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Denisovans, a sister group of Neandertals, have been described on
the basis of a nuclear genome sequence from a finger phalanx
(Denisova 3) found in Denisova Cave in the Altai Mountains. The
only other Denisovan specimen described to date is a molar (Deni-
sova 4) found at the same site. This tooth carries a mtDNA se-
quence similar to that of Denisova 3. Here we present nuclear
DNA sequences from Denisova 4 and a morphological description,
as well as mitochondrial and nuclear DNA sequence data, from
another molar (Denisova 8) found in Denisova Cave in 2010. This
new molar is similar to Denisova 4 in being very large and lacking
traits typical of Neandertals and modern humans. Nuclear DNA
sequences from the two molars form a clade with Denisova 3.
The mtDNA of Denisova 8 is more diverged and has accumulated
fewer substitutions than the mtDNAs of the other two specimens,
suggesting Denisovans were present in the region over an ex-
tended period. The nuclear DNA sequence diversity among the
three Denisovans is comparable to that among six Neandertals,
but lower than that among present-day humans.
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n 2008, a finger phalanx from a child (Denisova 3) was found in

Denisova Cave in the Altai Mountains in southern Siberia. The
mitochondrial genome shared a common ancestor with present-
day human and Neandertal mtDNAs about 1 million years ago (1),
or about twice as long ago as the shared ancestor of present-day
human and Neandertal mtDNAs. However, the nuclear genome
revealed that this individual belonged to a sister group of Nean-
dertals. This group was named Denisovans after the site where the
bone was discovered (2, 3). Analysis of the Denisovan genome
showed that Denisovans have contributed on the order of 5% of
the DNA to the genomes of present-day people in Oceania (2-4),
and about 0.2% to the genomes of Native Americans and main-
land Asians (5).

In 2010, continued archaeological work in Denisova Cave
resulted in the discovery of a toe phalanx (Denisova 5), identified
on the basis of its genome sequence as Neandertal. The genome
sequence allowed detailed analyses of the relationship of Deni-
sovans and Neandertals to each other and to present-day hu-
mans. Although divergence times in terms of calendar years are
unsure because of uncertainty about the human mutation rate
(6), the bone showed that Denisovan and Neandertal pop-
ulations split from each other on the order of four times further
back in time than the deepest divergence among present-day
human populations occurred; the ancestors of the two archaic
groups split from the ancestors of present-day humans on the
order of six times as long ago as present-day populations (5). In
addition, a minimum of 0.5% of the genome of the Denisova 3
individual was derived from a Neandertal population more
closely related to the Neandertal from Denisova Cave than to
Neandertals from more western locations (5).

Although Denisovan remains have, to date, only been recog-
nized in Denisova Cave, the fact that Denisovans contributed
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DNA to the ancestors of present-day populations across Asia
and Oceania suggests that in addition to the Altai Mountains,
they may have lived in other parts of Asia. In addition to the
finger phalanx, a molar (Denisova 4) was found in the cave in
2000. Although less than 0.2% of the DNA in the tooth derives
from a hominin source, the mtDNA was sequenced and differed
from the finger phalanx mtDNA at only two positions, suggesting
it too may be from a Denisovan (2, 3). This molar has several
primitive morphological traits different from both late Neander-
tals and modern humans. In 2010, another molar (Denisova 8) was
found in Denisova Cave. Here we describe the morphology and
mtDNA of Denisova 8 and present nuclear DNA sequences from
both molars.

Results

Denisova 8. The Denisova 8 molar (Fig. 1) was found at the interface
between layers 11.4 and 12 in the East gallery of Denisova Cave,
slightly below the Neandertal toe phalanx (Denisova 5, layer 11.4)
and the Denisovan finger (Denisova 3, layer 11.2). Radiocarbon
dates for layer 11.2, as well as for the underlying 11.3 layer, yield
ages more than ~50,000 y (OxA-V-2359-16 and OxA-V-2359-14)
(2). Denisova 8 is thus older than Denisova 3, which is at least 50,000 y
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Fig. 1. Occlusal surfaces of the Denisova 4 and Denisova 8 molars and third molars of a Neandertal and a present-day European.
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old. It is reassembled from four fragments that fit well together, al-
though a piece of enamel and most of the root is missing (SI Ap-
pendix, Fig. S1B).

The Denisova 4 molar was found in layer 11.1 in the South
gallery, a different part of the cave. Radiocarbon dates for layer
11.2 of the South gallery are more than 50,000 y (OxA-V-2359-17
and OxA-V-2359-18) and 48.6 + 2.3 thousand years before pre-
sent (KIA 25285) (2). Although the lack of direct stratigraphic
connection between the different parts of the cave makes relative
ages difficult to assess, it is likely that Denisova 4 is younger than
Denisova 8.

On the basis of crown shape and the presence of a marked
crista obliqua, a feature unique to maxillary molars, we identify
Denisova 8 as an upper molar, despite it having five major cusps.
The mesial half of the crown is worn, with a small dentine ex-
posure on the protocone, whereas there is no wear on the distal
part. The lack of a distal interproximal facet indicates that the
tooth is a third molar, or a second molar without the eruption of
the M®. Usually, when Neandertal and Homo heidelbergensis
upyer M?s reach wear levels to the extent seen here, the adjacent
M’ is already erupted and an interproximal facet is visible. One
possibility is that the Denisova 8 is a second molar of an indi-
vidual with M agenesis. Despite being common in modern hu-
mans, this is rare in archaic hominins, but it does occur in Asian
late Homo erectus and Middle Pleistocene hominins. We analyze
Denisova 8 as an M> in the following comparisons, but see
SI Appendix for discussion of alternative possibilities.

The previously described Denisova 4 molar is characterized by
its large size, flaring buccal and lingual sides, strong distal taper-
ing, and massive and strongly diverging roots (2). Not all of these
characteristics can be assessed in Denisova 8, but it is clear that it
lacks the strong flare of the lingual and buccal surfaces and distal
tapering of Denisova 4.

The length of Denisova 8 is more than three SDs larger than
the means of Neandertal and modern human molars, and in the
range of Pliocene hominins (Fig. 1 and SI Appendix, Fig. S14).
Both Denisova 8 and Denisova 4 are very large compared with
Neandertal and early modern human molars, and Denisova 8 is
even larger than Denisova 4. Only two Late Pleistocene third
molars are comparable in size: those of the inferred early Upper
Paleolithic modern human Oase 2 in Romania and those of Obi-
Rakhmat 1 in Uzbekistan (7, 8).

The morphology of third molars is variable, and thus not very
diagnostic. Nevertheless, Neandertal third molars differ from
Denisova 8, in that they frequently show a reduction or absence of
the hypocone, reduction of the metacone, and generally lack a
continuous Crista obliqua (8, 9). This applies also to Middle
Pleistocene European hominins, who also only rarely show a cusp 5
(9). The massive and diverging roots of Denisova 4 are very unlike
the root morphology of Neandertals and Middle Pleistocene
hominins in Europe. East Asian H. erectus and Middle Pleistocene
Homo frequently show massive roots similar to Denisova 4, but in
these groups, crown size become strongly reduced starting around
1 million years ago (10). The recently described Xujiayao teeth
from China (11) have massively flaring roots and relatively large
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and complex crowns, similar to the Denisova teeth, but they also
have reduced hypocones and metacones.

Early and recent modern humans show the most morphological
variability of third molars, and there are specimens that have large
hypocones, metacones, or continuous cristae obliquae (9). The
combination of an unreduced metacone and hypocone, continuous
crista obliqua, a large fifth cusp, and large overall size is reminiscent
of earlier Homo, but Denisova 8 lacks the multiple distal accessory
cusps frequently seen in early Homo and Australopithecines.

DNA Isolation and Sequencing. DNA was extracted from 36 mg
dentine from Denisova 8 in our clean room facility (12), and DNA
libraries from this specimen, as well as from a previously prepared
extract of Denisova 4, were prepared as described (3, 13) (SI
Appendix, Table S2). From both teeth, random DNA fragments
were sequenced and mapped to the human reference genome
(hg19). In addition, mtDNA fragments were isolated from the
libraries (14) and sequenced.

Of the DNA fragments sequenced from Denisova 4 and Denisova
8, 0.05% and 0.9%, respectively, could be confidently mapped to
the human genome sequence, yielding 54.6 and 265 million base
pairs (Mb) of nuclear DNA sequences for Denisova 4 and Denisova
8, respectively (see Table 1 for overview). MtDNA sequences from
the two specimens were aligned to the mtDNA of Denisova3
(NC_013993.1). For Denisova 4, the average mtDNA coverage is
72.1-fold. The lowest support for the majority base at any position is
89% (SI Appendix, Fig. S4), and the consensus sequence is identical
to the previously published mtDNA sequence from this specimen
(2). For Denisova 8, the mtDNA coverage is 118.9-fold, and the
lowest support for the majority base is 86% (SI Appendix, Fig. S4).

DNA Sequence Authenticity. We used three approaches to estimate
present-day human DNA contamination in the two libraries.
First, for each library, we used all unique DNA fragments that
aligned to the present-day human reference mtDNA (15) and
counted as contaminating those that carried a nucleotide different
from the majority mtDNA sequence determined from the molar
at positions where the endogenous majority consensus differed
from all of 311 present-day human mtDNAs. The mtDNA con-
tamination thus estimated was 5.2% [95% confidence interval
(CI), 4.5-6.0%] for Denisova 4 and 3.2% (95% CI, 2.9-3.6%) for
Denisova 8.

Table 1. Overview of DNA sequences produced, contamination
estimates, and amount of nuclear sequences used for analyses
Data amount and quality Denisova 4 Denisova 8
Amount of mapped sequences 54.6 Mb 265 Mb
mtDNA coverage 72-fold 119-fold
Autosomal contamination ~66% ~15%
mtDNA contamination ~5.2% ~3.2%
X chromosome contamination ~28% ~9%
Nuclear sequences used 1 Mb 24 Mb
Sawyer et al.
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Second, we estimate contamination by present-day nuclear
DNA by estimating DNA sequence divergence (as described
below) of the two molars from present-day humans. We assume
that the divergence of two present-day European individuals
from each other represents 100% contamination, whereas the
divergence of the high-quality genome determined from Deni-
sova 3 from present-day humans represents 0% contamination.
By this approach, we estimate the DNA contamination of
Denisova 4 as 65.2-67.0%, and Denisova 8 as 14.6-15.4%
(81 Appendix, Table S4). That the nuclear DNA contamination is
high, particularly of Denisova 4, is compatible with an estimate
based on cytosine deamination patterns at the 3’- and 5’- ends of
the aligned sequences (SI Appendix).

In the third approach, we first determined the sex of the in-
dividuals from which the molars derive by counting the number
of DNA fragments that map to the X chromosome and auto-
somes, respectively. To limit the influence of present-day DNA
contamination in this part of the analysis, we restricted our
analysis to DNA fragments that, at their 5'- and/or 3’-ends, carry
thymines (T) at positions where the human reference nuclear
genome carries cytosines (C). Such apparent C to T substitutions
are frequently caused by deamination of cytosine to uracil to-
ward the ends of ancient DNA fragments (16, 17). We find that
both teeth come from males (P ~ 0.4), rather than females
(P < < 0.01) (SI Appendix, Table S6). We then estimated the
amount of female DNA contamination among the aligned sequences
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as the fraction of DNA fragments that match the X chromosome
in excess of what is expected for a male bone. This yields a female
DNA contamination rate of 28.4% (95% CI, 27.3-29.5%) for
Denisova 4 and 8.6% (95% Cl, 8.3-8.9%) for Denisova 8.

The estimates based on mtDNA and nuclear DNA differ dras-
tically (Table 1), presumably because the ratios of mitochondrial to
nuclear DNA differ between the endogenous and the contami-
nating source or sources of DNA, whereas the two estimates based
on nuclear DNA suggest that more males than females are among
the contaminating individuals. It is clear that although these
methods yield different contamination estimates, they all suggest
that the nuclear DNA contamination in both libraries is substantial,
particularly in Denisova 4, where it is likely to exceed 50%. To
reduce the influence of DNA contamination (18, 19), we therefore
restrict the analyses of nuclear DNA to fragments that carry thy-
mine residues at the first and/or last two positions at sites where the
human reference sequence carries cytosine residues (but remove
these C/T sites themselves in the analyses). Using these cri-
teria, a total of 1.0 Mb of nuclear DNA sequences for Denisova 4
and 24.1 Mb for Denisova 8 (Table 1 and SI Appendix, Table S3)
can be analyzed.

mtDNA Relationships. A phylogenetic tree relating the mtDNAs
from Denisova 3, Denisova 4, and Denisova 8; seven Neandertals
from Spain, Croatia, Germany, the Russian Caucasus, and the Altai
Mountains (5, 20); and five present-day humans (Fig. 2 A and B)
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Fig. 2. Evolutionary relationships of Denisovan mtDNAs. (A) Bayesian tree relating the mtDNAs of three Denisovans, seven Neandertals, and five present-day

humans. Posterior probabilities are indicated. A chimpanzee mtDNA was used to root the tree. (B) Numbers of differences between the two molar mtDNAs
and the inferred common mtDNA ancestor of the three Denisovan mtDNAs. (C) Pairwise nucleotide differences among the Denisovans and Neandertals (Left)

and among the Denisovans and 311 present-day human mtDNAs (Right).
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shows that the mtDNAs of the two Denisovan molars form a clade
with Denisova 3 to the exclusion of the Neandertals. The largest
number of differences seen among the three Denisovan mtDNAs is
86, whereas the largest number of differences seen among seven
Neandertal mtDNAs is 51, and among 311 present-day humans, it is
118 (Fig. 2C). When comparing Watterson’s estimator 6w, which to
some extent takes the numbers of samples into account, among the
populations, the mtDNA diversity of the three Denisovans is 3.5 x
1073, that of Neandertals is 1.8 x 107, that of present-day Euro-
peans is 4.0 x 107, and that of present-day humans worldwide is
16.1 x 107, Thus, mtDNA diversity among late Neandertals seems
to be low relative to Denisovans, as well as present-day humans.

The number of nucleotide changes inferred to have occurred
from the most recent common ancestor of the three Denisovan
mtDNAs to the Denisova 4 molar, the Denisova 3 phalanx, and
the Denisova 8 molar are 55, 57, and 29 respectively (Fig. 2B and
SI Appendix, Table S7). The corresponding number of substitu-
tions from the most recent common ancestor of the seven Nean-
dertal mtDNAs to each of the Neandertal mtDNAs varies
between 17 and 25 (SI Appendix, Table S7). This suggests that the
time back to the mtDNA of the most recent common ancestor
from the Denisova 3 and the Denisova 4 mtDNAs was almost twice
as long as that from the Denisova 8§ mtDNA.

Autosomal Analyses. To estimate the divergence of the low-cover-
age DNA sequences retrieved from Denisova 4 and Denisova 8 to
the high-quality genomes of Denisova 3 (3), as well as to the
Neandertal from Denisova Cave and to 10 present-day humans
(5), we first counted nucleotide substitutions inferred to have
occurred on the lineages from the human—chimpanzee ancestor to
each of the high-coverage genomes (Fig. 34, a and b). We then
used the low-coverage molar sequences to estimate the fraction of
those substitutions that occurred after their divergence from the
high-coverage lineages; that is, the fraction of such substitutions not
seen in the molars (Fig. 34, b). To the Denisovan high-coverage
genome, these fractions are 2.9% (95% CI, 2.28-3.44%) and 3.4%
(95% CI, 3.25-3.53%) for Denisova 4 and Denisova 8, respectively.
Divergences of Denisova 4 and Denisova 8 are 8.9% (95% CI, 8.01-
9.83%) and 8.3% (CI, 8.01-8.48%) to the high-coverage Nean-
dertal genome and 10.9-12.9% to 10 present-day humans (Fig. 3B
and SI Appendix, Tables S7 and S8). These results show that the
two teeth come from Denisovans and confirm that Denisovans
were a sister group of Neandertals.

The average pairwise divergence among six low-coverage Ne-
andertals to the Altai Neandertal genome is 2.5% (range, 2.5
2.6%) (SI Appendix, Table S11). This is slightly lower than the
divergence of 2.9% and 3.4% of the two Denisovan molars from
the Denisova genome and shows that the individuals from whom
the two molars derive are almost as closely related to the Denisova
3 genome as are the Neandertals to the Altai Neandertal genome.
In comparison, the range of divergences among 10 present-day
human genomes is 4.2-9.5%, among the four Europeans 6.0—
6.4%, and between the two individuals from the South American
tribal group Karitiana 4.2%. Thus, nuclear DNA diversity appears
low among the archaic individuals, especially the Neandertals.

Using the high-coverage Denisova 3 genome, it was shown that
Denisovans have contributed DNA to present-day people in
Oceania (2-5). As expected, we found that Denisova 8 also shares
more derived alleles with Papuans and Australians than with other
non-Africans (D: —0.04 to —0.07; [Z] = 1.8-3.0, excluding CpG
sites; SI Appendix, Table S13). However, when we subsample,
from the high-coverage Denisovan genome, the DNA segments
covered by fragments sequenced from Denisova 4, we find that
there are not enough data to similarly detect gene flow from
Denisova 4 to Oceanians (SI Appendix, Table S14). This precludes
us from asking whether either Denisova 4 or Denisova 8 is more
closely related to the introgressing Denisovan than Denisova 3.
Similarly, there are not enough data to determine whether gene
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Fig. 3. Nuclear DNA divergence between Denisova 4 and Denisova 8 and the
Denisovan genome. (A) DNA sequences from Denisova 4 and 8 were each
compared with the genomes of Denisova 3 (3) and the inferred human-
chimpanzee ancestor (25, 26). The differences from the human-chimpanzee
ancestor common to the two Denisovans (a) as well as differences unique to
each Denisovan are shown (b and c). Errors in the low-coverage Denisova
genomes result in artificially long branches (c). Divergences of the molar ge-
nomes to Denisova 3 are therefore calculated as the percentage of all differ-
ences between Denisova 3 and the human-chimpanzee ancestor that are not
shared with the molar genomes, b/(a + b) x 100. (B) Autosomal divergences of
Denisova 4 and Denisova 8 to the Denisova 3 genome, the Neandertal ge-
nome, and 10 present-day human genomes calculated as in A. All estimates
are based on DNA fragments from the two molars that carry putative de-
amination-induced C to T substitutions. Bars indicate 95% confidence intervals.

flow from Neandertals at the level detected in the high-coverage
Denisova 3 genome (5) is present in Denisova 4 and 8 (SI Ap-
pendix, Table S14).

Discussion

The nuclear DNA sequences retrieved from Denisova 4 and
Denisova 8 are more closely related to the Denisova 3 genome used
to define the Denisovans as a hominin group than to present-day
human or Neandertal genomes. Furthermore, the mtDNAs of the
two molars form a clade with Denisova 3. Thus, the present work
extends the number of Denisovan individuals identified by mito-
chondrial and nuclear DNA from one to three. Although the
number of Denisovan individuals is small and restricted to one
locality, and they differ in age, it is nevertheless interesting to note
that the nuclear DNA sequence diversity among the three Deni-
sovans is slightly higher than that found among seven Neandertals,
although these are widely geographically distributed, but lower
than that seen among present-day humans worldwide or in Europe.

Although the three Denisovans come from a single cave, they
may differ significantly in age, as indicated by the branch length of
the mtDNA of the Denisova 8 molar, which is shorter than those
of Denisova 4 and the Denisova 3, an observation that is congruent
with the stratigraphy. If we assume that the mtDNA mutation
rate of ~2.5 x 10~ %/site/year (95% CI, 1.8-3.2) that is estimated
for modern humans (21) applies also to Denisovan mtDNA,
Denisova 8 is on the order of 60,000 years older than Denisova 3
and Denisova 4. A similar or even larger age difference between

Sawyer et al.
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Denisova 8 and the other two teeth is suggested by a Bayesian
analysis (SI Appendix, Table S9). Although it is unclear whether
the mtDNA mutation rate in archaic humans is similar to that
in modern humans, and thus if the difference in age is as large
as this, it is clear that Denisova 8 is substantially older than
Denisova 4 and Denisova 3. This is of interest from several
perspectives.

First, the two molars are very large, and their morphology is
unlike what is typical for either Neandertals or modern humans.
Because they differ substantially in age, this reinforces the view
that Denisovan dental morphology was not only distinct from
that of both Neandertals and modern humans but also was a
feature typical of Denisovans over an extended period, at least in
the Altai region. This may prove useful for the identification of
potential Denisovan teeth at other sites.

Second, the difference in age between the two Denisovan
molars, as well as their similar morphology, suggests Denisovans
were present in the area at least twice, and possibly over a long
time, perhaps interrupted by Neandertal occupation or occupa-
tions (5). Denisovans may therefore have been present in
southern Siberia over an extended period. Alternatively, they
may have been present in neighboring regions, from where they
may have periodically extended their range to the Altai.

Third, the Denisova 8§ molar is not only older than Denisova 4
and Denisova 3 but its mtDNA also differs substantially from that
of the other two. The mtDNA diversity among the three Deni-
sovan individuals is larger than that among seven Neandertals
from which complete mtDNA sequences are available (Fig. 2C),
despite the fact that the Denisovans all come from the same site,
whereas the Neandertals are broadly distributed across western
and central Eurasia. Notably, the nuclear genome of Denisova 8
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also shows a tendency to be more deeply diverged from the ge-
nome of Denisova 3 than is Denisova 4 (Fig. 3B). Given that the
high-coverage genome from the Denisovan 3 phalanx carries a
component derived from an unknown hominin who diverged 1-4
million years ago from the lineage leading to Neandertals, Deni-
sovans, and present-day humans (5), it is possible that this com-
ponent differs among the three Denisovan individuals. In particular,
it may be that the older Denisovan population living in the cave
carried a larger or different such component. It is also possible that
the two diverged mtDNA lineages seen in Denisova 8 on the one
hand and Denisova 3 and Denisova 4 on the other were both in-
troduced into the Denisovans from this unknown hominin, as has
been suggested for the mtDNA of Denisova 3 (2, 3). However,
more nuclear DNA sequences from Denisovan specimens of ages
similar to Denisova 4 and Denisova 8 are needed to address this
question fully.

Materials and Methods

DNA was extracted (12) and libraries were made (3) from Denisova 8 and
Denisova 4. The libraries were used for direct sequencing and for enrichment
of mtDNA (14). mtDNA genomes were used to estimate a Bayesian phy-
logeny (22, 23), Watterson’s 0, pairwise nucleotide differences, and dates
based on branch shortening. Nuclear DNA sequences were used to estimate
divergences along the lineages to high-coverage genomes and to calculate
D-statistics (24). See SI Appendix for details.
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Supporting Information Appendix
Nuclear and mitochondrial DNA sequences from two Denisovan

individuals

Section 1: Morphology of Denisova 8.

Denisova 8 is a fragmentary of molar found in August 2010 in Denisova cave, Square G4,
subsquares V or G at the limit of layer 11.4 and Layer 12. It has been reassembled from four
fragments, which fit together well, but slight cracks remain between the fragments. On the
mesial surface an about 7x4.3x5 mm (bl x md x height) chip of enamel is missing, and the root
is broken off just below the cervix.

We identify Denisova 8 as a left upper molar based on the presence of a marked Crista
obliqua connecting the protocone and metacone both on the enamel surface and on the enamel
dentine junction (Suppl. Figure S1A and B). The mesial half of the crown is relatively worn,
with most of the relief removed (wear stage 3 of (1)). The paracone retains a small salient
buccally, and a small dentine exposure is visible on the protocone. There is no wear on the
distal part of the crown.

The lack of wear in the distal half and the lack of a distal interproximal facet leads us
to identify Denisova 8 as an M>. An alternative explanation would be that it is an M? from an
individual where the M? did not erupt yet, but this is in our opinion less likely. Neandertal
molars with comparable wear from Krapina (e.g. D165 and 177, both slightly less worn than
Denisova 8) show distal interproximal facets indicating that the M* was already erupted. Other
examples are St. Césaire 1 and Shanidar 2 that show wear comparable to Denisova 8 and
erupted M3s. The emergence of the M3 happens in general early in Neandertals (2-4), as is well
visible in La Chaise BDS8 (5) and Le Moustier 1 (6), that both show only very light wear on the
M?Zs, while the M?s are in the course of eruption. This early M?® emergence seems to have been
present in Homo heidelbergensis as well (7). In the Atapuerca Sima de los Huesos assemblage
there are several specimens (AT-46, AT-4326, AT-815) with less wear than Denisova 8 that
show clear distal interproximal facets. Identifying Denisova 8 as an upper M? of a young
individual would thus necessitate wear rates well in excess of those seen in Neandertals and
Homo heidelbergensis.

A last possibility is that Denisova 8 is the M? of an individual with M? agenesis. This

occurs frequently in recent modern humans, but is rare in pre-mid-Upper Palaeolithic modern
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humans and archaic humans. An early Homo mandible, Omo 175-14a&b exhibits unilateral
M3 agenesis (8), and it also occurs in Homo erectus, such as Dmanisi D2735 (unilateral M3
agenesis (9)) and Lantian (bilateral M3 agenesis (10)). Yunxian EV9002 from the Late Middle
Pleistocene of Hubei province (China) shows a strongly reduced, peg-like M? on the left and a
small M? on the right that did not erupt despite the fully adult age of the individual (11), while
the Penghu 1 mandible from the Taiwan strait exhibits agenesis of the right Ms. Finally, the
holotype of Homo floresiensis, LB-1 probably had a strongly reduced left M3, while the right
M? was congenitally absent. No cases of M? agenesis have been described in Neandertals and
Homo heidelbergensis. In summary, the relatively unusual morphology of Denisova 8, with
several accessory cusps and the absence of a distal interproximal facet makes its identification
as an M? more likely in our view, but we acknowledge the alternative possibility that it is an
M? with a still unerupted or absent M?.

The crown is a rounded pentagon in shape, with five major cusps. The largest cusp is
the protocone, followed by the metacone, paracone, hypocone (ASUDAS grade 4,(12)) and
cusp 5. The lingual surface of the protocone shows no evidence of a Carabelli’s cusp. The
enamel on the mesial surface and in the area of the mesial marginal ridge is damaged, but at
the enamel-dental junction (EDJ), a marked mesial marginal ridge is visible, which was likely
also apparent on the enamel surface. A protoconule (accessory cusp on lingual part of the
mesial marginal ridge) was probably also present, as there is a slight sulcus just distal of the
enamel break line that probably delimited an accessory tubercle, and on the enamel dentine
junction a small cuspule is apparent in the mesiolingual corner of the crown. The protocone
and metacone are connected by a wide Crista obliqua, which on the EDJ is uninterrupted and
was likely continuous on the enamel surface, though somewhat obscured by the wear.

A large cusp 5 (ASUDAS grade 5), comparable in size to the hypocone, is situated at
the distal end of the crown, connected by a marked distal marginal ridge to the mesiolingual
aspect of the hypocone. A relatively large accessory cusp is visible on the distal marginal ridge
near the fissure separating the hypocone and cusp 5, delimited bilaterally by marked grooves
descending onto the distal surface. The buccal and lingual sides are relatively vertical, while
the distobuccal aspect is somewhat bulging.

The previously described Denisovan molar, Denisova 4, a right M?? is characterized
by its large size, flaring buccal and lingual sides, strong distal tapering and massive and
strongly diverging roots (13). Due to preservation, not all of these characteristics can be
assessed in Denisova 8; but it is clear that it lacks the strong flare of the lingual and buccal

surfaces and distal tapering seen in Denisova 4. The crown of Denisova 8 also seems lower and
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with straighter sides, although this has probably been exaggerated by the stronger wear.
Denisova 8 is somewhat larger than Denisova 4, with a mesiodistal length of 14.3 mm and a
buccolingual breadth of 14.65 mm. Both teeth from Denisova are much larger than most
Neandertal and Upper Paleolithic upper M?s and M?3s, the length of Denisova 8 is more than
three standard deviations above the Upper Paleolithic modern human and Neandertal means,
and in the range of Pliocene hominins (Suppl. Figure S1c,d; Suppl. Table 1). Based on its large
size it is likely that the M? was the largest of the molars.

Two Late Pleistocene specimens are comparably large in size, the M3s of the early
Upper Paleolithic modern human Oase 2 and the M?? of Obi-Rakhmat 1 (14, 15). Oase 2 does
not show large extra cusps, but instead strong crenulation (16). Obi-Rakhmat shows a large
extra cusp, but mesially, not distally (Main text, Figure 1), and a large number of accessory

cusps possibly due to gemination (17).

Comparative morphology of Denisova 8 (identified as an M?)

M3s are in general very variable, and thus morphologically not very diagnostic. Neandertal M?3s
differ from Denisova 8 in that they frequently show a reduction or absence of the hypocone,
reduction of the metacone and generally lack a continuous Crista obliqua (15, 18). Similarly,
in the M?s of Sima de los Huesos and other Middle Pleistocene European samples we also see
a reduction of the hypocone and metacone and lack of a Crista obliqua, as well as no expression
of'a cusp 5 (18).

In South-East Asian Homo erectus, M3s are also in general reduced, with small
hypocones and metacones, and frequently interrupted Cristae obliquae ((19), own
observations). Despite the crown reduction, these specimens frequently have massive and
flaring roots (20, 21), similar to those seen in Denisova 4.

Early modern humans and recent modern humans show the most morphological
variability in the M3, and here we can find some specimens that show large hypocones,
metacones or continuous Cristae obliquae (18).

The combination of unreduced metacone and hypocone, continuous Crista obliqua, a
large cusp 5, and a very large size is something that is not present in any of these samples, and
more reminiscent of earlier Homo, but Denisova lacks the multiple distal accessory cusps

frequently seen in early Homo and Australopithecines.



Comparative morphology of Denisova 8 (identified as an M?)

Neandertal and European Middle Pleistocene M?s are usually rhomboid or nearly rectangular,
with medium sized metacones. The hypocones are usually smaller than in M's, while in the
Atapuerca SH sample they are frequently reduced (18). The majority of both Neandertal and
Middle Pleistocene European M?s show continuous cristae obliquae, and small and medium
sized Cusp 5s are frequent (18, 22). Denisova 8 is differentiated from these groups by the
presence of a large metacone, hypocone and very large Cusp 5 extending the crown distally.

In East Asian Homo erectus and Middle Pleistocene Homo the M? is frequently
trapezoid, with the crown tapering distally, and the hypocone is somewhat reduced when
compared with early Homo and African Homo erectus (19, 21, 23). Similar distal tapering is
also present in some African Middle Pleistocene specimens, for example Kabwe 1. The crista
obligua in East Asian Homo erectus (especially Zhoukoudian) is frequently non-continuous,
just like in Dmanisi and earlier hominins, and the Cusp 5, if present, is usually small (19, 21,
24). Denisova 8 lacks distal tapering and the large Cusp 5 is a feature not found in Homo erectus
or Asian Middle Pleistocene populations.

In recent humans the hypocone is frequently reduced on the M?, but this reduction is
less frequent in fossil modern humans (25). Similarly, a continuous oblique crista is usually
absent in recent humans, but often present in Upper Palaeolithic and Early anatomically modern
humans (18). Strong expressions of Cusp 5 are rare in all modern humans,

Denisova 4, as described previously ((13), SI. p. 183) is quite similar in its distal
tapering to the morphology seen in the M?s of some Middle Pleistocene Homo, but is
differentiated from them by its lingually skewed hypocone and metacone, and the large talon
basin (features which are more similar to the Neandertal condition), as well as its massive and
flaring roots. Denisova 8 on the other hand shows few similarities to any group, mostly due to
its unusually large cusp five. Until the recovery of more complete Denisovan material, their

morphological affinities remain unclear.
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Figure S1. Morphology of Denisova 8 molar. . a: occlusal view (surface model from pCT scan);
b: enamel dentine junction in occlusal view, The arrow indicates the marked Crista obliqgua on
the enamel-dentine junction; ¢: Biplot of the mesiodistal (md) and labiolingual (bl) diameters
of Denisova 8 and other hominin M?s. For comparative sample used and sources for data see
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Supplementary Table 1. d: Biplot of the mesiodistal (md) and labiolingual (bl) diameters of
Denisova 8 and other hominin M?s. For comparative sample used and sources for data see
Supplementary Table 1.

Table S1. Metric comparisons of M? and M? length and breadth in various fossil hominins and the
Denisova remains.

M2 md" M bi? M* md M bl
A. afarensis 13.7¢1.4 (13)° 14.7£0.9 (13) 13.121 (14) 15+1.3 (14)
A. africanus 13.9¢1 (12) 15.3¢1.1 (12) 13.8:1.3 (12) 15.6£1.4 (12)
Homo habilis 12.6£0.6 (6) 14211 (6) 12.7¢1.1(7) 14.81.4 (7)
Dmanisi 12.3 (12.05-12.5; 2)* 127 (12.1-13.2; 2) 9.8 (1) 12 (1)
H. erectus (Africa) 127 (117-137;4)  135(12.15-14.7;4)  122(12-12.3;2) 145 (13.7-15.3; 2)
H. erectus (Indonesia) 123 (11.2-13.6;3) 14 (12.8-15.4; 3) 104 (9.4-11.3;4)  13.8 (125-15.3,4)
H. erectus (China) 11.3£0.9 (8) 13.2£1.1 (8) 9.6£0.5 (7) 11.6£0.8 (7)
Atapuerca SH 10.6:0.7 (6) 12.9:0.9 (6) 8.5:0.4 (4) 11.420.9 (4)
e 116 (11.4-12.0;4) 127 (11.913.7;4) 101 (9.3-115;4)  12.1 (11.8-12.5; 4)
Neandertals 11214 (21) 12.7¢1.2 (21) 10.121.8 (17) 12+1.3 (17)
Neandertals (w/o Obi-
S 10.7:0.8 (20) 12.6£1.1 (20) 9.8:1 (16) 11.81.1 (16)
Early AMH 10.8+1.2 (10) 12.7¢1.1 (10) 9.4:0.5 (6) 12.2:0.7 (6)
Upper Palaeolithic 10421 (21) 12.3:1.2 (21) 9.8:1.4 (12) 12¢15 (12)
Denisova 4 13.1 14.7 13.1 14.7
Denisova 8 - - 14.3 14.65

1. Mesiodistal length measured following the definition of (26)
2. Buccoligual breadth measured following the definition of (26)
3. Mean+-standard deviation (N)

4. Mean (range; N)

Sources of metric data:

A. afarensis: Hadar, Omo (own measurements)

A. africanus: Stekfontein, Makapansgat (27)

Homo habilis: Olduvai (28), East Turkana (27)

Dmanisi (24)

H. erectus (Africa): East Turkana (27), Nariokotome (29), Konso (30), Swartkrans (27)

H. erectus (China): Zhoukoudian (21), Hexian (31)

H. erectus (Indonesia): Trinil (27), Sangiran (own measurements, (19))

Atapuerca SH (18)

H. heidelbergensis (Europe): La Chaise (5), Biache (32), Arago (33), Petralona (5)

Neandertals: Amud (34), Chateauneuf (35), St. Brelade (26), Krapina (2), La Croze de Dua (26), La Quina (26), Le Moustier (26),
Obi-Rakhmat (own measurements), Saccopastore (26), Shanidar (36), Spy (26), Tabun (26), Vergisson la Falaise (26)

Early AMH: Skhul (37), Qafzeh (38), Temara (39)

Upper Paleolithic: Brno (26), Changwu (31), Cro-Magnon (26), Dolni Vestonice (40), Grotte des Enfants (26), Kostenki (own

measurements), La Rochette (26), Leuca (26), Mladec (26), Oase (16), Predmosti (26), Sungir (own measurements)



Section 2: DNA Extraction, library preparation and sequencing.

Thirty six millligrams (mg) of dentin were removed from the inside of the enamel cusp of Denisova §
using a dentistry drill and used to produce 100 microliters (ML) of extract as described (41). From 1/20™
of this extract, as well as from 1/10™ of a previous 100pL extract made from 40mg of Denisova 4 (13),
we produced [llumina libraries, using a single-stranded library preparation protocol that maximizes the
yield of sequences from ancient DNA (42). The libraries were treated with E. coli Uracil DNA
Glycosylase (UDG) and endonuclease VIII to remove uracils (U) (43). UDG does not effectively excise
terminal Us (42). The Denisova 4 library (L9234, see Suppl. Table S2) had a final volume of 40uL in
EBT (10mM Tris-HCI, pH 8.0; 0.05% Tween-20), while Denisova § (B1113) had a final volume of
20pL in EBT.

The concentrations of L9234 and B1113 were measured by qPCR. 1.9234 from Denisova 4 was
split into two equal parts and used as template for an indexing PCR using two distinct indexing primers
per library. The indexing PCR was performed using AccuPrime Pfx DNA polymerase (Life
Technologies) and purified with the MinElute purification system as described (42). The purified and
indexed libraries were each eluted in 30pL of EB (Qiagin MinElute Kit) to produce L9243 and L.9250.
An indexing PCR was also performed on B1113 from Denisova & as described above except that all of
B1113 was used in one indexing reaction to produce L9108.

To produce larger amounts of amplified library for the mtDNA enrichment, SpL of L9243 from
Denisova 4 and of L9108 from Denisova 8§ were further amplified with Herculase II Fusion using
adapter primers IS5 and IS6 (42, 44), purified with MinElute and eluted into 20puL of EB. DNA
concentration was measured on a Nanodrop (ND-1000) and 500ng of the amplified DNA were enriched
for human mtDNA via a bead-based protocol where PCR products are sheared, ligated to biotinylated
linkers and immobilized on streptavidin-coated beads (45). The enriched libraries were quantified by
gPCR and amplified with Herculase II Fusion, taking care not to reach PCR plateau. After measuring
DNA concentration on a Bioanalyzer 2100 (Agilent) the Denisova 4 capture product (L9320) was
sequenced on 1/7™ of an Illumina MiSeq lane and the Denisova 8 capture product (L9126) on 1/10" of
an [llumina GAII lane.

For shotgun sequencing, the two libraries from Denisova 4, 19243 and L9250 (see Table S2),
were amplified with Herculase II Fusion. Molecules with insert sizes between 35 and 450 bp were
isolated using gel electrophoresis as described to produce L9349 and L9350 (42). L9108 from Denisova
8 was also size fractionated to isolate molecules of lengths between 40 and 200 bp using gel
electrophoresis without prior amplification to produce L9133. This library was amplified and quantified
on the Bioanalyzer 2100 (Agilent) along with L9349 and L9350. The two Denisova 4 libraries (L9349
and L9350) were pooled in equimolar amounts and sequenced on two [llumina HiSeq 2500 High Output

flowcells, while the Denisova & library (L9133) was sequenced on one High Output flowcell.



Table S2. Extraction and library IDs. IDs of Denisova 4 and § after each processing step are given.
The Denisova 4 single-stranded (ss) library was split into two aliquots for the indexing amplification.

Extract (ss)Lib ID  Lib ID after Lib ID after Lib ID after gel
ID Indexing mtDNA capture  excision for shotgun
seq
Denisova 4 E324 L9234 L9243 L9320 L9349
L9250 - L9350
Denisova 8 E652 B1113 L9108 L9126 L9133




Section 3: Sequence processing and mapping

Ibis v1.1.6 (46) was used for base calling and sequence processing was carried out as described (47).
Briefly, after base-calling, reads were demultiplexed allowing a single mismatch in the indexes;
Illumina adapters were identified and removed, and overlapping read-pairs merged when the overlap

was at least 11 bp. For all sequences, the following basic filters were applied:

* Sequences with more than 5 bases with base qualities less than 15 (phred score) were
removed

* Sequences having a base with a quality less than 10 (phred score) in the index reads were
removed

*  Sequences shorter than 35 bp were removed

* PCR duplicates were identified based on the same beginning and end coordinates and

collapsed

MtDNA sequences were aligned to the mitochondrial sequence of the high coverage Denisova 3

phalanx (NC 013993.1) using MIA (parameters: -c, -1) ((48), https://github.com/udo-stenzel/mapping-

iterative-assembler) which was also used to generate what approximates a 75% consensus sequence.

The shotgun-sequenced fragments were aligned to hg19 (49) using BWA v.0.5.10 (50) with a maximum
edit distance (-n option) of 0.01, a maximum of 2 gap openings (-o 2), and without a seed (-1 16500).



Table S3. DNA sequences yields.

Mg of bone % of extract % endogenous® Mb aligned to Mb aligned after % unique! Mb aligned after
powder for used for library human genome® | duplicate removal deamination filter®
extract®
Denisova 4 40 20% 0.05% 80.7 Mb 54.6 Mb 67.6% 1.0
Denisova 8 36 10% 0.9% 1,128 Mb 265 Mb 23.5% 24.1

a. Milligrams of bone powder used to make 100uL of extract

b. Percent endogenous is calculated as the Mb aligned to the human genome (after filtering for mapped sequences with a length above 35) divided by
the total Mb sequenced (after filtering for a length above 35) times 100.

c. Mb aligned to hgl9 after passing the following filters: length > 35, map quality > 37, merging of paired reads with minimum 11 bp overlap, fewer
than 5 bases with base quality below 15, index reads with base qualities above 10.

d. Percent unique is Mb aligned with filters to the human genome after duplicate removal divided by aligned Mb before duplicate removal times 100
e. For deamination filter, see the supplemental text.
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Section 4: Ancient DNA Authenticity

We used four methods to estimate present-day human contamination in Denisova 4 and 8.

(i) MtDNA contamination. We identified 183 and 174 “diagnostic positions” in Denisova 4 and

Denisova 8, respectively, where their consensus mtDNA sequences as estimated by MIA (see Section
3) differ from every individual in a panel of 311 present-day humans from around the world.

We then re-aligned all captured sequences from the two molars to the human mtDNA reference
sequence (51) using BWA version 0.5.10 (50) with relaxed parameters (-n 0.01, -o 2, -1 16500). This
allows modern human mtDNA fragments that differ from the Denisovan mtDNA to be identified.
Fragments carrying present-day human variants at the diagnostic sites were counted as contaminants,
while fragments carrying consensus variants were counted as endogenous. 95% confidence intervals
were calculated using a Wilson score interval. We estimated the mtDNA contamination of Denisova 4
t0 5.2% (95% CI: 4.5-6.0%) of Denisova 8 to 3.2% (95% CI: 2.9-3.6%).

The shotgun sequences were aligned to the human mtDNA reference sequence as described
above, and, using the same diagnostic positions as above, mtDNA contamination estimated for the
shotgun data. The shotgun data gave an mtDNA contamination estimate of 4.9% (95% CI: 4.2-5.8%)
for Denisova 4 and 4.0% (95% CI: 3.5-4.6%) for Denisova §.

(ii) Nuclear DNA contamination. To estimate present-day human contamination in the nuclear sequence

data, we calculated the divergences of two French individuals to each other as well as two Sardinian
individuals to each other (see Figure 3A for explanation of divergence calculation) and used these
divergences as a hypothetical contamination of 100% (c, Suppl. Figure S2). Similarly, we used the
divergence of the Denisova 3 phalanx sequences to the four Europeans as a proxy for 0% contamination
(a, Suppl. Figure S2). We then calculated the divergence of Denisova 4 and Denisova 8 to the French
and Sardinians using sequences that had not been filtered for a terminal C to T change (b, Suppl. Figure
S2). The percent contamination in the Denisova 4 and Denisova 8 sequences were then calculated as
(a-b/a-c)x100. For Denisova 4 this results in a contamination estimate of 65.2 to 67.0% and for Denisova

8 14.6 to 15.4% (Suppl. Table S4).
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Table S4. Nuclear contamination estimate. An estimate of the nuclear contamination using the method described in Figure S2 applied to fragments without
filtering for deamination.

European % % % % . . . % %
. . . . DivDen3- DivDen3- DivDen3- .. I
used to calc  Divergence  Divergence  Divergence  Divergence Div human® Div Dend Div Den8 contamination contamination
div? European® Denisova 3°  Denisova 4 Denisova 8 Den4¢ Den8
Frenchl 6.36 (to Fr2) 11.85 8.22 11.02 5.49 3.63 0.83 66.1 15.1
French2 6.09 (to Fr1) 11.62 7.98 10.81 5.53 3.64 0.81 65.8 14.6
Sardinianl  6.34 (to Sa2) 11.86 8.26 11.05 5.52 3.6 0.81 65.2 14.7
Sardinian2  6.06 (to Sal) 11.64 7.9 10.78 5.58 3.74 0.86 67.0 15.4
a. The European present-day humans to whom divergence is calculated and whose mutations are used to calculate divergence
b. Divergence calculation using pairs of Europeans. Thus: French2 to French 1, and vice versa, as well as Sardinian2 to Sardinian1 and vice versa. As an
example, French2 to French1l uses the mutations on the branch to Frenchl to calculate the divergence and gives a result of 6.36%.
c. Divergence of Denisova 3 to each of the European present-day humans listed.
d. Differences in divergence, calculated e.g. divergence of Den3 to French1 minus the divergence of French2 to French1 (in this case a — c in Figure S2).
e. Percent contamination, calculated e.g. (divergence of Den3 to Frl — divergence of Den8 to Fr1) / (divergence of Den3 to Frl — divergence of Fr2 to

Fr1)*100. In this case this would be (a-b)/(a-c)*100 in Figure S2.
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Figure S2. Divergence-based contamination estimates. The divergence of the Denisovan 3 to two
French and two Sardinians (left bar, @) is assumed to represent 0 % present-day human contamination.
The divergence of French-French and Sardinian-Sardinian (right bar, ¢) is assumed to represent 100 %
contamination. The divergence of Denisova 4 or § to the French and Sardinians (middle bar, b) is then
gauged as the reduction in divergence to the present-day humans as a fraction of the divergence among
the present-day humans ((a-b) / (a-c)).
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(iii) C to T substitutions: To determine whether different populations of molecules that differ in their

extent of cytosine deamination-induced C to T substitutions occur in the libraries, we calculated the
apparent C to T substitution rate at the 5’- and 3’-ends of DNA fragments. We then calculated the 5’ C
to T rate of fragments that have a 3’ C to T and vice versa. Since deamination-induced misincorporations
are rare in modern DNA that contaminates ancient DNA preparations (52, 53), it is unlikely that such
DNA fragments carry C to T changes on both ends. In contrast, DNA molecules that carry a C to T
change at one end are likely to be ancient and the C to T rate at the other end of such molecules can
thus be taken to approximate the deamination rate in ancient, endogenous molecules (under the
assumption that deamination at the two ends of molecules is independent). By comparing the C to T
rates of all sequences to those that carry C to T at one end we can thus gauge if two or more populations
of molecules that differ in their rates of deamination occur in the libraries and thus if contamination
may exist in a library. 95% Cls were calculated using Wilson score intervals. Although this approach
may be affected by factors that we do not fully understand, it yields contamination estimates for
Denisova 4 of 54-69% and 1.3-6.1% for Denisova 8§ (Suppl. Table S5) which are qualitatively
compatible with ones based on divergence above. For the mtDNA, the 95% ClIs of the C to T rates of
the two populations of molecules overlap (Suppl. Table S5).
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Table S5. Terminal C to T substitutions nuclear and mtDNA fragments. C to T substitutions
relative to the corresponding mtDNA consensus sequences are shown for mtDNA and nuclear DNA
fragments sequenced from Denisova 4 and Denisova 8, respectively. “3 filtered” and ““5” filtered” refer
to fragments that carry C to T substitutions at their 3’- and 5’-ends, respectively. The 95% ClI is given
in parenthesis.

5 prime 3 prime

Denisova 4 No filter 11.3 9.7-13.0) 22.4 (20.9-24.1)
mtDNA

3’ filtered 17 (9.7-27.8) 100

5’ filtered 100 30.5 (22.2-40.4)
Denisova 4 No filter 7.2 (6.9-7.4) 14.6 (14.3-14.8)
nuclear

3’ filtered 18.9 (16.0-22.2) 100

5’ filtered 100 35.7 (32.6-39.1)
Denisova 8 No filter 23.7 (21.9-25.6) 46.0 (44.5-47.6)
mtDNA

3’ filtered 20.8 (16.2-26.3) 100

5’ filtered 100 46.9 (39.9-54.2)
Denisova 8 No filter 31.4 (31.2-31.6) 49.8 (49.7-49.9)
nuclear

3’ filtered 32.5 (32.0-33.2) 100

5’ filtered 100 52.3 (51.8-52.8)
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Figure S3. Nucleotide differences to the human reference genome as a function of distance from
fragment ends. Differences are given as percent of a base in the reference genome that occurs as a
different base in the sequenced DNA fragments. C to T differences are largely due to deamination of
cytosine residues in ancient DNA fragments. Libraries were treated with E.coli uracil DNA glycosylase,

which is not efficient at the first, the last and second to last bases.
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(iv) Sexing and female DNA contamination: For sex determination, we used sequences that passed the

filters described in Section 3 have a minimum map quality of 37 (phred scale).

We identified regions on the sex chromosomes that are >500 bps long and pass the mappability
filter. The mappability filter removes positions where at least one overlapping window of 35bp length
maps to a different position in the genome with up to one mismatch (54). On the Y-chromosome, we in
addition excluded positions that overlap with sequences from four females from the 1000 Genomes
Project (NA12878, NA12892, NA19240, NA19238) (54). This left us with 627,426 bp on the Y
chromosome and 40,661,238 bp on the X chromosome.

The number of sequenced fragments expected to fall in these regions if the individuals were
male is: (Number of fragments aligned to the whole genome) x (the number positions in the X or Y-
chromosome) / (genome size), where genome size is: 2 x (autosomal positions) + (X-chromosomal
positions) + (Y-chromosomal positions).

We then determined the number of fragments that actually fall within these regions using either
(i) all fragments or (if) only those that carry putative deamination-induced C to T substitutions. We
determined if the observed and expected numbers are significantly different from the male expectation
using a Chi-square test (chisq.test) in the R package 3.1.0 (55). For the X-chromosomal fragments
carrying C to T substitutions, we also determined if there is a significant difference under the female
expectation. Both Denisova 4 and & are more likely to come from males than from females. See Suppl.
Table S6.

Because the molars come from male individuals, we can estimate the fraction of fragments due
to female contamination using the number of “extra” fragments mapped to the X-chromosome relative
to the expected number if the individual is male and all Y-chromosome fragments are assumed to be
endogenous. The contamination rate is then the difference between the number of fragments mapped to
the X chromosome and the number expected if the individual is male divided by number expected if
the individual is male. A Wilson score interval was used to calculate 95% Cls. We find that Denisova
4 has a female contamination of 28.4% (95% CI: 27.3-29.5%) and Denisova 8 8.6% (95% CI: 8.3-8.9%)
(Table S6).
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Table S6. Sex determination and female contamination. The number of X- and Y-chromosomal sequences mapped and expected to map if the
molars are from males. DNA sequences carrying terminal C to T substations as well as all sequences were analyzed.

Y-chromosome X-chromosome

Sex 0.42
determination (5.9e-14 if female)

(Terminal

C->T seqs)

28.4%
Contamination 7,764
(27.3-29.5)
estimate

(all seqs)
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Section 5: MtDNA Analyses

MtDNA relationships among Denisovans. The mtDNA sequences of the three Denisovan individuals,
seven Neandertals (Altai — KC879692, Mezmaiskaya 1 — FM865411.1, Feldhofer 1 — FM865407.1,
Feldhofer 2 — FM865408.1, Vindija 33.16 — AM948965, Vindija 33.25 — FM865410.1 and Sidron 1253
—FM865409.1) (48, 54), five present-day humans (San — AF347008, Yoruba— AF347014, Han Chinese
— AF346972, French — AF346981 and Papuan — AF347004) (56) and the chimpanzee (X93335.1) (57)
were aligned using the software MAFFT v6.708b (58, 59). Pairwise mtDNA differences among the
seven Neandertals and three Denisovans were calculated using MEGA 6.06 (60) (Suppl. Table S7). In

addition, the three Denisovan mtDNAs were aligned with 311 modern human mtDNAs and the pairwise
differences among these individuals were calculated.

To estimate phylogenetic relationships, Modeltest 3.7 (61) was used to identify an appropriate
substitution model (GTR+G+I ) and MrBayes 3.2 (62, 63) was run with default MCMC parameters for
5,000,000 generations, sampling every 1,000 generations, using a burn-in of 1,000,000 generations. The
4,000 resulting trees were combined to a consensus using TreeAnnotator v1.6.2 from the BEAST
package (64) (Figure 2A).

A tree including the partial mtDNA sequence of a hominid from Sima de los Huesos, Spain

(KF683087.1) (65) was estimated as above (Suppl. Figure S5).

Table S7. Number of differences to mtDNA MRCAs. The number of differences between each
Denisovan mtDNA and their inferred MRCA as well as between each Neandertal mtDNA and their
inferred MRCA.

Number of diffs to Number of diffs to
Denisovan MRCA of Neandertal MRCA of
Denisovans Neandertals

Denisova 3 57 Mezmaiskaya 1 25
Denisova 4 55 Altai 24
Denisova 8 29 Feldhofer 1 21
Feldhofer 2 17
Sidron 1253 19
Vi33.16 23
Vi33.25 21
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Figure S4. Quality of mtDNA sequences from Denisova 4 and 8. A, B: Coverage across the mitochondrial genomes. Black lines denote the average coverage.
C, D: Consensus support across the genomes.
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Figure S5. MtDNA tree of three Denisovans, seven Neandertals, a hominin from Sima de los
Huesos (65), and five present-day humans. The Bayesian tree was computed using 16,286 mtDNA
positions and a chimpanzee mtDNA (X93335.1) as outgroup (not shown). Important posterior
probabilities are shown.
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Branch Shortening. The most recent common ancestor (MRCA) of the three Denisovans was estimated
using parsimony and a Yoruba mtDNA (AF347014). There were two positions where the MRCA was
not resolvable. The MRCA of the seven Neandertals was calculated in the same way, with five
unresolvable positions. The pairwise differences between the MRCAs and each individual were then

calculated (Table S7).

Watterson'’s estimator 8w. 6w was calculated for the three Denisovan individuals and the seven

Neandertal, 31 Europeans (Italians, Germans, Spanish, Saami, English, Dutch, Finnish and

French) and 311 present-day humans (including the Europeans) (Table S8). fw was calculated
as follows: K/an/16,595, where K is the number of segregating sites, and a, is Y./ % The

numbers of segregating sites were ascertained using DNA Sequence Polymorphism (DnaSP)

version 5.10.01 (66).

Table S8. Watterson’s estimator (6w) for mtDNA.

Population # segregating sites n (# indv) Ow
Denisovans 86 3 3.46E-03
Neandertals 73 7 1.80E-03

Present-day humans 1,689 311 16.1E-03
Present-day 262 31 3.96E-03
Europeans
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Bayesian dating. We estimated the age of the two molars and the divergence times between the three Denisovans, five radiocarbon-dated

Neandertals (18), ten radiocarbon-dated ancient modern humans (67) and the five present-day humans used for tree estimations (Fig. 2) using
BEAST v1.6.2. The age of Denisova 3 date was set to either 50,000 years or 100,000 years as in ref. (54). A strict as well as a relaxed uncorrelated
lognormal molecular clock was used with a normally distributed substitution rate prior of 2.67 x 108 per site per year (67) (standard deviation 1.0
x 10®%), a Bayesian skyline coalescent tree prior with a uniform population size prior of 1,000 to 1,000,000 individuals, and a TN93 substitution
model (68) . MCMC runs were carried out for 100,000,000 generations, sampling every 10,000 generations, with a burn-in of 10,000,000

generations. As expected, the relaxed clock is a better fit to the data and was used for the estimates presented in Table S9.

Table S9. Age estimates of the two molars and mtDNA lineages divergences based on mtDNA. Estimates using dates of 50,000 years as well as 100,000
years for Denisova 3 and 95% upper and lower highest posterior densities (HPD) are given in thousand years (kyr).

Age of Denisova 3 set to 50,000 years BP Age of Denisova 3 set to 100,000 years BP

Mitochondrial lineage Estimate 95% HPD lower 95% HDP upper Estimate 95% HPD lower  95% HDP upper
Denisova 8 age 177 kyr 97 kyr 265 kyr 226 kyr 143 kyr 313 kyr
Denisova 4 age 56 kyr 45 kyr 69 kyr 106 kyr 094 kyr 121 kyr

Denisova-
Human/Neandertal 808 kyr 622 kyr 1,016 kyr 846 kyr 652 kyr 1056 kyr
Den8 — Dend/Den3 262 kyr 187 kyr 343 kyr 314 kyr 238 kyr 393 kyr
Human-Neandertal 405 kyr 312 kyr 511 kyr 413 kyr 318 kyr 522 kyr
San-rest of humans 173 kyr 128 kyr 223 kyr 176 kyr 128 kyr 225 kyr
Mezmaiskaya 1-rest of

Neandertals 128 kyr 101 kyr 155 kyr 129 kyr 103 kyr 157 kyr
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Section 6: Autosomal Analyses

Data Filtering. The following filters were implemented for the Denisova 4 and Denisova 8 autosomal

analyses:

Filters outlined in Section 3

A minimum map quality of 37 (PHRED scale)

Base quality set to 2 (phred scale) for Ts at the first or last two positions of fragments (to avoid
errors induced by cytosine deamination)

A minimum base quality of 30 (PHRED scale) (results in removal thymines with low base
quality from step above)

mappability filter that retains all positions where all possible overlapping 35-mers do not have
match elsewhere in the genome allowing for one mismatch (54)

Removal of triallelic sites

Removal of CpG sites if the CpG occurs in either human, chimpanzee, gorilla or orangutan
Removal of sites with a coverage higher than 2-fold

When estimating nucleotide misincorporations due to cytosine deamination positions where the
human reference (hg19) carries a C but one or more present-day human from the 1000 Genomes

carries a T were excluded.

For high-coverage genomes, the following filters were used:

mappability filter that retains all positions where all possible overlapping 35-mers do not have
match elsewhere in the genome allowing for one mismatch (54)

Root mean square of the map quality >= 30

Coverage cut-off of 2.5% on each side of the coverage distribution; corrected for GC content

for the Denisova 3 and the Altai Neandertal (54)

Divergence Estimates. We estimate the divergence for Denisova 4 and Denisova 8 to ten present-day

humans (French - HGDP00521, Sardinian - HGDP00665, Han - HGDP00778, Dai - HGDP01307,
Papuan - HGDP00542, Australian - SS6004477, Dinka - DNKO02, Mbuti - HGDP0456, Yoruba -
HGDP00927, San - HGDP01029) (42, 54)), the high-coverage Denisova 3 genome (42) and the high-

coverage Altai Neandertal genome (54). The variant call format (VCF) files for the present-day humans

as well as the Denisova 3 and the Altai Neandertal were filtered as stated above.

Divergences between low-coverage and high-coverage genomes are estimated as the

percentages of substitutions from the human-chimp ancestor to high-coverage genomes that occurred

after the split of the low-coverage genomes from high-coverage genomes (see Figure 3A). Ancestral

states for the human-chimpanzee ancestor was taken from the 6-way primate EPO alignments from
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Ensembl version 69 (genome-wide alignments of human, chimpanzee, gorilla, orangutan, macaque,
marmoset) (69, 70) and substitutions were parsimoniously assigned to one of the three lineages.
Random alleles were picked at heterozygous sites in the high-coverage genomes while for the low-
coverage Denisovan molars a random fragment was picket to represent each site analyzed. Standard
errors for the divergence estimates (Suppl. Table S10-13) were estimated by running 5,000 jackknife
replicates of the divergences in 5 Mb windows. Standard errors were multiplied by 1.96 to generate
95% Cls.

We similarly estimated divergences to the high-coverage Altai Neandertal genome (54) for low-
coverage data from Vindija Cave, Croatia (Vindija 33.16, Vindija 33.25, Vindija 33.26), from El Sidron
Cave, Spain (Sidron 1253), from Feldhofer Cave, Germany (Feldhofer 1) (all available from
ERP000119, (71)), and from Mezmaiskaya Cave, Russia (Mezmaiskaya 1) (54). We excluded regions
with a coverage higher than 2-fold for Feldhofer 1, 3-fold for the Vindija Neandertals and 4-fold for the
Mezmaiskaya 1 Neandertal. We removed putative deamination-induced C to T substitutions at first and
last two positions of the fragments from the Mezmaiskaya 1 Neandertal, as a double-stranded library
preparation method and E. coli UDG was used, which does not remove uracils efficiently at these
positions. For the other low-coverage Neandertals, which were not UDG treated, we removed putative
deamination-induced C to T substitutions at the first and last five bases. We calculated the divergence
of these six low-coverage Neandertals to the Altai Neandertal along with a 95% CI as above (Suppl.
Table S13).
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Table S10. Divergences for Denisova 4. Divergences for the deaminated sequences, not deaminated sequences as well as all sequences combined. Divergence
is the percent divergence of Denisova 4 along the branch to the human-chimpanzee ancestor from the high-coverage genomes (first column). 95% CI are given.

Deaminated fragments Not deaminated fragments All fragments
High-coverage
Shared!  Genome? Den4’ % Shared  Genome  Den4 % Shared  Genome  Den4 %
genomes
. 2.86 8.82 8.64
Denisova 3 3,699 109 3,767 121,663 11,775 77,551 126,716 11,990 81,920
2.28-3.44 8.66-8.99 8.48-8.81
. 8.92 10.30 10.26
Altai Neandertal 3,471 340 4,029 120,142 13,796 79,546 124,952 14,290 84,303
8.01-9.83 10.11-10.48 10.08-10.44
12.14 8.10 8.22
French 3,482 481 4,164 126,237 11,133 76,306 131,123 11,749 80,963
11.10-13.17 7.94-8.27 8.05-8.39
. 12.42 8.14 8.26
Sardinian 3,448 489 4,095 124,622 11,049 75,208 129,262 11,634 80,055
11.37-13.47 7.97-8.31 8.09-8.42
12.13 8.39 8.40
Han 3,455 477 4,111 125,153 11,464 76,061 129,955 11,919 80,724
11.06-13.2 8.21-8.57 8.23-8.57
. 11.61 8.45 8.47
Dai 3,442 452 4,120 124,793 11,519 75,590 129,623 11,993 80,407
10.56-12.66 8.28-8.62 8.31-8.63
11.69 8.55 8.69
Papuan 3,445 456 4,087 124,182 11,617 75,444 129,005 12,275 80,101
10.69-12.69 8.38-8.73 8.53-8.85
. 11.61 8.28 8.39
Australian 3,418 449 4,098 124,613 11,252 75,620 129,368 11,845 80,360
10.56-12.67 8.11-8.45 8.23-8.55
. 11.59 9.50 9.48
Dinka 3,418 448 4,159 123,200 12,939 77,631 127,989 13,397 82,318
10.58-12.59 9.32-9.69 9.3-9.66
. 12.11 10.06 10.04
Mbuti 3,433 473 4,129 122,769 13,726 78,122 127,615 14,241 82,765
11.08-13.14 9.87-10.24 9.86-10.22
12.91 9.64 9.76
Yoruba 3,473 515 4,146 123,623 13,188 78,107 128,425 13,890 82,882
11.88-13.95 9.46-9.82 9.57-9.95
11.78 10.29 10.30
San 3,407 455 4,095 121,951 13,989 77,901 126,739 14,558 82,650
10.76-12.81 10.10-10.48 10.11-10.49

1. The number of allelic states shared by the genome and Densiova 4 but not shared with the human-chimpanzee ancestor.
2. Allelic states specific to the genome analyzed.
3. Allelic states specific to Denisova 4.
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Table S11. Divergences for Denisova 8. See Table S10 for explanations.

Denisova 3

French

88,315

82,999

Denisova8 deaminated

3.39

3102 33,574
3.25-3.53

11.46

10741 40,898
11.23-11.69

507,405

486,909

Denisova8 not deaminated

491

26,224
4.83-5

210,931

10.97

60,026 243,442
10.86-11.09

637,505

609,735

Denisova8 all

31,657 261,670

75,858 303,855

4.73
4.64-4.82

11.02
10.95-11.17

Han

Papuan

Dinka

Yoruba

82,694

82,423

82,250

82,598

11.42
11.2-11.64

10661 40,505

11.31
11.1-11.54

10515 40,375

11.65
10846 40,385

11.43-11.87

11.63
11.42-11.85

10875 40,745

483,764

481,045

480,376

482,785

11.06

60,157 242,418
10.95-11.17

10.94

59,090 240,568
10.83-11.05

11.32

61,308 243,261
11.21-11.43

11.41

62,201 244,267
11.29-11.53

606,187

602,992

601,643

604,950

75,989 302,355

74,518 300,472

76,990 303,706

77,960 304,739

11.13
11.03-11.24

11.00
10.89-11.11

11.31
11.24-11.45

11.41
11.31-11.52
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Table S12. Divergences for Denisova 3. See Table S10 for explanations.

Denisova 3 deaminated Denisova 3 all

11.76 11.85

French 4439597 591694 1303961 5908484 793950 1585350
11.68-11.84 11.76-11.93

11.73 11.82
Han 4421887 587375 1295063 5882753 788594 1576327
11.64-11.81 11.73-11.9
11.58 11.67
Papuan 4410486 577448 1283146 5867117 774918 1559910
11.49-11.66 11.58-11.75
Dinka
11.69-11.87 11.92-12.27

11.81 11.89
4422950 592266 1297910 5884572 794419 1581895

11.72-11.89 11.81-11.98

28



Table S13. Divergences for Neandertals to the high coverage Altai Neandertal genome. See Table S10 for explanations of labels. All Mezmaiskaya 1
fragments were used for this analysis, because UDG treatment left C to T substitutions at only 4% of fragment ends.

Neandertal deaminated Neandertal all

1.32 2.53

Feldhofer 1 447 6 576 2,581 67 3,446
0.28-2.37 1.96-3.1

2.50 2.56
Vindija33.16 569,284 14,610 750,801 1,611,437 42,324 1,991,958
2.44-2.57 2.5-2.61

2,51 2,51

Vindija33.26 477,869 12,296 585,208 1,591,266 40,910 1,829,657
2.44-2.58 2.45-2.56
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Figure S6. Divergences to Denisova 3 and Altai Neandertal reference genomes. The percent divergence of the Denisova 4 and 8 genomes to the Denisova
3 genome (dark gray) and of six low-coverage Neandertal genomes to the Altai Neandertal genome (light gray) estimated as in main text Fig. 3A. Error bars
indicate 95% Cls.
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D-statistics. D-statistics (72) were calculated from genotype calls for high-coverage genomes, picking
random alleles at heterozygous positions, or from random fragments for low-coverage genomes.
Ancestral states were from the EPO alignment (69, 70) (Ensembl v69).

When the low-coverage Mezmaiskaya 1 genome was analyzed together with the high-coverage
Altai Neandertal genome, random DNA sequences were picked from both genomes to avoid problems
resulting from the difference in sequence quality between the two genomes.

Errors in the low coverage genome sequences contribute apparently derived alleles. To test if
derived alleles in DNA sequences determined from Denisova 8 tend match derived allele in one present-
day person more than another, we used Denisova 8 fragments and asked if derived alleles in Denisova
8 match derived alleles in one or the other of two individuals from different African populations. This
is not the case (D=0.01, Z=0.73).

Suppl. Table S14 shows that Denisova 8 tends to share more derived alleles with the Papuan or
Australian genomes using all sites (D:-0.03 to -0.08, Z-score: -1.9 to -4.3). However, the amount of data
limits the power, as can be seen for similar comparisons using the whole high-coverage Denisova 3
genome (D:-0.05 to -0.07, Z-score: -4.2 to -10.1).

To see if the amount of data determined from Denisova 8 is enough to detect the excess sharing
of derived alleles with the Altai relative to the Mezmaiskaya 1 previously described (42), we restrict
the analysis to positions in the Denisova 3 genome covered by the Denisova 8 fragments and failed to
detect the extra sharing (Suppl. Table S15). As expected from this, we fail to detect any excess sharing
of derived alleles between Denisova 8 and the Altai genome (Suppl. Table S15) when we restricted the
analysis to transversions in order to avoid aberrant results due to errors in the low-coverage

Mezmaiskaya 1 genome (not shown).
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Table S14. Sharing of derived alleles between Denisova 8 and Eurasian populations. Only Denisova 8 fragments carrying a C to T substitutions at
the first or last two positions are used.

(ADDA-DADA)/
Type of sites  AADA, ADDA DADA DDDA Z
(ADDA+ADDA)

no cpg sites 36,640 906 1,022 179,687 -0.06 -2.55

transitions 25,093 913 1,004 136,322 -0.05 -2.03

Papuan, Sardinian, Den8, all sites
43,387 1,358 1,454 205,685 -0.03 -1.90
Chimp

only cpg sites 6,868 428 431 26,005 0.00 -0.10

transversions 18,356 414 444 69,461 -0.03 -1.02

no cpg sites 36,435 832 951 178,188 -0.07 -2.84

transitions 24,989 855 913 135,233 -0.03 -1.36

Papuan, Dai, Den8, Chimp all sites 43,215 1,199 1,356 204,110 -0.06 -3.31

only cpg sites 6,855 366 400 25,871 -0.04 -1.32



transversions 18,234 383 429 68,872 -0.06 -1.66

no cpg sites 36,314 861 966 178,308 -0.06 -2.43

transitions 24,847 865 979 135,092 -0.06 -2.66

Australian, Sardinian, Den8, all sites
43,118 1,313 1,482 204,409 -0.06 -3.19
Chimp

only cpg sites 6,783 398 459 25,828 -0.07 -2.13

transversions 18,226 417 473 69,204 -0.06 -1.91

no cpg sites 36,281 844 944 177,174 -0.06 -2.34

transitions 24,852 875 927 134,265 -0.03 -1.20

Australian, Dai, Den8, all sites
42,767 1,243 1,391 202,727 -0.06 -2.98
Chimp

w
w



only cpg sites 6,720 349 422 25,669 -0.09 -2.75

transversions 18,010 395 462 68,581 -0.08 -2.20
no cpg sites 60,186 6,052 7,040 1,225,758 -0.08 -8.60
transitions 48,439 5,944 6,801 927,866 -0.07 -7.52
Papuan, French, Den3, all sites
71,440 8,886 10,258 1,397,118 -0.07 -10.0
Chimp

only cpg sites 11,520 2,602 3,034 171,740 -0.08 -5.69

transversions 23,225 2,718 3,164 469,545 -0.08 -6.00

(sites covered by Den8) no cpg sites 8382 894 1033 179798 -0.07 -3.10

transitions 6883 884 1004 136864 -0.06 -2.73

Papuan, French, Den3, all sites 399 42 59 8872 -0.17 -1.75
Chimp



only cpg sites 59 13 18 983 -0.16 -0.85
transitions 273 27 40 5777 -0.19 -1.54
transversions 126 15 19 3095 -0.12 -0.72

a. ‘A’ refers to an ancestral state and ‘D’ refers to a derived state. Thus, this column shows the number of sites where populations 1 and 2 share the
ancestral allele with population 4 (Ancestral), and population 3 (Derived) has a derived state.

b. The Z-score is the difference between the D-statistics using all data and the mean of the same statistics for bootstrap replicates divided by the standard
deviation for those replicates.
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Table S15. Sharing of derived alleles between Denisova 8 and Neandertals. Denisova 8 fragments carrying a C to T substitutions at the first or last two
positions (Den8_deaminated) as well as all fragments (Dend8_all) are used. Only estimates based on transversions can be used due to errors in the low

coverage Mezmaiskaya 1 genome.

(ADDA-
Type of sites AADA ADDA DADA DDDA DADA)/ Z
(ADDA+ADDA)
Mez, AltaiNea, Den8 deaminated, Chimp all sites 15,245 511 376 77,110 0.15 4.49
no cpg sites 12,142 179 139 64,649 0.13 2.27
only cpg sites 3,103 332 237 12,461 0.17 4.00
transitions 8,898 431 313 52,358 0.16 4.34
transversions 6,347 80 63 24,752 0.12 1.44
Mez, AltaiNea, Den8_all, Chimp all sites 104,707 3,586 2,532 521,739 0.17 13.88
no cpg sites 87,986 1,382 1,138 441,125 0.10 4.92
only cpg sites 16,721 2,204 1,394 80,614 0.23 14.12
transitions 56,272 3,063 2,041 354,226 0.20 14.75
transversions 48,435 523 491 167,513 0.03 1.02
Mez, AltaiNea, Den3, Chimp all sites 3,392 296 498 77,271 -0.25 -7.15
(sites covered by Den8 deaminated) no cpg sites 2,655 121 177 64,648 -0.19 -3.21
only cpg sites 737 175 321 12,623 -0.29 -6.75
transitions 2,371 234 420 52,530 -0.28 -7.44
transversions 1,021 62 78 24,741 -0.11 -1.32
Mez, AltaiNea, Den3, Chimp all sites 23,573 3,463 2,024 523,579 0.26 20.23
(sites covered by Den§_all) no cpg sites 18,757 1,348 957 441,914 0.17 8.38
only cpg sites 4,816 2,115 1,067 81,665 0.33 20.29
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transversions 7,240 486 425 167,795 0.07 2.04

(all Den3 sites, not conditioned on no cpg sites 232,239 16,149 11,699 5,547,171  0.16 27.62

transitions 205,685 36,111 19,517 4,490,038 0.30 76.13
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