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Mitochondriale und Kern-DNA

• mtDNA und das Y-Chromosom sind unvermischt. Man
benötigt große, also in der Praxis rezente, Stichproben, um
kleine Bevölkerungsanteile erfassen zu können.

• Kern-DNA enthält potentiell Anteile aller Vorfahren, aller-
dings ist nur ein Teil der Bruchstücke diagnostisch auswert-
bar.

• Nur aDNA erlaubt den Zugriff auf ausgestorbene oder unter-
gegangene Spezies, Völker oder Familien.

• aDNA-Daten sind nicht von späteren Ereignissen überprägt
und erlauben z. B., den Grad der Verwandtschaft und die
Größe der Heiratsnetzwerke der letzten Vorgängergeneratio-
nen abzuschätzen.
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Die Koprolithen in den Paisley-Höhlen

Die Lage der Paisley-Höhlen in Oregon [Gi08].
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Datierung und mtDNA

Sample Hg

mtDNA
AMS dates (conventional

14C years BP)
Cave

Fig. 1B

no.#
CIE** TP††

16S||
Site of

replication
Beta Analytic Oxford Univ.

1294-PC-5/7D-4 B2* C. latrans Uppsala Not tested 1,308 ± 28 5 1 – n/a

1374-PC-1/2A-28 B2† Uppsala 6,640 ± 40 6,608 ± 35 1 – n/a

1294-PC-5/6B-40 B2† C. lupus/ familiaris¶ Uppsala 10,050 ± 50 10,965 ± 50 5 2 Human n/a

1294-PC-5/6B-50 A2‡ V. vulpes Uppsala 12,260 ± 60 12,140 ± 70 5 3 Human Human

1294-PC-5/7C-31 B§,§§ Uppsala/Leipzig 12,290 ± 60 12,345 ± 55 5 4 Human Human

1374-PC-5/5D-31|| || B2† Uppsala 12,400 ± 60 12,275 ± 55 5 5 – Human

Gi08
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Zusammensetzung der Koprolithen

Gi08, Si14
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Das Genom von Mal’ta

Dreiecke:
Haplogrppe U
Quadrat:
Haplogruppe B
Kreise: Ve-
nusfigurinen
[Ra14].

the low depth of coverage, we determined the most likely phylogenetic
affiliation of theMA-1Y chromosome to a basal lineage of haplogroup
R (Supplementary Information, section 8 and Supplementary Fig. 5a).
The extant sub-lineages of haplogroupR show regional spreadpatterns
within western Eurasia, south Asia and also extend to the Altai region
in southern Siberia (Supplementary Fig. 5b). The sister lineage to these
extant sub-lineages of haplogroup R, haplogroup Q, is the most com-
mon haplogroup in Native Americans5 and it was recently shown that,
in Eurasia, haplogroupQ lineages closest toNativeAmericans are found
in southern Altai7.

To get an overview of the genomic signature ofMA-1, we conducted
principal component analysis (PCA) using a large data set fromworld-
wide human populations for which genomic tracts of recent European
admixture inAmerican and Siberian populations have been excluded19

(Supplementary Information, section 10). In the first twoprincipal com-
ponents,MA-1 is intermediate betweenmodernwesternEurasians and
NativeAmericans, but distant fromeastAsians (Fig. 1b). To investigate
the relationship ofMA-1 to global humanpopulations in further detail,
we used the f-statistics framework20 to compute an ‘outgroup’ f3-statistic,
which is expected to be proportional to the amount of shared genetic
history betweenMA-1 and each of 147 non-African populations from a
large worldwide human single-nucleotide polymorphism (SNP) array
data set (see Supplementary Information, section 14.2 for details on the
f3-statistics). We find that genetic affinity to MA-1 is greatest in two
regions: first, the Americas; and second, northeast Europe and north-
west Siberia, with north-to-south latitudinal clines in shared drift with
MA-1 inbothEuropeandAsia (Fig. 1candSupplementaryFigs21and22).
Notably, the lack of genetic affinity between MA-1 and most popula-
tions in south-central Siberia today suggests that there was substan-
tial gene flow into the region after the Last Glacial Maximum (LGM),
mostly probably fromeastAsian sources (Supplementary Information,
section 9.1.3).
We reconstructed admixture graphs using TreeMix21 to relate the

population history of MA-1 to 11 modern genomes from worldwide
populations22, 4 new genomes from Eurasia (Mari, Avar, Indian and
Tajik ancestry) and the Denisova genome22 (Supplementary Informa-
tion, section 11). The maximum-likelihood population tree inferred
without admixture eventsplacesMA-1onabranch that isbasal towestern
Eurasians (Supplementary Fig. 12).However, a significant residual was
observed between the empirical covariance for MA-1 and Karitiana, a
Native American population, and the covariance predicted by the tree
model (Supplementary Fig. 12).Consequently, gene flowbetween these
lineages was inferred in all graphs incorporating two or more migra-
tion events (Fig. 2 and Supplementary Fig. 13). Bootstrap support for
themigration edge fromMA-1 toKaritiana, rather than fromKaritiana
to MA-1, was 99% in this analysis.
We investigated further the population history of MA-1 by con-

ducting sequence read-based D-statistic tests23 on proposed tree-like
histories comprising MA-1 and combinations of 11 modern genomes
(Supplementary Information, section13). In agreementwith theTreeMix
results, these tests reject the tree ((X, Han), MA-1) whereX represents
Avar, French, Indian, Mari, Sardinian and Tajik, consistent with the
MA-1 lineage sharingmore recent ancestry with the western Eurasian
branch after the split of Europeans and east Asians (Supplementary
Table 13). This result also holds truewhen theHanChinese is replaced
with Dai, another east Asian population (Supplementary Table 13).
Notably, we can also reject the tree ((Han, Karitiana),MA-1) (Z5 10.8),
suggesting gene flow between MA-1 and ancestral Native Americans,
in accordance with the admixture graphs (Supplementary Table 13).
This result is consistent with allele frequency-based D-statistic tests20

on SNP arrays for 48 Native American populations of entirely First
American ancestry19, indicating that all tested populations are equally
related to MA-1 and that the admixture event occurred before the
population diversification of the First American gene pool (Fig. 3a,
Supplementary Information, section 14.4 and Supplementary Fig. 24).
The genetic affinity between Native Americans and MA-1 could be

explained by gene flow after the split between east Asians and Native
Americans, either fromtheMA-1 lineage intoNativeAmericanancestors
or from Native American ancestors to the ancestors of MA-1. How-
ever,MA-1, at approximately 24,000 cal. BP, pre-dates time estimates of
theNative American–east Asian population divergence event24,25. This
presents little time for the formation of a diverged Native American
gene pool that could have contributed ancestry to MA-1, suggesting
gene flow fromtheMA-1 lineage intoNativeAmerican ancestors. Such
gene flow should alsobedetectable usingmodern-daywesternEurasian
populations in place of MA-1. Consistent with this, D-statistic tests
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Figure 1 | Sample locations and MA-1 genetic affinities. a, Geographical
locations ofMal’ta andAfontovaGora-2 in south-central Siberia. For reference,
Palaeolithic sites with individuals belonging to mtDNA haplogroup U are
shown (red and black triangles): 1, Oberkassel; 2, Hohle Fels; 3, Dolni
Vestonice; 4, Kostenki-14. A Palaeolithic site with an individual belonging to
mtDNA haplogroup B is represented by the square: 5, Tianyuan Cave. Notable
Palaeolithic sites with Venus figurines are marked by brown circles: 6, Laussel;
7, Lespugue; 8, Grimaldi; 9, Willendorf; 10, Gargarino. Other notable
Palaeolithic sites are shown by grey circles: 11, Sungir; 12, Yana RHS. b, PCA
(PC1 versus PC2) of MA-1 and worldwide human populations for which
genomic tracts from recent European admixture in American and Siberian
populations have been excluded19. c, Heat map of the statistic f3(Yoruba;
MA-1,X) whereX is one of 147 worldwide non-African populations (standard
errors shown in Supplementary Fig. 21). The graded heat key represents the
magnitude of the computed f3 statistics.
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the low depth of coverage, we determined the most likely phylogenetic
affiliation of theMA-1Y chromosome to a basal lineage of haplogroup
R (Supplementary Information, section 8 and Supplementary Fig. 5a).
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extant sub-lineages of haplogroup R, haplogroup Q, is the most com-
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in Eurasia, haplogroupQ lineages closest toNativeAmericans are found
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principal component analysis (PCA) using a large data set fromworld-
wide human populations for which genomic tracts of recent European
admixture inAmerican and Siberian populations have been excluded19

(Supplementary Information, section 10). In the first twoprincipal com-
ponents,MA-1 is intermediate betweenmodernwesternEurasians and
NativeAmericans, but distant fromeastAsians (Fig. 1b). To investigate
the relationship ofMA-1 to global humanpopulations in further detail,
we used the f-statistics framework20 to compute an ‘outgroup’ f3-statistic,
which is expected to be proportional to the amount of shared genetic
history betweenMA-1 and each of 147 non-African populations from a
large worldwide human single-nucleotide polymorphism (SNP) array
data set (see Supplementary Information, section 14.2 for details on the
f3-statistics). We find that genetic affinity to MA-1 is greatest in two
regions: first, the Americas; and second, northeast Europe and north-
west Siberia, with north-to-south latitudinal clines in shared drift with
MA-1 inbothEuropeandAsia (Fig. 1candSupplementaryFigs21and22).
Notably, the lack of genetic affinity between MA-1 and most popula-
tions in south-central Siberia today suggests that there was substan-
tial gene flow into the region after the Last Glacial Maximum (LGM),
mostly probably fromeastAsian sources (Supplementary Information,
section 9.1.3).
We reconstructed admixture graphs using TreeMix21 to relate the

population history of MA-1 to 11 modern genomes from worldwide
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Tajik ancestry) and the Denisova genome22 (Supplementary Informa-
tion, section 11). The maximum-likelihood population tree inferred
without admixture eventsplacesMA-1onabranch that isbasal towestern
Eurasians (Supplementary Fig. 12).However, a significant residual was
observed between the empirical covariance for MA-1 and Karitiana, a
Native American population, and the covariance predicted by the tree
model (Supplementary Fig. 12).Consequently, gene flowbetween these
lineages was inferred in all graphs incorporating two or more migra-
tion events (Fig. 2 and Supplementary Fig. 13). Bootstrap support for
themigration edge fromMA-1 toKaritiana, rather than fromKaritiana
to MA-1, was 99% in this analysis.
We investigated further the population history of MA-1 by con-

ducting sequence read-based D-statistic tests23 on proposed tree-like
histories comprising MA-1 and combinations of 11 modern genomes
(Supplementary Information, section13). In agreementwith theTreeMix
results, these tests reject the tree ((X, Han), MA-1) whereX represents
Avar, French, Indian, Mari, Sardinian and Tajik, consistent with the
MA-1 lineage sharingmore recent ancestry with the western Eurasian
branch after the split of Europeans and east Asians (Supplementary
Table 13). This result also holds truewhen theHanChinese is replaced
with Dai, another east Asian population (Supplementary Table 13).
Notably, we can also reject the tree ((Han, Karitiana),MA-1) (Z5 10.8),
suggesting gene flow between MA-1 and ancestral Native Americans,
in accordance with the admixture graphs (Supplementary Table 13).
This result is consistent with allele frequency-based D-statistic tests20

on SNP arrays for 48 Native American populations of entirely First
American ancestry19, indicating that all tested populations are equally
related to MA-1 and that the admixture event occurred before the
population diversification of the First American gene pool (Fig. 3a,
Supplementary Information, section 14.4 and Supplementary Fig. 24).
The genetic affinity between Native Americans and MA-1 could be

explained by gene flow after the split between east Asians and Native
Americans, either fromtheMA-1 lineage intoNativeAmericanancestors
or from Native American ancestors to the ancestors of MA-1. How-
ever,MA-1, at approximately 24,000 cal. BP, pre-dates time estimates of
theNative American–east Asian population divergence event24,25. This
presents little time for the formation of a diverged Native American
gene pool that could have contributed ancestry to MA-1, suggesting
gene flow fromtheMA-1 lineage intoNativeAmerican ancestors. Such
gene flow should alsobedetectable usingmodern-daywesternEurasian
populations in place of MA-1. Consistent with this, D-statistic tests
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Figure 1 | Sample locations and MA-1 genetic affinities. a, Geographical
locations ofMal’ta andAfontovaGora-2 in south-central Siberia. For reference,
Palaeolithic sites with individuals belonging to mtDNA haplogroup U are
shown (red and black triangles): 1, Oberkassel; 2, Hohle Fels; 3, Dolni
Vestonice; 4, Kostenki-14. A Palaeolithic site with an individual belonging to
mtDNA haplogroup B is represented by the square: 5, Tianyuan Cave. Notable
Palaeolithic sites with Venus figurines are marked by brown circles: 6, Laussel;
7, Lespugue; 8, Grimaldi; 9, Willendorf; 10, Gargarino. Other notable
Palaeolithic sites are shown by grey circles: 11, Sungir; 12, Yana RHS. b, PCA
(PC1 versus PC2) of MA-1 and worldwide human populations for which
genomic tracts from recent European admixture in American and Siberian
populations have been excluded19. c, Heat map of the statistic f3(Yoruba;
MA-1,X) whereX is one of 147 worldwide non-African populations (standard
errors shown in Supplementary Fig. 21). The graded heat key represents the
magnitude of the computed f3 statistics.
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Outgroup f3-
statistic der
Verwandtschaft
zu Mal’ta mit
Yoruba als
Außengruppe
[Ra14].
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Hauptkomponenten der Gene heutiger Populationen

the low depth of coverage, we determined the most likely phylogenetic
affiliation of theMA-1Y chromosome to a basal lineage of haplogroup
R (Supplementary Information, section 8 and Supplementary Fig. 5a).
The extant sub-lineages of haplogroupR show regional spreadpatterns
within western Eurasia, south Asia and also extend to the Altai region
in southern Siberia (Supplementary Fig. 5b). The sister lineage to these
extant sub-lineages of haplogroup R, haplogroup Q, is the most com-
mon haplogroup in Native Americans5 and it was recently shown that,
in Eurasia, haplogroupQ lineages closest toNativeAmericans are found
in southern Altai7.

To get an overview of the genomic signature ofMA-1, we conducted
principal component analysis (PCA) using a large data set fromworld-
wide human populations for which genomic tracts of recent European
admixture inAmerican and Siberian populations have been excluded19

(Supplementary Information, section 10). In the first twoprincipal com-
ponents,MA-1 is intermediate betweenmodernwesternEurasians and
NativeAmericans, but distant fromeastAsians (Fig. 1b). To investigate
the relationship ofMA-1 to global humanpopulations in further detail,
we used the f-statistics framework20 to compute an ‘outgroup’ f3-statistic,
which is expected to be proportional to the amount of shared genetic
history betweenMA-1 and each of 147 non-African populations from a
large worldwide human single-nucleotide polymorphism (SNP) array
data set (see Supplementary Information, section 14.2 for details on the
f3-statistics). We find that genetic affinity to MA-1 is greatest in two
regions: first, the Americas; and second, northeast Europe and north-
west Siberia, with north-to-south latitudinal clines in shared drift with
MA-1 inbothEuropeandAsia (Fig. 1candSupplementaryFigs21and22).
Notably, the lack of genetic affinity between MA-1 and most popula-
tions in south-central Siberia today suggests that there was substan-
tial gene flow into the region after the Last Glacial Maximum (LGM),
mostly probably fromeastAsian sources (Supplementary Information,
section 9.1.3).
We reconstructed admixture graphs using TreeMix21 to relate the

population history of MA-1 to 11 modern genomes from worldwide
populations22, 4 new genomes from Eurasia (Mari, Avar, Indian and
Tajik ancestry) and the Denisova genome22 (Supplementary Informa-
tion, section 11). The maximum-likelihood population tree inferred
without admixture eventsplacesMA-1onabranch that isbasal towestern
Eurasians (Supplementary Fig. 12).However, a significant residual was
observed between the empirical covariance for MA-1 and Karitiana, a
Native American population, and the covariance predicted by the tree
model (Supplementary Fig. 12).Consequently, gene flowbetween these
lineages was inferred in all graphs incorporating two or more migra-
tion events (Fig. 2 and Supplementary Fig. 13). Bootstrap support for
themigration edge fromMA-1 toKaritiana, rather than fromKaritiana
to MA-1, was 99% in this analysis.
We investigated further the population history of MA-1 by con-

ducting sequence read-based D-statistic tests23 on proposed tree-like
histories comprising MA-1 and combinations of 11 modern genomes
(Supplementary Information, section13). In agreementwith theTreeMix
results, these tests reject the tree ((X, Han), MA-1) whereX represents
Avar, French, Indian, Mari, Sardinian and Tajik, consistent with the
MA-1 lineage sharingmore recent ancestry with the western Eurasian
branch after the split of Europeans and east Asians (Supplementary
Table 13). This result also holds truewhen theHanChinese is replaced
with Dai, another east Asian population (Supplementary Table 13).
Notably, we can also reject the tree ((Han, Karitiana),MA-1) (Z5 10.8),
suggesting gene flow between MA-1 and ancestral Native Americans,
in accordance with the admixture graphs (Supplementary Table 13).
This result is consistent with allele frequency-based D-statistic tests20

on SNP arrays for 48 Native American populations of entirely First
American ancestry19, indicating that all tested populations are equally
related to MA-1 and that the admixture event occurred before the
population diversification of the First American gene pool (Fig. 3a,
Supplementary Information, section 14.4 and Supplementary Fig. 24).
The genetic affinity between Native Americans and MA-1 could be

explained by gene flow after the split between east Asians and Native
Americans, either fromtheMA-1 lineage intoNativeAmericanancestors
or from Native American ancestors to the ancestors of MA-1. How-
ever,MA-1, at approximately 24,000 cal. BP, pre-dates time estimates of
theNative American–east Asian population divergence event24,25. This
presents little time for the formation of a diverged Native American
gene pool that could have contributed ancestry to MA-1, suggesting
gene flow fromtheMA-1 lineage intoNativeAmerican ancestors. Such
gene flow should alsobedetectable usingmodern-daywesternEurasian
populations in place of MA-1. Consistent with this, D-statistic tests
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Figure 1 | Sample locations and MA-1 genetic affinities. a, Geographical
locations ofMal’ta andAfontovaGora-2 in south-central Siberia. For reference,
Palaeolithic sites with individuals belonging to mtDNA haplogroup U are
shown (red and black triangles): 1, Oberkassel; 2, Hohle Fels; 3, Dolni
Vestonice; 4, Kostenki-14. A Palaeolithic site with an individual belonging to
mtDNA haplogroup B is represented by the square: 5, Tianyuan Cave. Notable
Palaeolithic sites with Venus figurines are marked by brown circles: 6, Laussel;
7, Lespugue; 8, Grimaldi; 9, Willendorf; 10, Gargarino. Other notable
Palaeolithic sites are shown by grey circles: 11, Sungir; 12, Yana RHS. b, PCA
(PC1 versus PC2) of MA-1 and worldwide human populations for which
genomic tracts from recent European admixture in American and Siberian
populations have been excluded19. c, Heat map of the statistic f3(Yoruba;
MA-1,X) whereX is one of 147 worldwide non-African populations (standard
errors shown in Supplementary Fig. 21). The graded heat key represents the
magnitude of the computed f3 statistics.
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Heutige Verteilung der Mt.- und Y-Haplogruppen von Mal’ta

Überspringe Neolithikum

Ra14
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Hauptkomponentenanalyse des heutigen europäischen Genpools

Ca96
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Nicht-paläolithischer Anteil im heutigen Y-Genpool

Ch02
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Heutige Verteilung neolithischer mtDNA-Haplogruppen

Genetischer Abstand zwischen 55 heutigen Bevölkerungen und
(links) allen 42 neolithischen Proben bzw.
(rechts) den 21 vom Gräberfeld Derenburg, Sachsen-Anhalt [Ha10].

Ha10
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Das Fehlen der Haplogruppe U im frühen Neolithikum

1, Ostorf; 2, Bad Dürrenberg; 3, Falkensteiner Höhle; 4, Hohler Fels; 5, Hoh-
lenstein-Stadel; 6, Donkalnis; 7, Spiginas; 8, Dudka; 9, Kretuonas; 10, Drest-
wo; 11, Chekalino; 12, Lebyazhinka;
13, Unseburg; 14, Unterwiederstedt; 15, Derenburg/Meerenstieg; 16, Eilsle-
ben; 17, Halberstadt; 18, Seehausen; 19, Flomborn; 20, Vaihingen an der Enz;
21, Schwetzingen; 22, Asparn/Schletz; 23, Ecsegfalva. [Br09].

Br09



Grundlagen Amerika Neolithikum Schweine Lactoseintoleranz Denisova

Wahrscheinlichkeit der gefundenen Daten ohne Zuwanderung

a) Jäger-Sammler gegen
Linearbandkeramiker
b) Jäger-Sammler gegen
heutige Bevölkerung
c) Linearbandkeramiker
gegen heutige Bevölkerung

Die heutige effektive weib-
liche Bevölkerungsgröße
in Europa beträgt ca. 12
Millionen [Br09].

1000 23000 45000 67000 89000

1
0

1
1

1
0

2
2

1
0

3
3

1
0

4
4

1
0

A

Ne at onset of LBK 7,500 BP

N
e
 a

t 
c
o

lo
n

iz
a

ti
o

n
 o

f 
E

u
ro

p
e

 4
5

,0
0

0
 B

P
1000 23000 45000 67000 89000

1
0

1
1

1
0

2
2

1
0

3
3

1
0

4
4

1
0

B

Ne at onset of LBK 7,500 BP

N
e
 a

t 
c
o

lo
n

iz
a

ti
o

n
 o

f 
E

u
ro

p
e

 4
5

,0
0

0
 B

P
1000 23000 45000 67000 89000

1
0

1
1

1
0

2
2

1
0

3
3

1
0

4
4

1
0

C

Ne at onset of LBK 7,500 BP

N
e
 a

t 
c
o

lo
n

iz
a

ti
o

n
 o

f 
E

u
ro

p
e

 4
5

,0
0

0
 B

P

0.00

0.01

0.02

0.03

0.04

0.05

Probability of obtaining 
FST value greater

than that observed

Br09



Grundlagen Amerika Neolithikum Schweine Lactoseintoleranz Denisova

364 neue mtDNA-Profile aus Sachsen-Anhalt

Germany
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Fig. S1. Map of investigated sites in the Mittelelbe-Saale region
The Mittelelbe-Saale region is located in southern Saxony-Anhalt, Germany. This study includes 433 
individuals from 25 sites (1-25) ascribed to nine distinct archaeological cultures. Osterwieck (1), 
Derenburg-Meerenstieg II (2), Halberstadt-Sonntagsfeld (3), Benzingerode I (4), Benzingerode-
Heimburg (5), Quedlinburg VII (6), Quedlinburg VIII (7), Quedlinburg IX (8), Quedlinburg XII (9), 
Quedlinburg XIV (10), Oberwiederstedt (11), Oberwiederstedt 2 (12), Oberwiederstedt 3 (13), Ober-
wiederstedt 4 (14), Plötzkau 3 (15), Leau 2 (16), Salzmünde-Schiepzig (17), Halle-Queis (18), 
Rothenschirmbach (19), Alberstedt (20), Esperstedt (21), Karsdorf (22), Eulau (23), Röcken 2 (24), 
Naumburg (25). The symbols and color shadings of the archaeological cultures indicate their associa-
tion to Neolithic/Early Bronze Age phases. Multiphase sites are indicated by several shadings. 
Further information of the cultures and sites investigated are listed in Table S1 and S2.
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from the Palaeolithic until today provides a de-
tailed record of Neolithic cultures, including those
with expansive European importance, such as the
Linear Pottery (LBK), Funnel Beaker (FBC),

Corded Ware (CWC), and Bell-Beaker cultures
(BBC) (fig. S2) (1–4, 13). We genotyped the
hypervariable segment I and II of the control re-
gion and 22 single-nucleotide coding region poly-
morphisms from 364 individuals (tables S2 and
S3) (13), allowing unambiguous haplogroup as-
signment, in order to characterize changes in the
mitochondrial DNA (mtDNA) variability of the
Mittelelbe-Saale cultures. To examine genetic af-
finities of the investigated cultures to prehistoric and
modern-day populations,we used 198mtDNAdata
from publishedMesolithic, Neolithic, and Bronze
Age specimens acrosswestern Eurasia (Fig. 1B and
table S4) (13) and a database of 67,996 sequences
from present-day Eurasian populations (13). We
animated our results to illustrate the observed changes
in space and time (movie S1).

In order to detect patterns of continuity or
discontinuity among and between the archae-
ological cultures, we conducted a cluster analysis

(Fig. 2A and table S5) based on haplogroup fre-
quencies and used sequence data to perform a
genetic distance analysis (Fst) (Fig. 2, B and C,
and table S6) and analyses of molecular variance
(AMOVA) (table S7) (13).We performed aMantel
test to examine whether the genetic distances
correlate with the temporal distances between
the ancient cultures, as expected from genetic
drift affecting small populations. However, the
Mantel test shows no strong correlation with time
(Pearson’s coefficient r = 0.3923, P = 0.0591),
suggesting more sudden and marked fluctuations
in genetic composition.We also developed a test
for population continuity (TPC) (Fig. 2D and
table S8) to further evaluate whether changes in
haplogroup frequencies and composition could
be explained by genetic drift or are likely due to
other factors such as introgression via migration
(introducing new haplogroups) or replacement
(13). Our detailed transect through time reveals
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Fig. 1. Location of Mittelelbe-Saale and prehistoric comparative data,
as well as PCA andWard clustering. (A) The locations of study sites in the
Mittelelbe-Saale region in Saxony-Anhalt, Germany, of the Early Neolithic (LBK;
RSC, Rössen culture; and SCG, Schöningen group), Middle Neolithic (BAC,
Baalberge culture), SMC, Salzmünde culture; and BEC), Late Neolithic (CWC
and BBC), and Early Bronze Age (UC, Unetice culture) cultures. (B) The lo-
cations of published data from 11 Mesolithic (HGC, hunter-gatherer Central
Europe; HGS, hunter-gatherer South Europe; HGE, hunter-gatherer East Europe;
and PWC, Pitted Ware culture), Neolithic [CAR, (Epi)Cardial; NPO, Neolithic
Portugal, NBQ, Neolithic Basque Country and Navarre; FBC; TRE, Treilles cul-
ture], and Bronze Age [BAS, Bronze Age Siberia; BAK, Bronze Age Kazakhstan

(not shown)] populations. Symbols indicate populations from Central Europe
(squares and diamonds), southern Scandinavia (circles), the Iberian Peninsula
(triangles), and East Europe/Asia (stars). Color shading of data points denote to
hunter-gatherer (gray), Early Neolithic (brown), Middle Neolithic (orange), and
Late Neolithic/EBA (yellow) samples [for further information see (13), figs. S1
and S2, and tables S1 to S4]. The haplogroup frequencies of these populations
(table S9) were used to perform PCA (C) and Ward clustering (D). The first two
principal components of the PCA display 32.8% of the total genetic varia-
tion. We superimposed each haplogroup as component loading vectors (gray),
proportionally to their contribution. P values of the clusters are given in per-
cent of reproduced clusters based on 10,000 bootstrap replicates.
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Fig. S3. Chronological profiles of haplogroup frequencies 
Haplogroup frequencies of 20 sub-groups of hunter-gatherers from Central Europe (HGC), the Mittelelbe-Saale cultures (LBK, RSC, SCG, BAC, SMC, 
BEC, CWC, BEC, UC), and a Central European metapopulation (CEM) were plotted in chronological order. The shading denotes characteristic hunter-
gatherer (grey), Early/Middle Neolithic (brown), and Late Neolithic/Early Bronze Age (yellow) haplogroups as identified by PCA. Haplogroups that 
could not assign to one of these periods were defined as other (white). Error bars of haplogroup frequencies indicate 95% confidence intervals of 10,000 
bootstrap replicates. See Tables S2, S4, and S5 for further details.
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Fig. S10. Summary of population dynamic events during the Neolithic period in Europe
The summary maps illustrate the population dynamic events (A-D) during the three phases of the Neolithic 
period until the Early Bronze Age: Early Neolithic (A), Middle Neolithic (B), and Late Neolithic/Early Bronze 
Age (C). Different shadings and patterns denote the geographic distributions of the nine Neolithic cultures under 
study (plain) and other contextually important cultures (striped). The dates for each culture concern their distribu-
tion across Europe and in Mittelelbe-Saale according to the chronology of Central Germany (*). White arrows 
display hypothesised geographic expansions and their associated haplogroups according to the events A-D. The 
mtDNA variability of indigenous hunter-gatherer populations (HG) is mentioned in the respective regions (A).
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display hypothesised geographic expansions and their associated haplogroups according to the events A-D. The 
mtDNA variability of indigenous hunter-gatherer populations (HG) is mentioned in the respective regions (A).
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Im Osten ist es anders

logically based studies, which have high-

lighted the distinctiveness of the Southeast

Asian forms (Sus scrofa vittatus) in particular

(16). Interestingly, fewer than 2% of wild

boar specimens (13) violate the otherwise

consistent correlation between phylogeny

and geography, and these are likely the result

of past, human-mediated introgression and/

or dispersal. This strong phylogeographic

structure provides an opportunity to trace

the geographic origins of domestic pig

lineages.

Modern domestic European pig breeds fall

within the general European cluster (exclud-

ing recently Bimproved[ breeds known to

have been crossbred with Asian varieties over

the past 200 years) and lack any affinity with

wild boar lineages present in the Middle East

(Fig. 1). The complete lack of Turkish,

Armenian, or Iranian signatures within mod-

ern European breeds implies that, even if

domesticated Near Eastern pigs entered cen-

tral Europe with early Near Eastern farmers,

those lineages have left no descendants

among modern European domestic pigs.

Network analysis (Fig. 2) provides further

resolution of the closely related European

haplotypes and reveals two core lineages

(AþC), separated by a transversion, each of

which is surrounded by a starlike pattern

consistent with a recent population expansion,

analogous to that seen in cattle (8). Statistical

analyses (Fu and Li_s F and Tajima_s D) were

consistent with a population expansion for

both wild and domestic pigs in Europe and

Asia, although statistical significance was

only reached for Fu and Li_s F in the

domestic populations (13). Unlike cattle,

however, the two core pig haplotypes are

only present in Europe (or European-derived

populations), which indicates the independent

domestication of at least two European wild

boar lineages, although the intermingling of

wild boar and domestic pig sequences

throughout the network suggests that numer-

ous additional wild boar lineages may also

have been domesticated. The only region in

which both core haplotypes are indigenous is

Germany, which suggests that central Europe

may have been a center for early European

pig domestication. It is noteworthy that only

two of the haplotypes on the network are

found within both wild boar and domestic

pigs; this indicates that the wild boar sampled

F i g . 1 . Bayes ian
(MCMC) consensus tree
of 122 Sus mtDNA con-
trol region haplotypes
rooted by a common
warthog (Phacochoerus
aethiopicus). A total of
14 clusters (represented
by a specific color and
corresponding region
on the Eurasian map)
are contained within
four major clades on
the tree (1 to 4). Tips
associated with the is-
land of Sulawesi repre-
sent the native wild
boar Sus celebensis.
All other tips represent
wild Sus scrofa unless
indicated by the fol-
lowing two-letter codes:
sb, Sus barbatus; sv, Sus
verrucosus. D1 to D6
represent suggested
centers of domestication.
D1 to D3 indicate areas
where native wild boar
have haplotypes identical
to those of domestic
pigs from the same re-
gion. Additional details
are given in fig. S1.
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Gräberfelder der 10 beprobten Individuen

Results
We selected bone samples that showed excellent biomolecular
preservation. This characteristic was additionally shown by the
reproducible amplification of animal DNA from the same and
from neighboring archaeological sites (Szarvas, Albertfalva,
Szegvár-Tüzköves, and Derenburg; no animal bones were avail-
able from the Baltic sites). Further, all samples typed for the
�13.910-C/T polymorphism had previously yielded reproducible
mitochondrial DNA (J.B., W.H., and B.B. unpublished data and
ref. 32) and short tandem repeat (STR) data. The STR profiles
of the 10 individuals are shown in supporting information (SI)
Table 2. mtDNA haplotypes are shown in Table 1. In accordance
with previous studies (33, 34), STR-allelic dropout in heterozy-
gous individuals was observed at a rate of 10%. Locus dropout
happened in 24% of PCRs as measured by using the STR Profiler
multiplex assay. Because of the high number of repeated typings,

allelic and locus dropout did not influence the final consensus
genotype determination (33, 35).

�13.910-C/T genotypes were considered reliable when results
were reproduced from at least two extractions and two inde-
pendent PCRs in combination with negative controls. We ob-
tained genotypes from eight Neolithic skeletons of central,
northeast, and southeast Europe ranging in age between 5800
and 5000 B.C. (Table 1). One Mesolithic sample typed is
absolutely younger [2267 � 116 calibrated date (cal) B.C.]
Additionally, we typed one Medieval skeleton as a control. We
identified 9 of 10 individuals as homozygous C at position
�13.910; all were Mesolithic and Neolithic samples. The one
Medieval individual was heterozygous for the �13.910-C/T
polymorphism. This was the only heterozygous individual, and it
never showed allelic dropout. In addition, we typed the �22.018-
A/G polymorphism at position 18524 in intron 9 of the MCM6
gene, which is also associated with LP, although the correlation

Fig. 1. Locations of archaeological sites.

Table 1. Samples, culture, archaeological or radiocarbon dating, lactase genotype, and mtDNA haplotype

Sample Culture Archaeological or radiocarbon dating

MCM6 genotype CRS mtDNA 16209–16303
variable positions

(�16,000)Intron 13 Intron 9

ELT 2 Merovingian A.D. 400–600 Y A C294T
DEB 1 Neolithic Linear Pottery 5500–5000 B.C. C G C223T, C248T
DEB 3 Neolithic Linear Pottery 5500–5000 B.C. C G C223T, C248T
DEB 4 Neolithic Linear Pottery 5500–5000 B.C. C G CRS
SZA23.1 Neolithic Körös 5840–5630 B.C. (OxA-9375) human rib, grave 1 C G C223T, C257A, C261T
SZA23.2 Neolithic Körös 5840–5630 B.C. (OxA-9375) human rib, grave 1 C G C223T
SZA23.3 Neolithic Körös 5840–5630 B.C. (OxA-9375) human rib, grave 1 C G CRS
KRE 1 Middle Neolithic Narva 5350 � 130 B.C. (OxA-5935) C G C270T
KRE 2 Middle Neolithic Narva 5580 � 65 B.C. (OxA-5926) C G C270T
DR 2 Mesolithic Zedmar 2267 � 116 cal. B.C. C G C256T, C270T

The samples are described in SI Table 3. CRS, Cambridge reference sequence.

Burger et al. PNAS � March 6, 2007 � vol. 104 � no. 10 � 3737
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Der Femur aus der Sima de los Huesos

LETTER
doi:10.1038/nature12788

Amitochondrial genome sequence of a hominin from
Sima de los Huesos
Matthias Meyer1, Qiaomei Fu1,2, Ayinuer Aximu-Petri1, Isabelle Glocke1, Birgit Nickel1, Juan-Luis Arsuaga3,4, IgnacioMartı́nez3,5,
Ana Gracia3,5, José Marı́a Bermúdez de Castro6, Eudald Carbonell7,8 & Svante Pääbo1

Excavations of a complex of caves in the Sierra de Atapuerca in
northern Spain have unearthed hominin fossils that range in age
from the early Pleistocene to the Holocene1. One of these sites, the
‘Sima de los Huesos’ (‘pit of bones’), has yielded the world’s largest
assemblage of Middle Pleistocene hominin fossils2,3, consisting of
at least 28 individuals4 dated to over 300,000 years ago5. The skel-
etal remains share a number of morphological features with fossils
classifiedasHomoheidelbergensisandalsodisplaydistinctNeanderthal-
derived traits6–8. Here we determine an almost complete mitochon-
drial genome sequence of a hominin from Sima de los Huesos and
show that it is closely related to the lineage leading tomitochondrial
genomes of Denisovans9,10, an eastern Eurasian sister group to
Neanderthals. Our results pave the way for DNA research on homi-
nins from the Middle Pleistocene.
The Sima de los Huesos site (see Fig. 1 for a map) is located at the

foot of a 13m vertical shaft, about 30m below the surface and 500m
from the closest current entrance to the karst system11. Humidity at the
site is close to saturation, temperature in the cave is constant around
10.6 uC and the fossils have been protected from major disturbances
since deposition12. The Sima de los Huesos is also noteworthy because
it has provided unique evidence of long-term DNA survival. DNA
preservation in the site was first proposed based on enzymatic amp-
lification of a few shortmitochondrial DNA (mtDNA) fragments from
Middle Pleistocene cave bear remains13. Recently, improvements in
DNA extraction14 and library preparation10 techniques for highly
degraded ancient DNA have enabled the retrieval of a complete mito-
chondrial genome of a cave bear (Ursus deningeri) found with the
hominin remains in the cave14. DNA preservation for hundreds of
thousands of years has otherwise been documented only under perma-
frost conditions15,16.

To investigate whether DNA may also be preserved in the hominin
remains, we obtained several samples of bone, totalling 1.95 g, by
drilling holes into the breaks of a femur (Femur XIII, ref. 17) excavated
in three parts, one in 1994 and the other two in 1999 (Fig. 2). DNAwas
isolated using a recently published silica-basedmethod14 and converted
into 77 libraries for sequencing10,18 (ExtendedData Table 1). Following
library amplification, we first characterized a subset of the libraries by
shallow shotgun sequencing on Illumina’s MiSeq platform (Extended
Data Fig. 1).Overlapping paired-end readsweremerged to reconstruct
full-length molecule sequences and mapped against the human gen-
ome using Burrows–Wheeler alignment (BWA)19. For most libraries,
fewer than 0.1% of the sequences could be confidently aligned to the
human genome (Extended Data Table 2), but 21 libraries yielded pro-
portions of aligned sequences that were high enough (between 0.1%
and8.4%) to investigate the frequencies ofC toTsubstitutions at sequence
ends, which are increased in authentic ancient DNAdue to accelerated
cytosine deamination in single-stranded overhangs20–22. However, in
no case did C to T substitution frequencies exceed 3% at 59 ends and
6% at 39 ends (Extended Data Table 2), indicating that those libraries
that are rich in human DNA are dominated by present-day human
contamination.
We next enriched all libraries for mtDNA, using a probe set based

on a present-day human sequence. An initial inspection of the isolated
sequences revealed the closest similarities to themtDNAof aDenisovan,
an extinct archaic group related to Neanderthals9. Therefore, the lib-
raries were additionally enriched with probes based on the Denisovan
mtDNA23. Sequencing was performed on Illumina’s HiSeq 2500 plat-
form from both ends, and overlapping reads were merged and aligned
to the human reference mtDNA. Sequences with identical start and
end coordinates, which often represent amplification products of the
same startingmolecules, were fused to create consensus sequences, and
sequences shorter than 30 base pairs (bp)were discarded. The enriched
libraries yielded a sufficient number of mitochondrial sequences to
estimate the frequencies of C to T substitutions. These varied widely
among the libraries, ranging from1% to 45%at 59 ends, and from2% to
47%at 39 ends (ExtendedDataTable 1). In agreementwith the shotgun

1Department of Evolutionary Genetics, Max Planck Institute for Evolutionary Anthropology, Deutscher Platz 6, 04103 Leipzig, Germany. 2Key Laboratory of Vertebrate Evolution and Human Origins of
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Figure 1 | Location of the Middle Pleistocene site of Sima de los Huesos
(yellow) as well as Late Pleistocene sites that have yielded Neanderthal DNA
(red) and Denisovan DNA (blue).

Figure 2 | Femur XIII reassembled from three parts after sampling. The
natural fractures are visible in the proximal third of the femur.
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Die mitochondriale Verwandtschaft

sequencing results, the libraries yielding the largest number of mito-
chondrial sequences exhibited very low terminal C to T substitution
frequencies (#3% and# 6% at 59 and 39 ends, respectively; Extended
Data Fig. 2) indicating that they are dominated by present-day human
contamination. Libraries showing C to T substitution frequencies of
less than 5% at either end were considered to be too contaminated and
therefore disregarded in subsequent analyses.
Variation in C to T substitution frequencies among libraries suggest

that two populations of sequences are present in the data, an endo-
genous population strongly affected by cytosine deamination and a
contaminating population showing much less deamination. To test if
this is the case, we determined the 59 C to T substitution frequencies
for sequences showing a 39 C to T difference to the reference and vice
versa, thereby enriching for putatively endogenous DNA. C to T sub-
stitution frequencies indeed increased to 55% at 59 ends and 62% at 39
ends, numbers that are close to those determined for the U. deningeri
sample from Simade losHuesos14 (Fig. 3a). Furthermore, stratification
of the deamination signal by fragment length shows that the endogen-
ous DNA is primarily present among sequences that are shorter than
45 bp, again in agreement with the situation in theU. deningeri sample
(Fig. 3b and Extended Data Fig. 3). Based on these results, we removed
sequences longer than 45 bp and those that do not carry a terminal C
to T substitution on either the 59 or 39 end (Extended Data Table 3). In
addition, we applied a mapping quality filter to ensure unique place-
ment of the sequences within the mtDNA genome and readjusted the
alignment parameters to tolerate up to five C to T differences but no
more than two other differences to the reference mtDNA sequence to
discriminate against spurious alignments. Finally, T bases at the first
and last three positions of each sequence were masked to reduce the
impact of deamination-induced substitutions during consensus calling.
We first called consensus bases for 15,181 positions of the mito-

chondrial genome that were covered by 5 or more sequences of which
at least 80% agreed. Average coverage across these positions was 21.8.
However, such strict filtering increases the risk of ascertainment bias
because residual modern human contamination as well as capture and
mapping biases may lead to the exclusion of positions where the Sima
de losHuesos specimendiffers from theprobes or the reference sequence.
We therefore built a second more inclusive consensus by considering
the three terminal positions while selecting sequences with C to T
substitution and lowering the requirements for coverage and consensus
agreement to 3 and.67%, respectively. This consensus encompasses
16,302 positions or,98% of the humanmitochondrial reference gen-
ome, with an average coverage of 31.6 (Extended Data Fig. 4). Third,
to evaluate whether the use of Denisovan capture probes influence the
results, we built a consensus using the strictest filtering criteria described

above, but including only sequences isolated with present-day human
mtDNA probes (Extended Data Fig. 5).
We reconstructed phylogenetic trees in a Bayesian statistical frame-

work24using the three Sima de losHuesos consensusmtDNA sequences
aswell as themtDNAsof present-day and ancient humans,Neanderthals,
Denisovans, chimpanzees andbonobos.All three trees support a topology
in which the Sima de los Huesos mtDNA shares a common ancestor
with Denisovan mtDNAs to the exclusion of the other mtDNAs ana-
lysed with maximum posterior probability (Fig. 4 and Extended Data
Fig. 6). As expected owing to its age, the branch leading to the Sima de
los Huesos mtDNA is shorter than those leading to any of the other
archaic or present-day humans.Using 13 directly dated ancientmtDNA
sequences for calibration25 and the three consensus sequences, we esti-
mated the age of the Sima de los Huesos specimen based on the length
of its mtDNA branch (Table 1). These dates vary between 0.15 to
0.64million years with point estimates close to 400,000 years. This is
in striking agreement with the point estimate of 409,000 years for the
U. deningerimtDNA14. We similarly estimated the divergence times of
themajormitochondrial lineages (Table 1 and ExtendedData Table 4)
and find that the estimates for the divergence of the mtDNAs of the
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Figure 3 | Patterns of cytosine deamination in the libraries constructed
from the Sima de los Huesos hominin femur. a, C to T substitution
frequencies are shown for the terminal positions of the aligned sequences for all
sequences (black), those sequences carrying a C to T substitutions at their 59

ends (blue), at their 39 ends (red), and for all Sima de los Huesos cave bear
sequences from the U. deningeri sample9 (dotted line). b, C to T substitution
frequencies at the first and last base of sequences in different fragment
length bins.
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Figure 4 | Bayesian phylogenetic tree of hominin mitochondrial
relationships based on the Simade losHuesosmtDNAsequence determined
using the inclusive filtering criteria. All nodes connecting the denoted
hominin groups are supported with posterior probability of 1. The tree was
rooted using chimpanzee and bonobomtDNA genomes. The scale bar denotes
substitutions per site.
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