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Table 2

Control-Region Haplotypes of Ashkenazi Hg K
mtDNAs

The table is available in its entirety in the online
edition of The American Journal of Human Genetics.

Table 1

Control-Region Sequences and Hg Affiliation of
Ashkenazi mtDNAs

The table is available in its entirety in the online
edition of The American Journal of Human Genetics.

alleles during the rapid population expansion that fol-
lowed the founding event (Diamond 1994; Risch et al.
1995; Ostrer 2001). The published genetic data address-
ing the question of a founding event in the maternal
history of Ashkenazi Jews (Torroni et al. 1996; Thomas
et al. 2002; Behar et al. 2004) are partially discordant,
with some studies detecting a strong founder event (Tor-
roni et al. 1996; Behar et al. 2004) and others reaching
the conclusion that there is little evidence for such an
event (Thomas et al. 2002). In particular, our recent
analysis of HVS-I sequences (Behar et al. 2004), ex-
tended herein to a larger fraction of the control-region
(16024–00300) variation in Ashkenazi Jews, has yielded
a broad range of Hgs well known to be prevalent and
shared between Europe and the Near East and, therefore,
not informative in determining the geographic origin of
the population ancestral to contemporary Ashkenazi
Jews (tables 1 and 2). Despite the presence of the entire
range of west Eurasian Hgs in the Ashkenazi mtDNA
pool, Hg frequencies clearly deviated from those re-
ported elsewhere for west Eurasian populations. This
deviation was due to a striking overrepresentation of
Hgs K and N1b. However, since common Hgs cover
large geographic areas and comprise numerous lineages
that usually coalesced tens of thousands of years ago,
monitoring their general frequencies does not effectively
allow determination of the real number of ancestral ma-
ternal lineages that gave rise to the present-day diversity
in a population. Therefore, although in previous studies
the elevated frequencies of mtDNA Hgs K and N1b in
Ashkenazi Jews suggested a maternal founding event
(Torroni et al. 1996; Behar et al. 2004), the number of
lineages within these Hgs, their putative origin, and their
level of restriction to Ashkenazi Jews remain to be re-
solved. To this end, in the current study, using complete
mtDNA sequence analysis, we identified the founding
lineages of Ashkenazi Hgs K and N1b and contrasted
their variation against a global set of mtDNAs belonging
to the same Hgs. On the basis of these data, we infer
the actual number, as well as the temporal and geo-
graphic origin, of these maternal founders.

We initially generated a maximum parsimony tree of
121 complete mtDNA sequences belonging to Hg K. The
tree encompassed 28 novel and 93 previously reported
mtDNAs (fig. 1 and table 3). The sequencing procedure
and phylogeny construction were performed as de-
scribed in appendix A. Of the 28 novel samples, 13 were

from Ashkenazi Jews, and 15 were selected from non-
Ashkenazi Jews and non-Jewish Near Eastern popula-
tions. Samples for complete mtDNA sequencing were
chosen to include the widest possible range of Hg K
internal variation, on the basis of sequence analysis of
the mtDNA control region. Figure 1 shows that Hg K
splits at its root into two primary branches, K1 and K2.
All 789 Hg K mtDNAs reported herein (table 4) were
designated as either “K1” or “K2” (89% and 11%, re-
spectively), revealing no additional branching at the root
of K. Subhaplogroup (subHg) K2 is subdivided into two
subsequent major branches labeled “K2a” and “K2b,”
whereas K1 splits into three branches—K1a, K1b, and
K1c—that are defined by positions 497, 5913, and
498del, respectively. All but one of the K1 mtDNAs re-
ported in this study belong to one of these three
branches. SubHg K1a encompassed most subbranches
and is also the dominant branch in our sample set, en-
compassing 80% of all Hg K mtDNAs. The 13 Ash-
kenazi complete mtDNAs clustered into three distinct
branches in the phylogeny: K1a1b1a, K1a9, and K2a2a
(fig. 1).

K1a1b1a is marked by two coding-region transitions,
10978 and 12954, and includes 14 of the 121 complete
sequences. Seven of these are reported for the first time
herein and are from Ashkenazi subjects, whereas the
other seven were reported elsewhere as forming a specific
cluster termed “K1a” (Herrnstadt et al. 2002). The eth-
nicities or religious affiliations of these seven subjects are
not available, but they were all collected in the United
States and shared the control-region mutations with the
Ashkenazi samples. Since the majority of contemporary
Ashkenazi Jews reside in the United States, it is possible
that this cluster represents a sample set of Ashkenazi
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Table 3

Source and Ethnic Origin of the 121 Complete
mtDNA Sequences

Samplea Source Population

D5939 Present article Algerian Jew
D1123 Present article Ashkenazi Jew
D1139 Present article Ashkenazi Jew
D1282 Present article Ashkenazi Jew
D1369 Present article Ashkenazi Jew
D1606 Present article Ashkenazi Jew
D1829 Present article Ashkenazi Jew
D4207 Present article Ashkenazi Jew
D4232 Present article Ashkenazi Jew
D4262 Present article Ashkenazi Jew
D4481 Present article Ashkenazi Jew
D4777 Present article Ashkenazi Jew
D5551 Present article Ashkenazi Jew
D5677 Present article Ashkenazi Jew
D5077 Present article Cherkes
D1311 Present article Druze
D1320 Present article Druze
D1626 Present article Druze
D1701 Present article Druze
D1520 Present article Moroccan Jew
D5908 Present article Moroccan Jew
D5257 Present article Palestinian
D1435 Present article Yemenite Jew
D1656 Present article Yemenite Jew
D4757 Present article Yemenite Jew
E1089 Present article Lebanese
E1221 Present article Saudi
E1365 Present article Syrian
A Achilli et al. 2005 Italian
H Herrnstadt et al. 2002 Unknown
F Finnila et al. 2001 Finnish
K Coble et al. 2004 Unknown
Ma Maca-Meyer et al. 2001 Iberian
Mi Mishmar et al. 2003 Unknown
P Palanichamy et al. 2004 Indian

a Serial numbers of mtDNAs from the literature
were not changed.

Figure 1 Most parsimonious tree of complete Hg K mtDNA sequences. The tree is rooted in Hg U* and includes 121 mtDNAs, of which
28 are novel and 93 were reported elsewhere (12 sequences from Finnila et al. [2001], 1 from Maca-Meyer et al. [2001], 47 from Herrnstadt
et al. [2002] [including the control-region information that was not reported], 1 from Mishmar et al. [2003], 28 from Coble et al. [2004], 2
from Palanichamy et al. [2004], and 2 from Achilli et al. [2005]). The genotyping information from Finnila et al. (2001) included herein corrects
several inaccuracies that were reported elsewhere for the control-region phylogeny. Mutations are shown on the branches and are transitions
unless the base change is explicitly indicated. Deletions are indicated by a “D” following the deleted nucleotide position. Insertions are indicated
by a dot followed by the number and type of inserted nucleotide(s). Underlined nucleotide positions occur at least twice in the tree. An asterisk
(*) at the end of a nucleotide position denotes a reversion. The information of the reported samples is presented in table 3. Samples in blue
are from Ashkenazi Jews. Nucleotide positions in red were assayed in the entire set of 789 mtDNAs belonging to K. To resolve three possible
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Table 4

Hg K Database

The table is available in its entirety in the online
edition of The American Journal of Human Genetics.

Table 5

Description of the Populations

The table is available in its entirety in the online
edition of The American Journal of Human Genetics.

is virtually absent in Europeans but appears at frequen-
cies of ∼3% or higher in those from Levant, Arabia, and
Egypt (Richards et al. 2003; Kivisild et al. 2004; un-
published results of Tartu and Haifa groups). This Hg
is defined by the transversion C16176G, relative to the
revised Cambridge Reference Sequence (rCRS) (Andrews
et al. 1999), and is reported in all non-Jewish Near East-
ern N1b mtDNAs. However, all but one of the Ashke-
nazi N1b mtDNAs were found to harbor a CrA trans-
version at nucleotide position 16176. To assess whether
this was another Ashkenazi founding lineage, we fol-
lowed the same approach applied to Hg K. We randomly
chose two mtDNAs for complete sequencing and iden-
tified several shared mutations that were absent in a
previously reported N1b complete sequence (Maca-
Meyer et al. 2001) (fig. 3). We then examined nucleotide
positions 11928 and 12092—sites of two of the private
mutations—in 82 N1b mtDNAs that were available to
us (table 7). Fifty-six of the 57 Ashkenazi Jews, the Span-
ish-exile Jews, and the Moroccan Jew, who shared
16176A, could be assigned to this same lineage. The
single Ashkenazi and all other mtDNAs with 16176G
did not harbor the mutations at 11928 and 12092. Cu-
riously, the 16176A transversion probably occurred
twice in the phylogeny of N1b. Indeed, we have found
lineages with 16176A in Slavic-speaking populations
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Table 6

SubHg Affiliation of the 789 mtDNAs Belonging to K

The table is available in its entirety in the online
edition of The American Journal of Human Genetics.

Table 7

N1b Haplotypes in Jews and Near Eastern Non-Jews

The table is available in its entirety in the online
edition of The American Journal of Human Genetics.

population in particular. Complete sequencing of Ash-
kenazi mtDNA genomes with the rCRS sequence motif
in their HVS-I region, as demonstrated for Hg K and
N1b in the current study, would be a straightforward
approach to reveal additional maternal founder lineages
among such mtDNAs.

The coalescence time for each of the four lineages was
calculated independently in two ways: from HVS-I and
from the entire coding-region sequence (table 8). When
we analyzed the coding-region data, we used only the
information obtained from the novel complete mtDNA
genomes in which Ashkenazi ancestry was firmly estab-
lished (table 1). Historical records suggest the establish-
ment of the Ashkenazi population during the 7th and
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Figure 2 The location of the three Ashkenazi lineages (light blue) belonging to Hg K in a global set of complete K sequences. For the
network construction, first, a topology network encompassing the 91 branches found in the total set of 121 complete K sequences was drawn
using the same principles described in figure 1. For simplicity, we used only one complete mtDNA sequence per node, and we indicate only
the coding-region nucleotide positions that are relevant in the context of the three Ashkenazi lineages K1a1b1a, K1a9, and K2a2a, with the
exception of positions 497, 498D, and 16524, which define K1a, K1c, and K1a9, respectively. Branch lengths were sometimes distorted to
increase legibility. Then, the topology network was compared with a second phylogenetic tree of the entire set of 789 K mtDNAs analyzed
hierarchically for the diagnostic mutations (red). All Jews of North African, Caucasian, Near Eastern, and Spanish-exile ancestry were aggregated
into the category of “non-Ashkenazi Jews.” Likewise, all non-Jewish samples from Anatolia, the Caucasus, central and southwestern Asia, and
the Near East were aggregated into the category of “West Asia.” Circle sizes are proportional to the haplotype frequency in the sample.

cause the fraction of the ancestral maternal deme rep-
resented by the four particular founding lineages that
we have identified cannot be determined. Third, the ef-
fects on the nuclear genome of the maternal founding
event, whose mtDNA population genetic imprint we
have observed, is influenced by other parameters, such
as admixture, recombination events, and paternal con-
tribution, that have occurred through the generations.
The quantitative contribution of each of these param-
eters is not known, and these are likely to result in a
different pattern for the nuclear genome, compared with
that of mtDNA. Nevertheless, the analysis of mtDNA
sequence variation enables the detailed and quantitative
elucidation of a maternal founder event, which cannot
be inferred from analysis of other genomic regions.

In conclusion, the present study highlights the im-
portance of a combined phylogenetic/phylogeographic
strategy that includes complete mtDNA sequence anal-
ysis to accurately portray maternal founding events and
to infer conclusions relevant to both shared ancestries
and population-level effects that shaped the mtDNA
gene pool in a given population. In the Ashkenazi Jews,
this approach enabled us to reconstruct a detailed phy-
logenetic tree for the major Ashkenazi Hgs K and N1b,
allowing the detection of a small set of only four indi-
vidual female ancestors, likely from a Hebrew/Levantine
mtDNA pool, whose descendants lived in Europe and
carried forward their particular mtDNA variants to
3,500,000 individuals in a time frame of !2 millennia.
This founding event(s), established here as a dominant
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evaluated a total of 11,452 samples from 67 populations
and identified 636 Hg K samples, 545 of which were
available for further genotyping. Table 5 details the total
number of samples available from each population, the
number of Hg K samples within each population, the
number of Hg K samples from each population that were
technically available for genotyping in this study, the
reporting laboratory, and the first study in which the
samples were reported (Bermisheva et al. 2002; Behar
et al. 2004; Pereira et al. 2004; Quintana-Murci et al.
2004). We then examined the same data set of Jewish
samples described above for the presence of Hg N1b
samples and identified a total of 57 and 11 Hg N1b
samples in Ashkenazi and non-Ashkenazi Jews, respec-
tively. We also reported the results of 14 Hg N1b samples
found in the same Druze, Palestinian, and Bedouin sam-
ples included in the sample set described above (table
5), and we compared the Ashkenazi N1b Hg mtDNAs
with the unpublished database of 8,644 Caucasian, Eu-
ropean, Near and Middle Eastern, and North African
subjects included in this study and available in Tartu
(table 5). All samples reported herein were derived from
blood, buccal swab, or blood cell samples that were
collected with informed consent, in accordance with pro-
cedures approved by institutional human subjects review
committees in their respective locations. All subjects re-
ported the birthplace of their mothers, grandmothers,
and, in most cases, great-grandmothers.

Control-Region Sequencing

Sequences of the control region were determined from
position 16024 to 00300, by use of the ABI Prism Dye
Terminator cycle-sequencing protocols developed by Ap-
plied Biosystems (Perkin-Elmer). Control-region sequence
data were used to define haplotypes within the Hgs. The
control-region information reported from Haifa and
Paris extends from 16024 to 00300. The control-region
information reported from Tartu spans from 16024 to
16400, corresponding to HVS-I. The control-region in-
formation reported from Pavia extends from 16024 to
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fusion and because this lineage was found to be highly
important in the current study, we specifically note that
we assigned to this lineage the more detailed designation
“K1a1b1a.”

Web Resources
Accession numbers and URLs for data presented herein are as
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