taxon was only considered
genuine if sequences assigned to that taxon were
found to be reproducibly obtained in separate
analyses (by independent laboratories for the
Dye 3 sample and within the laboratory for the
John Evans Glacier control sample). This strict
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Fig. 1. Sample location and core schematics. (A) Map showing the locations of the Dye 3 (65°11'N,
45°50'W) and GRIP (72°34'N, 37°37'W) drilling sites and the Kap Kebenhavn Formation (82°22'N,
W21°14'W) in Greenland as well as the John Evans Glacier (JEG) (79°49'N, 74°30'W) on Ellesmere
Island (Canada). The inset shows the ratio of b— to L—aspartic acid, a measure of the extent of protein
degradation; more highly degraded samples (above the line) failed to yield amplifiable DNA. (B)
Schematic drawing of ice core/icecap cross section, with depth [recorded in meters below the
surface (m.b.s.)] indicating the depth of the cores and the positions of the Dye 3, GRIP, and JEG
samples analyzed for DNA, DNA/amino acid racemization/luminescence (underlined), and *°Be/*¢Cl
(italic). The control GRIP samples are not shown. The lengths (in meters) of the silty sections are

also shown.

Table 1. Plant and insect taxa obtained from the JEG and Dye 3 silty ice
samples. For each taxon (assigned to order, family, or genus level), the
genetic markers (rbcl, trnL, or COI), the number of clone sequences

criterion of authenticity obviously dismisses
many putative taxa that are present at low
abundance or have heterogeneous distributions,
as is typical of environmental samples (/6), but
efficiently minimizes the influence of possible
low-level contamination and misidentifications
due to DNA damage (/7).

Approximately 31% of the sequences from
the John Evans Glacier silty sample were as-
signed to plant taxa that passed the authentica-
tion and identification criteria. These belong to
the order Rosales, the family Salicaceae, and the
genus Saxifraga (Table 1). This result is con-
sistent with the John Evans Glacier forming no
more than a few thousand years ago in a high
Arctic environment (/8), characterized by low
plant diversity and sparse vegetation cover sim-
ilar to that currently surrounding the glacier,
which consists mainly of Arctic willow (Salica-
ceae), purple saxifrage (Saxifraga), Dryas (Ro-
sales), and Arctic poppy (Papaver) (19). Thus,
by confirming the expected result, the John Evans
Glacier study can be regarded as a positive con-
trol, showing that DNA data from silty ice reli-
ably record the local ecology.

In contrast to the John Evans Glacier silty
sample, the 45% of the Dye 3 DNA sequences
that could be assigned to taxa reveal a commu-
nity very different from that of Greenland today.
The taxa identified include trees such as alder
(Alnus), spruce (Picea), pine (Pinus), and mem-
bers of the yew family (Taxaceae) (Table 1).
Their presence indicates a northern boreal for-
est ecosystem rather than today’s Arctic environ-
ment. The other groups identified, including
Asteraceae, Fabaceae, and Poaceae, are mainly

are shown. Sequences have been deposited in GenBank under accession
numbers EF588917 to EF588969, except for seven sequences less than 50
bp in size that are shown below. Their taxon identifications are indicated

supporting the identification, and the probability support (in percentage) by symbols.
Order Marker  Clones  Support (%) Family Marker  Clones  Support (%) Genus Marker  Clones  Support (%)
JEG sample
Rosales rbcl 3 90-99
Malpighiales rbcL 2 99-100 Salicaceae rbcL 2 99-100
trnL 5 99-100 trnL 4 100
Saxifragales rbcl 3 92-94 Saxifragaceae rbcl 2 92 Saxifraga rbcL 2 91
Dye 3 sample
Coniferales rbcl 44 97-100 Pinaceae* rbcl 20 100 Picea rbcL 20 99-100
trnL 27 100 trnL 25 100 Pinust trnL 17 90—-99
Taxaceaet rbcl 23 91-98
trnL 2 100
Poales$ rbclL 67 99-100 Poaceae$§ rbclL 67 99-100
trnL 17 97-100 trnL 13 100
Asterales rbclL 18 90-100 Asteraceae rbcl 2 91
trnL 27 100 trnL 27 100
Fabales rbcl 10 99-100 Fabaceae rbcl 10 99-100
trnL 3 99 trnL 3 99
Fagales rbcl 10 95-99 Betulaceae rbcl 8 93-97 Alnus rbcL 7 91-95
trnL 12 100 trnL 11 98-100 trnL 9 98-100
Lepidoptera COl 12 97-99

*Env_2, trnL ATCCGGTTCATGAAGACAATGTTTCTTCTCCTAAGATAGGAAGGG. Env_3, trnL ATCCGGTTCATGAAGACAATGTTTCTTCTCCTAATATAGGAAGGG. Env_4, trnL ATCCGGTTCATGAGGACAATGTTTCTTCTCCTAATA-

TAGGAAGGG.

GAACAATAATTTTATTTTCTAGAAAAGG.

TEnv_5, trnL CCCTTCCTATCTTAGGAGAAGAAACATTGTCTTCATGAACCGGAT. Env_6, trnl TTTCCTATCTTAGGAGAAGAAACATTGTCTTCATGAACCGGAT.
§Env_7, trnL CTTTTCCTTTGTATTCTAGTTCGAGAATCCCTTCTCAAAACACGGAT.

FEnv_1, trnL ATCCGTATTATAG-
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herbaceous plants and are represented by many
species found in northern regions at present
(Table 1). The presence of these herb-dominated
families suggests an open forest where helio-
phytes thrived. Additionally, we recorded taxa
that are common in present-day Arctic and/or
boreal regions but lacked identity between inde-
pendent laboratories. These are yarrow (Achillea),
birch (Betula), chickweed (Cerastium), fescue
(Festuca), rush (Luzula), plantain (Plantago),
bluegrass (Poa), saxifrage (Saxifraga), snowberry
(Symphoricarpos), and aspen (Populus). Al-
though not independently authenticated at the
sequence level, the presence of these taxa adds
further support to the former existence of a
northern boreal forest ecosystem at Dye 3.

To date, the youngest well-dated fossil evi-
dence of native forest in Greenland is from macro-
fossils in the deposits of the Kap Kebenhavn
Formation from the northernmost part of
Greenland and dates back to around 2.4 Ma
(1, 2). Other less well dated traces of forests in
Greenland include wood at two other late
Cenozoic sites in northern Greenland (20),
pollen spectra of unknown age in marl con-
cretions found in a late glacial moraine, and
wood and spruce seeds in eastern Greenland
(21). The core from Dye 3, located almost ex-
actly 2000 km to the southwest of the Kap
Kebenhavn Formation (Fig. 1A), therefore, pro-
vides direct evidence of a forested southern-
central Greenland.

The invertebrate sequences obtained from
the Dye 3 silty ice are related to beetles (Cole-
optera), flies (Diptera), spiders (Arachnida), brush-

moths (Lepidoptera) (taxonomic identification
probability support between 50 and 99%). How-
ever, only sequences of the Lepidoptera are sup-
ported by more than 90% significance (Table
1). Thus, although detailed identifications of
the COI sequences are in general not strongly
supported, the results show that DNA from a
variety of invertebrates can be obtained from
sediments even in the absence of macrofossils,
as was previously shown for plants, mammals,
and birds (9-11).

Several observations suggest that the DNA
sequences we obtained from the Dye 3 ice
are of local origin and not the result of long-
distance dispersal. The reproducible retrieval
of diverse DNA from the silty basal ice but not
from similar or larger volumes of the overlying
“clean” ice largely precludes long-distance at-
mospheric dispersal of microfossils as a source
of the DNA.

Although pollen grains are found in the
Greenland ice sheet, including the Dye 3 silty
ice (7), the concentrations are in general too low
[~15 grains per liter (22, 23)] for them to be
present in the sample volumes studied. Further-
more, long-term survival of DNA in pollen has
proved fairly poor (24), and the vast majority of
angiosperm pollen does not contain cpDNA
(25). These factors effectively exclude pollen as
the general source of plant DNA from the silty
ice. Moreover, the Dye 3 silty ice appears to
have originated as solid precipitation without
going through stages of superimposed ice and
most likely formed by mixing in the absence of
free water (i.e., ice that has never melted) (26),

REPORTS

silty ice and its forest community, we applied
a series of dating techniques: '’Be/*°Cl isotope
ratios, single-grain luminescence measurements,
amino acid racemization coupled with modeling
of the basal ice temperature histories of GRIP
and Dye 3, and maximum likelihood estimates
for the branch length of the invertebrate COI
sequences (7). All four dating methods suggest
that the Dye 3 silty ice and its forest community
predate the Last Interglacial (LIG) [~130 to 116
thousand years ago (ka)] (Fig. 2), which con-
trasts with the results of recent models suggest-
ing that Dye 3 was ice-free during this period
(28, 29). Indeed, all four dating methods give
overlapping dates for the silty ice between 450
and 800 ka (Fig. 2), exceeding the current
record of long-term DNA survival from Siberian
permafrost of 300 to 400 ka (9). However, be-
cause of the many assumptions and uncertainties
connected with the interpretation of the age esti-
mates (7), we cannot rule out the possibility of a
LIG age for the Dye 3 basal ice.

Our results reveal that ancient biomolecules

from basal ice offer a means for environmen-
tal reconstruction from ice-covered areas and
can yield insights into the climate and the ecol-
ogy of communities from the distant past. Be-
cause many deep ice cores exist from both
hemispheres and further drillings are planned,
this approach may be used on a larger scale. Basal
ice at even lower temperatures than Dye 3 might
contain an archive of genetic data of even greater
antiquity.
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Middle Paleolithic Assemblages from
the Indian Subcontinent Before and
After the Toba Super-Eruption
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Richard Roberts,® Jean-Luc Schwenninger,® Lee Arnold,® Kevin White®

The Youngest Toba Tuff (YTT) eruption, which occurred in Indonesia 74,000 years ago, is one of
Earth’s largest known volcanic events. The effect of the YTT eruption on existing populations of
humans, and accordingly on the course of human evolution, is debated. Here we associate the YTT
with archaeological assemblages at Jwalapuram, in the Jurreru River valley of southern India.
Broad continuity of Middle Paleolithic technology across the YTT event suggests that hominins
persisted regionally across this major eruptive event.

74,000 years ago (74 ka) was Earth’s
largest volcanic event in the past two mil-

lion years (/-3). It was two orders of magnitude
larger (in erupted mass) than the largest known
historic eruption, that of Tambora, also in Indo-
nesia (4). The YTT involved the eruption of a
minimum of 2800 km? (7 x 10'® kg) of magma,
of which at least ~800 km® was transported in
atmospheric ash plumes that blanketed an area
from the South China Sea to the Arabian Sea
(2, 3). Its impact on Earth’s atmosphere and
climate (5—7) and on local animal and plant pop-
ulations remains a matter of contention (3, 7—12).
The Indian subcontinent contains extensive
YTT deposits (/3-15). Here we describe an
archaeological sequence from south India that
includes a substantial YTT layer and sheds light
on the eruption’s impact on climate, environments,
and hominin populations. In the Kurnool District

The Youngest Toba Tuff (YTT) eruption of
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of Andhra Pradesh in southern India, stratified
archaeological sites in the Jurreru River valley
contain stone artifacts in association with faunal
remains in caves, rockshelters, and open-air lo-
calities (/6, 17) (Fig. 1). The archaeological record
spans all periods of the Paleolithic. In addition,
current mining activities have exposed tephra
deposits over an area of 64 ha. Ash is, however,
certainly buried over a wider area within the
valley (fig. S1), and we estimate its total volume
at 7+ 0.7 x 10° m?, based on the interpolation
of 225 depth observations made at mining
exposures.
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We conducted electron probe microanalysis
(EPMA) of volcanic glass shards from the
Jwalapuram tephra to compare their geochem-
ical signatures with those of the Older Toba Tuff
(OTT, dated to ~840 ka) and the Middle Toba
Tuff (MTT, dated to ~500 ka) (4). The results
show that the Jwalapuram ash is a distal deposit
of the YTT (figs. S3 and S4), based on its close
similarities with proximal deposits of YTT in
Sumatra and with previously characterized distal
occurrences in India (13, 14, 18).

Jwalapuram locality 3 preserves more than
7.5 m of sedimentary deposits, including a
2.55-m-thick deposit of ash, and a sequence of
lithic artifacts that straddle the ash layer (fig. S2).
Soft sediment deformation structures suggest
that the tephra initially accumulated on a wet
clay substrate, probably in a lacustrine environ-
ment. The abrupt transition from light gray ash
to an orange (but still ash-rich) silt horizon im-
mediately above the ash sequence represents a
major change in depositional regime. We inter-
pret this as evidence that the lake dried up soon
after the ash fall, possibly during the onset of
glacial conditions in oxygen isotope stage 4.

The stone tool assemblages were found in
trenches placed across the landscape (that is,
at Jwalapuram localities 3, 17, and 21). At
Jwalapuram locality 3, we used optical dating to
obtain burial ages for sediment samples from
archaeological layers above (JLP-380) and below
(JLP3A-200) the ash. Ages of 77 £ 6 and 74 +

78°10'

78°15'

=

- Toba ash
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Fig. 1. Location of Jwalapuram, archaeological sites, and tephra deposits. (A) Location of the Jwalapuram
study area. (B) Key archaeological localities in the Kurnool District include the Upper Paleolithic caves of
Billasurgum (1) (17) and Muchchatla Chintamanu Gavi (2) (16). Jwalapuram localities include 17 (3,
Middle Paleolithic), 9 (4, Microlithic), 3 (5, Middle Paleolithic), 20 (6, Middle Paleolithic), 21 (7, Middle

Paleolithic), and Tank (8, Acheulean).
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