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Sequencing the nuclear genome of the extinct woolly

mammoth
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In 1994, two independent groups extracted DNA from several
Pleistocene epoch mammoths and noted differences among indi-
vidual specimens”?. Subsequently, DNA sequences have been pub-
lished for a number of extinct species. However, such ancient DNA
is often fragmented and damaged’, and studies to date have
typically focused on short mitochondrial sequences, never yield-
ing more than a fraction of a per cent of any nuclear genome. Here
we describe 4.17 billion bases (Gb) of sequence from several mam-
moth specimens, 3.3 billion (80%) of which are from the woolly
mammoth (Mammuthus primigenius) genome and thus comprise
an extensive set of genome-wide sequence from an extinct species.
Our data support earlier reports* that elephantid genomes exceed
4Gb. The estimated divergence rate between mammoth and
African elephant is half of that between human and chimpanzee.
The observed number of nucleotide differences between two par-
ticular mammoths was approximately one-eighth of that between
one of them and the African elephant, corresponding to a separa-
tion between the mammoths of 1.5-2.0 Myr. The estimated prob-
ability that orthologous elephant and mammoth amino acids
differ is 0.002, corresponding to about one residue per protein.
Differences were discovered between mammoth and African
elephant in amino-acid positions that are otherwise invariant over
several billion years of combined mammalian evolution. This
study shows that nuclear genome sequencing of extinct species
can reveal population differences not evident from the fossil
record, and perhaps even discover genetic factors that affect
extinction.

Vertebrate genome sequencing projects have thus far assembled data
from at least 28 species’, including chromosomal assemblies of six
placental mammals, namely human®”, chimpanzee®, rhesus macaque’,
mouse'’, rat'' and dog'’. In contrast, kilobase (kb)-scale genomic
sequence data from extinct species were first reported in 2005, with
27 kb from cave bear'? and 13 megabases (Mb) from mammoth'*. More
recently, two projects reported up to 1 Mb from Neanderthal'>'®, some
of which may be modern human contamination'”.

Whereas many ancient-DNA studies have used bone samples, in
2007 we showed that DNA with fewer damage-induced substitutions
can be extracted from hair shafts collected from permafrost
remains'®. Moreover, use of hair permits a highly efficient decontam-
ination protocol that leaves the keratin-encased endogenous DNA
unharmed. The method resulted in 15 complete mammoth mito-
chondrial genomes at high coverage'®'?, identified in 947 Mb of total

sequence (average read length, 93bp) from a number of samples.
Hair shafts are thus suitable for sequencing ancient nuclear DNA.

We selected M4, a Siberian mammoth specimen carbon-14 dated
to 18,545 * 70 years before present (roughly 20,000 years ago), for
extensive sequencing, and generated 2.982 Gb of data from hair shafts
using a Roche GS-FLX sequencing instrument. A second mammoth
specimen, M25, yielded an additional 239 Mb. Together with our
earlier mammoth data, this brought the total to 4.168 Gb of sequence.
Given the abundance of hair available from M4 and M25, we were
able to enrich the sequenced material for long DNA molecules, to
overcome at least partly the high rate of breakage in ancient DNA.
The average read length was 142 bp for M4 and 164 bp for M25. As a
bonus, we obtained 4,430-fold coverage of the mitochondrial
genome of M4, allowing us to determine error rates. (We assumed
that errors in nuclear DNA equal those in mitochondrial DNA.)
Specifically, for reads trimmed by aligning them to elephant
sequence, the total error rate from post-mortem DNA damage and
sequencing mistakes was 0.14%, neglecting errors that added or
deleted bases (Table 1 and Methods).

To estimate how many of our reads are actual mammoth DNA, we
determined the fraction of our sequence that aligns to the African
savanna elephant (Loxodonta africana) genome (twofold assembly
and sixfold reads), which indicated that 80% of our 4.17 Gb of
sequence, that is, approximately 3.3 Gb, is from the mammoth.
However, the yield varied substantially between specimens: M4 is
90% mammoth and M25 is only 58% mammoth (Fig. 1). As a negative
control, read-sized intervals of the chicken genome®® were mapped to
elephant and showed that the false-positive rate is very low. Reasons
why the estimation of 80% may actually be low are given in Methods.
Some microbial DNA is recognizable in the non-mammoth portion
(Fig. 1), but essentially none of the DNA in these samples is human'®.

The converse result, that is, the fraction of elephant DNA that
aligns to our data, can tell us how much of the mammoth genome
has been sequenced. Because typical genome sizes of placental mam-
mals are around 3 Gb, our 3.3 Gb might be expected to provide at least
onefold coverage, in which case—taking into account overlapping
reads*'—over 63% of the bases in the mammoth genome would be
sequenced at least once. However, the African elephant genome has
previously been estimated at between 4.2 and 4.8 Gb using the C-value
technique®, which, although less accurate than genome sequencing,
has consistently predicted the Afrotherian genomes to be larger than
previously sequenced placental genomes. We estimated how much of
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Figure 1| Species composition of metagenomic DNA extracted from
mammoth hair. a, b, Pie charts for the M4 (a) and M25 (b) data sets show the
percentage of sequencing reads assigned to taxa for mammoth, Archaea,

the mammoth genome has been sequenced by searching for matches
to a set of elephant genes in the Ensembl gene build of August 2006
(http://www.ensembl.org) that could be confidently mapped to
unique positions on human chromosomes (Fig. 2), and by searching
for the so-called ultraconserved regions®. In both cases, around 50%
of the bases were found; accounting for multiple reads that include the
same genomic position, this translates into 0.7-fold coverage, or that
the total length of our true mammoth reads is 70% of the genome’s
length. Because some of our reads are very short and, hence, difficult
to align reliably, this may be an underestimate.

Our estimates that 80% of our 4.17 Gb of sequence is from mam-
moth and that we have obtained 0.7-fold coverage are consistent with
a genome size of 4.7 Gb, as 4.17 X 0.8 = 3.3 = 4.7 X 0.7. However,
this estimation of genome size is at best a rough approximation. On
the other hand, we observed the probable cause of the expanded
genome, namely an unusually high fraction of interspersed repeats
(Supplementary Information).

As currently understood, the evolutionary relationships among
selected living and extinct elephantid species are sketched in Fig. 3;
we show parallels with humans and some great apes to provide a
widely familiar point of reference. Here we use estimated divergence
times, which are times to the common ancestor averaged across the
genome. This should be distinguished from population split times or,
in the case of distinct species, speciation times. For instance, two
modern European humans have a population split time of 0 yr but a
mean divergence of at least 500,000 yr. This distinction is important
for recent speciation events. For example, the mean divergence time
between human and chimpanzee is at least 2 Myr longer than the
speciation time** (see Methods for details). We are interested in com-
paring sequence identity rates between elephantids and between apes.

Table 1| Basic statistics on the mammoth genome sequence

Sequenced bases 4.168 Gb
Sequencer runs (Roche GS-FLX and GS20) 77
Sequenced reads 32,619,456
Average read length 128 bp
Bases that align to L. africana 3.3Gb
Sequence coverage for M4's mitochondrial genome  4,430-fold

35 per 10,000 bp

6 per 10,000 bp

8 per 10,000 bp

21 per 10,000 bp

14 per 10,000 bp (0.14%)

Total error rate based on mitochondrial genome
Substitutions from DNA damage

Substitutions from sequencing error
Insertions/deletions from sequencing error
Total error neglecting indels

Estimated genome size 4.7 Gb
Estimated nucleotide identity of M4 to African 99.41%
elephant

Estimated amino-acid identity of M4 to African 99.78%
elephant
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Bacteria, virus, as well as the two unspecified categories ‘other Eukaryota’
and ‘unidentified sequence’. The taxon distribution exemplifies the
variability of the endogenous DNA content of ancient specimens.

To estimate the level of nucleotide identity (ignoring gaps)
between M4 and the African elephant, we analysed the large number
of elephant positions that have more than one aligning mammoth
read, to reduce the effect of errors in our sequence (Methods). The
estimated identity is 99.4%. The 0.6% difference rate is approxi-
mately half of that estimated between human and chimpanzee
(1.24%)*, despite the similarity in divergence times (Fig. 3). This
indicates that nucleotide substitutions are fixed in recent elephantid
lineages at only half of the rate in great apes and humans, mirroring
an earlier observation about mitochondrial DNA*. Using a similar
approach (Methods), we estimate that M4 and the African elephant
are 99.78% identical at the amino-acid level.

Significantly, among the multiply sequenced differences between
M4 and the African elephant, M25 agrees with the African elephant in
13.3% of the cases (that is, 327 of 2,451) in which we had a high-
identity alignment to M25. Under the assumption that M4 and the
African elephant differ by 15 Myr of evolution (7.5 Myr in each lin-
eage), this corresponds to a separation of about 1.5-2.0 Myr between
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Figure 2 | Sequenced mammoth orthologues of human genes. a, Plot
showing the number of RefSeq genes on each human chromosome (open
white rectangles), the average fraction of protein-coding bases that align to
Roche/454 reads from James D. Watson’s genome™ (green), and the fraction
of coding bases that align to one or more mammoth reads (red), using
Ensembl-predicted elephant genes that map to the human chromosome—
approximately 50% for each autosome, but only 31% for chromosome X as
M4 was male (see Methods). b, Lengths of the chromosomes in a.
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Figure 3 | Comparison of phylogenies. a, Elephantids; b, hominoids. We
show estimated divergence times, that is, times to the common ancestor
averaged across autosomes (see Methods). Red circles at the leaves of the
phylogenetic tree indicate discernable species. This distinction was not made
for the two clades of mammoth (M4 and M25) based on the fossil record
(merged red circles).

M4 and M25. We assume that only a small fraction of the differing
positions are under selection. We note that a divergence of 1-2 Myr
between M4 and M25 was estimated earlier'” on the basis of mito-
chondrial data, for which M25 agrees with the African elephant in
14.5% of the cases (114 of 792) where M4 disagrees with the African
elephant. The concordance between nuclear and mitochondrial data

LETTERS

is particularly noteworthy because population-genetic analysis of
African elephants has shown that different relationships are inferred
from mitochondrial sequence than from nuclear sequence®. M4 and
M25 belong to differing clades of mammoths that were identified on
the basis of short mitochondrial sequences'**. However, morpho-
logical criteria distinguishing the two clades have not been estab-
lished, similar to the case of two phenotypically identical groups of
extant brown bears in Sweden that have differing mitotypes and share
the same territory®®.

A major reason for sequencing the woolly mammoth is to identify
functionally important amino-acid differences between mammoth
and elephant. It is unclear what fraction of amino-acid differences
have functional consequences, but it is likely to be rather small; for
instance, one estimation® is that ~20% of common human amino-
acid variants are deleterious. To start looking for such differences, we
combined computational criteria (designed to enrich for validity and
functional importance) with PCR amplification and Sanger sequen-
cing in M4, M25, African elephant and Indian elephant, Elephas
maximus. Our initial screening yielded 92 putative differences
(Fig. 4, Supplementary Information) that have also passed additional
manual screening for undesirable attributes such as lack of conser-
vation (notably homoplasy) at the critical mammoth position,
potential confusion with paralogues, processed and unprocessed
pseudogenes, and tandem or other duplicative debris. We found a
number of cases in which mammoth differed from an amino acid that
appeared to be otherwise invariant throughout placental evolution
(Supplementary Information), which may suggest functional signifi-
cance of the protein position and positive selection in the mammoth
lineage.

From the data set presented here, we conclude that a high-fidelity,
high-coverage mammoth genome will be feasible once the genome
sequence for the African elephant has been completed and 10-30-fold
(depending on the sequencing technology) more mammoth sequence
has been generated. From our data, we estimate that mammoth and
elephant differ on average at about one residue per protein (roughly
20,000 positions proteome-wide) and that 90% of those differences
are potentially identifiable by means of higher-coverage short-read
sequencing alone (that is, without enriching sequenced material
for coding DNA or Sanger resequencing; see Methods). Apart from
comparing protein sequences, we hope to pinpoint DNA differences
between mammoth and elephant in the non-repetitive genomic
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Figure 4 | Experimentally verified amino-acid differences among African
elephant, Indian elephant, M4 and M25. Non-synonymous coding single-
nucleotide polymorphisms between African elephant and mammoth
identified by computational mean, termed single-amino-acid
polymorphisms (SAPs), were experimentally verified through PCR

amplification and Sanger sequencing. Six SAP categories for splits specific to
African elephant (AE), Indian elephant (IE), mammoth, M4 and M25 are
shown, together with one category for heterozygosity and other
polymorphisms. Gene names are for the putative human orthologue.
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intervals, so it may even be possible to detect differences in gene-
regulatory signals. The catalogue of differences, along with computa-
tional predictions of the differences most likely to have functional
consequences, will provide a resource to facilitate direct observation
of genetically orchestrated changes over evolutionary time, for
example those associated with adaptation to cold environments, diet-
ary changes and so on. In addition, the determination of an even larger
number of synonymous changes in those protein-coding intervals will
permit identification of genes and gene families under selection dur-
ing mammoth evolution. As we have demonstrated here, these studies
can be carried out on both clades of mammoth despite the specimens’
large difference in age. It will therefore become possible to conduct
genome-wide studies on multiple individuals with the goal of under-
standing whether the observed coalescence time of 1.5-2.0 Myr
between M4 and M25 in fact did generate two species of mammoth,
or whether this process was terminated by premature extinction of the
clade of M25.

METHODS SUMMARY

The 4.17 Gb of individual reads from our mammoth samples, along with the
sequenced PCR products produced while studying SAPs, were placed in a freely
Internet-accessible BLAST server (http://mammoth.psu.edu) that was used for
some of the analyses described here, such as determining the fraction of putative
elephant coding exons and mammalian ultraconserved intervals that align to a
mammoth-sample read. In addition, sequence data from the African savanna
elephant genome, produced by the Broad Institute, was a critical ingredient for
our analysis. Early in the project, we used an assembly of the twofold-coverage
data, downloaded from the University of California, Santa Cruz Genome
Bioinformatics website (http://genome.ucsc.edu); later we employed individual
Sanger reads that provide roughly sixfold coverage.

For whole-genome mammoth—elephant comparisons, we handled the prob-
lem of unmasked elephantid-specific interspersed repeats by aligning mam-
moth-sample reads to the twofold elephant scaffolds using the ‘dynamic
masking’ feature of the BLASTZ alignment program (see Methods); only the
reads that did not align in that preliminary step were aligned to the sixfold reads.
Reads that aligned to a unique position in the twofold assembly, and specifically
to a position itself aligned with high identity to a human RefSeq coding exon,
were analysed to predict elephant/mammoth SAPs. We assumed that any given
read is either all mammoth DNA or completely non-mammoth. One set of
computational conditions, designed to enrich for substitutions of functional
importance, was (1) that the putative amino-acid difference between mammoth
and elephant occur in a run of five amino acids identical between human and
elephant, and (2) that the substitution have a negative BLOSUM®62 score.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS

Sample preparation. We employed the protocols described in a previous
paper'®, augmented as follows. M4 and M25 DNA were size-selected before
DNA library construction by running the samples on a 2% unstained agarose
gel along with a 100-bp DNA ladder (N3231S, New England Biolabs). The ladder
was excised and stained for fragment visualization and the M4 and M25 DNA
were excised between the 400-bp and 1,000-bp fragments that corresponded to
the 100-bp DNA ladder. The samples were then purified using a QIAquick Gel
Extraction Kit (QIAGEN) and used for library construction according to the
manufacturer’s instructions (Roche Applied Sciences).

Error rate. We used the 4,430-fold coverage of the M4 mitochondrial genome
(see Supplementary Fig. 1) to assess the sequencing error and post-mortem DNA
damage to our sample, by comparing the individual reads with their consensus.
We observed 72,951,869 matches, 103,181 mismatches, 51,587 erroneous miss-
ing bases and 97,661 erroneous extra bases (Supplementary Table 1). The total
error rate was 0.345%. The most frequent damage-induced substitutions*"** are
C— T and G— A, with G— A most probably an artefact of the T4 polymerase
enzyme in the DNA library construction®. Following an earlier paper’' we esti-
mated the C— T DNA damage rate by subtracting the number of T— C transi-
tions from the number of C— T transitions, and similarly for G— A. Together
these account for 17.5% of the total errors, whereas other (putatively sequencing
error) mismatches constitute 23.4%. The remaining 59.1% of the error consists
of insertions/deletions in the reads, mostly in homopolymer runs. Thus, ignor-
ing erroneous insertions and deletions, the fraction of incorrect bases is pre-
dicted to be 40.9% (that is, 17.5% + 23.4%) of 0.345%, or about 0.14%.

The fraction of reads from the mammoth genome. We randomly picked a set
equivalent to a half-run on the Roche/454 instrument (roughly 30 Mb). The reads
were aligned to the twofold elephant assembly using the BLASTZ program™
(scoring matches, 1; mismatches, —3; unaligned nucleotides, —1; local alignment
of score, =30). Once a read was found to align to the elephant assembly, it was not
compared to subsequent elephant sequences, to avoid aligning each interspersed
or tandem repeat segment thousands of times. Reads that did not align to the
twofold elephant assembly were compared with the sixfold elephant (Sanger)
reads, requiring a gap-free alignment scoring of at least 30 when a match of 1
and a mismatch of —3. The reads that aligned to L. africana in one of these two
steps, comprising 80.1% of the 4.17 Gb, were considered to be mammoth DNA.
We also used this approach on just the M4 sample, just the M25 sample, and on
read-sized intervals from the chicken genome®’; the latter indicated that 1.2% of
non-mammoth reads and 1.6% of their bases align to elephant under our criteria.

On the other hand, there are at least two reasons why the value of 80% may
underestimate the amount of mammoth DNA. First, as about 1% of the human
genome sequence is contained in a read-sized interval that is completely absent
from chimpanzee, and vice versa®, 1% of the mammoth genome may be missed
by our method because there is no orthologous L. africana sequence. Also, the
Roche/454 technology that we used can sequence parts of the genome that are
not represented in Sanger-based data such as that for elephant, for example an
additional 1.4% of the human genome™.

Non-mammoth reads. The metagenomic results summarized in Fig. 1 (see
Supplementary Information for details) were obtained using the MEGAN™
metagenome analysis software (http://www-ab.informatik.uni-tuebingen.de/
software/megan/welcome.html).

The fraction of the genome that is sequenced. We downloaded 15,717 Ensembl
elephant gene models (ftp.ensembl.org/pub/release-49/fasta/loxodonta_afri-
cana/cdna) and determined a subset of 4,131 that could be computationally
assigned to a unique orthologous position in the human genome. These were
compared with mammoth-sample reads using the mammoth BLAST server
(http://mammoth.psu.edu), and alignments were filtered to require at least
97% identity. For autosomal genes, 51% of the elephant protein-coding bases
were aligned to one or more mammoth reads by the nucleotide-based aligner
blastn, where we required alignments to have at least 97% identity. On the other
hand, only 30.9% of the coding bases from the X chromosome aligned (Fig. 2),
reflecting the fact that M4 was male (see below); it is very likely that some of the
other sequences were from females, which explains why the fraction for the X
chromosome is a little more than half the autosomal fraction.

In another test, we aligned mammoth reads to the 481 so-called ultracon-
served regions*>—481 intervals (mostly not protein-coding) averaging 262 bp
that are identical among human, mouse and rat and, hence, very likely to be
observable in any other placental mammal. These intervals total 121,250 bp, and
we aligned them using BLASTZ with the parameters T'= 2, Y= 2,000, a scoring
match of 100 and a mismatch of —200, and penalized a gap of length N by
400 + 100N. This time, we identified 47% of the bases in our data.

M4 was male. We identified a number of M4 reads that align to male-specific
human genes™. For instance, we found a 286-bp read that aligns at 84% identity
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to the HSFY]I mRNA (GenBank accession no. NM_033108). As anticipated,
neither the read nor the HSFYI mRNA aligns to the current elephant assembly
(sequenced from a female), even under much less stringent conditions.
Divergence times. For Fig. 3, the estimated divergence times within elephantids
are” as follows: African elephants diverged from mammoths and Asian
elephants approximately 7.6 Myr ago, mammoths diverged from Indian ele-
phants approximately 6.7 Myr ago, and African savannah elephants diverged
from African forest elephants (Loxodonta cyclotis) approximately 4.0 Myr ago.
The divergence time of the two mammoth clades, represented by M4 and M25, is
estimated to be 1.5 Myr, on the basis of ref. 19 and data presented in this paper.
For the human—Neanderthal divergence, we use a date of 400,000 years, con-
cordant with the fossil record, and add 500,000 years for within-Neanderthal
divergence, similar to that for modern humans. For the other hominoid diver-
gence times, we use*>”” 7.0 Myr for human and chimpanzee, 2.2 Myr for chim-
panzee and bonobo (Pan paniscus) and 8.75 Myr for human and gorilla.

The nucleotide similarity between M4 and elephant. We limited consideration
to M4 reads that aligned to a single position in the elephant assembly, and further
required that the aligning portion be at least 100 bp and align with at least 97%
identity. We looked for elephant positions (1) that aligned to more than one
mammoth read, (2) that always aligned to the same nucleotide and (3) where
neither the elephant nucleotide nor an aligning nucleotide is ambiguous (that is,
‘N’). (This approach discarded elephant positions that aligned to non-identical
mammoth nucleotides; such positions accounted for 0.28% of the multiply
aligned elephant positions, consistent with the prediction that if two mammoth
nucleotides are aligned to a given elephant position, then one of them will be
incorrect because of sequencing error or DNA damage (and hence the two will
differ) about 0.28% of the time, as each one has a predicted substitution-error
rate of 0.14%.) Finally, we required that the elephant position be aligned to
mammoth reads that were generated on different days, to avoid the possibility
of artefactual duplicates caused by our sample-preparation protocol. We found
45,039,470 such consistently aligning positions, of which 44,773,945 (99.41%)
were identical between mammoth and elephant. To be more precise, this is the
estimated rate of identity between mammoth and the current elephant assembly.
Among the consistently aligning positions of M4 and African elephant, 2,451
were covered by M25 reads that aligned exactly once to elephant, with at least
97% identity over at least 100 bp; M5 agreed with elephant in 327 cases.

The amino-acid similarity between M4 and elephant. We identified 175,949
pairwise non-overlapping human RefSeq protein-coding exons (9,911,624
amino acids, not counting those split by an intron), where we required that
the exon has the same reading frame in all annotated splice variants that contain
it. Of these exons, 99,946 (4,284,551 amino acids) align without a gap or an
improper stop codon to the twofold elephant assembly available in May 2007,
using human—elephant alignments downloaded from the University of
California, Santa Cruz Genome Bioinformatics browser’. Of these exons,
76,750 (containing 3,331,646 amino acids) had at least 85% amino-acid identity
between human and elephant. To help eliminate matches between paralogues
(but retaining orthologues), we worked with that reduced set.

Orthologous mammoth amino acids were predicted as follows. We limited
consideration to 454-sequencer reads that aligned to a unique position of the
elephant assembly, where we required at least 97% nucleotide identity (counting
gaps) between elephant and the aligned portion of the read. Whenever a read
overlapped an exon and, within the overlap, there were no gaps or ‘N’s in
elephant or mammoth, we recorded the human-, elephant- and mammoth-
aligned amino acids in the overlap (nucleotides before or after the reading frame
were ignored). This procedure produced 1,537,885 amino-acid triples, including
cases where a human—elephant position aligns to multiple mammoth reads. As
with nucleotide differences (see above), we identified putative elephant amino-
acid positions that appeared more than once among these triples, and were
always aligned to the same predicted mammoth amino acid. There were
165,532 such cases, of which 165,164 (99.78%) were identical between mam-
moth and elephant.

Amino-acid differences. The Supplementary Information contains (1) our
computational protocol for picking potentially interesting amino-acid differ-
ences between African elephant and M4, (2) our experimental methods for
validating the predictions, (3) detailed information about the validated differ-
ence and (4) data about evolutionary conservation of the differences highlighted
in Supplementary Table 5.

How many mammoth—elephant amino-acid differences can potentially be
determined? Human RefSeq genes contain just under 10 million amino acids
(removing redundancy caused by splice isoforms), and hence we estimate the
corresponding number for elephant to be 10 million. Assuming 99.8% a