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et al. 1992). Studies of the paternally inherited Y chro-
mosome have indicated that Ashkenazic Jews, Sephar-
dic Jews, and Lebanese all have high frequencies of hap-
logroup J (as defined by the Y Chromosome Consor-
tium 2002), in contrast to the populations of central Eu-
rope (Ritte et al. 1993a; Santachiara-Benerecetti et al.
1993). Thomas et al. (1998) reported that a particular
microsatellite haplotype (the “Cohen modal haplotype,”
now known to be within haplogroup J) occurs at a high
frequency in priests of Jewish groups that had been ge-
ographically separated for a long period. This led them
to suggest that it could be a genetic signature of the
ancient Hebrew population. Subsequent analyses have
confirmed a substantial sharing of Y-chromosome hap-
lotypes among different Jewish communities and also be-
tween Jewish and non-Jewish Near Eastern populations
(Hammer et al. 2000; Nebel et al. 2000).

Previous low-resolution RFLP studies of the maternally
inherited mtDNA of Jews, using five or six restriction
enzymes, have also revealed patterns interpreted both in
terms of common origin and local admixture. Ritte et al.
(1993b) found that genetic distances among seven Jewish
communities and Israeli Arabs were comparable to those
found among five globally dispersed populations, with
Ethiopian Jews appearing more as an outgroup than Is-
raeli Arabs. Tikochinski et al. (1991) and Ritte et al.
(1992) found that genetic diversity within Jewish pop-
ulations was generally lower than in populations with a
geographically extensive distribution, such as whites,
Asians, Australians, and Africans, but was greater than
that found in geographically restricted populations such
as New Guineans, a pattern they attributed to an unu-
sually polymorphic ancestral Jewish population, a high
rate of growth in Jewish populations, or introgression
events from neighboring populations. Ritte et al. (1993a)
compared mtDNA and Y-chromosome haplotypes in six
Jewish communities and found consistently lower genetic
diversity in the mtDNA than in the Y-chromosome hap-
lotypes, although differences in mutational processes be-
tween these two marker systems make it very difficult to
ascribe such differences with certainty to demographic
effects.

Here we directly compare the paternal and maternal
genetic histories of Jewish populations through paired
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by the Ashkenazim. The Bukharan Jews were collected
in Uzbekistan, and the Bene Israel were collected in India
and lIsrael. The other Jewish groups were collected in
Israel. For the neighboring, non-Jewish host popula-
tions, samples were collected from self-identifying mem-
bers of the various populations in the countries and
regions indicated by their labels. Israeli Arabs/Palesti-
nians were also included to represent an extant popu-
lation living in the region to which Jews trace their or-
igin. Individuals, so far as is known, are unrelated to
the grandparent level. To obtain appropriate control
subjects, Indians were sampled from the Bombay region,
and Ethiopians were sampled among Amharic speakers.
All sample donors were adult males, and appropriate
informed consent was obtained in each case.

Y-chromosome markers typed include UEP mark-
ers 92R7, M9, M13, M17, M20, SRY 465, SRY 4064,
SRY 10831, sY81, and YAP, and microsatellite mark-
ers DYS19, DYS388, DYS390, DYS391, DYS392, and
DYS393. Typing protocols were as described by Thomas
et al. (1999). The data for Israeli Arabs/Palestinians are
as published elsewhere (Nebel et al. 2000).

Sequencing of mtDNA was performed using ABI
BigDye Terminator Cycle Sequencing kits, and reactions
were run on an ABI 3100 genetic analyzer using POP6
polymer and capillaries. Hypervariable segment 1 (HVS-
1) was amplified in 10-ul reaction volumes containing
0.35 uM of primers conL1-mod (TAA ACT AAT ACA
CCAGTCTTG TAA ACC) and conH1-mod (CCC TGA
AGT AGG AAC CAG ATG), 0.13 units Taq polymerase
(HT Biotech), 9.3 nM TagStart monoclonal antibody
(Clontech), 200 xM dNTPs and a buffer supplied with
the polymerase. Cycling parameters were as follows:
preincubation for 5 min at 95°C, followed by 37 cycles
of 1 min at 93°C, 1 min at 55°C, and 1 min at 72°C;
products were purified using MicroCLEAN (Microzone
Ltd.). Forward-strand sequencing was performed in 15-
ul reaction volumes using 1 ul BigDye termination mix,
5 ul Better Buffer (Microzone), and 0.16 uM primer
conL2 (CAC CAT TAG CAC CCA AAG CT). Reverse-
strand sequencing was performed on a subset of the sam-
ples, including all of those with the polycytosine tract at
nucleotide positions 16182-16193, as above, except the
reverse primer conH3 (CGG AGC GAG GAG AGT AGC)
was used. We sequenced a minimum of 332 bp (average
450 bp) from the mtDNA HVS-1 in samples from each
of the nine geographically isolated Jewish groups and
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Table 1

Y Chromosome Diversity within 18 Jewish and Non-Jewish Populations

JEwisH DATA SET
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Table 2

mtDNA Diversity within 18 Jewish and Non-Jewish Populations

JEwisH DATA SET HosT AND NON-JEwISH DATA SET

Population n h (SE) Population n h (SE) DIFFERENCE




Table 3
Frequently Encountered mtDNA Haplotypes

FREQUENCY AMONG"

AshJ MorJ Irg) IrnJ GeoJ BkhJ YemJ Eth) Ind) Ger Ber Syr Geo Ubk Yem Eth Hin IsrA

HSV-I SEQUENCE (SITES 16090-16365)* (78) (115) (56) (75) (70) (33) (65) (48) (75) (174) (60) (69) (105) (37) (56) (74) (41) (117)

10% frequency in =1 population:
CRS 90 270 18 80 29 61 O 0 80 6.9 117 101 95 54 71 O 6.8
343 2.6 9 179 0 0 0 0 0 0 1.1 17 O 0 0 0 0 0 0
126, 145, 222, 261 0 0 125 27 O 0 92 0 0 0 0 0 0 0 0 0 0 1.7
93, 126, 261 0 0 107 13 O 0 0 0 0 0 0 14 0 0 0 0 0 0
355 0 0 0 O 514 o0 0 0 0 0 0 29 10 O 0 0 0 0
145 0 9 0 O 100 O 0 0 0 0 0 0 0 0 0 0 0 0
126, 193, 278 0 0 0 13 0 152 0 0 0 6 17 O 0 0 0 0 0 0
184, 265T 2.6 0 0 O 0 152 0 0 0 0 0 0 0 0 0 0 0 0
129, 223 2.6 0 18 13 O 121 0 0 0 11 0 0 0 0 0 0 24 0
274 13 0 0 O 0 0 200 O 0 6 0 0 0 0 0 0 0 0
126, 304, 362 0 0 0 O 0 0 123 O 0 0 0 0 0 0 18 0 0 0
126, 305T, 362 0 0 0 O 0 0 0 125 0 0 0 0 0 0 0 14 0 0
166, 223, 311 0 0 0 O 0 0 0 0 413 O 0 0 0 0 0 0 0 0
223, 304 0 0 0 O 0 0 0 0 1107 O 0 0 0 0 0 0 73 0

Modal or joint modal, <10% frequency:
183C, 189, 249 0 0 0 93 o0 0 15 0 0 0 0 0 0 0 0 0 0 0
311 0 35 0 O 0 0 0 0 0 40 17 14 29 54 0 14 9
223, 227, 278, 362 0 0 0 O 0 0 0 0 0 0 0 0 0 54 0 0 0 0
111, 129, 223, 257A, 261 0 0 0 O 0 0 0 0 0 0 0 0 0 54 0 0 0 0
278, 362 0 0 0 O 0 0 0 0 0 0 0 0 0 0 0 41 0 0
126, 355, 362 0 0 0 O 0 0 15 0 0 0 0 14 10 O 18 41 0 9
126, 187, 189, 223, 264, 270, 278, 289, 293, 311 0 0 0 O 0 0 0 0 0 0 0 0 0 0 0 41 0 0

# HVS-1 nomenclature is described by Macaulay et al. (1999), except that 16,000 has been subtracted from all HVS-1 sequence mutation sites. CRS = matches Cambridge
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Table 4

Mean Fg; Values in mtDNA and Y Chromosome Data

COMPARISON MEAN PAIRWISE F¢; (SE) FOR

(No. oF PaIRs)* mtDNA Y DIFFERENCE
J-J (36) .090 (.0094) .040 (.0053) s

J-H (8) .047 (.0056) .032 (.0036) s

H-H (28) .005 (.0020) .032 (.0054) s
Difference S ns

NoTe.— s = all relevant comparisons of mean are significant
(P <.05); ns = not significant.

2 J-J = comparison among the nine Jewish data sets; J-H = com-
parison of Jewish and host data sets; and H-H = comparison among
the eight host data sets.

in the Jewish populations are generally rare in the non-
Jewish populations. The CRS, on the other hand, is too
ubiquitous to allow it to be pinpointed to anything other
than a general Eurasian origin.

For example, the most extreme founder effect is seen
in the Georgian Jews, of whom 51% possess the same
haplotype. The Georgian Jewish modal type is matched
by a single individual in the Georgian sample. However,
a search of the mtDNA database (Richards et al. 2000)
shows that it also occurs in Syria (2/69 individuals) and
Iraq (1/116). One directly derived type is present in two
Georgians, but derived types are also found in the North
Caucasus (2/208 individuals), Turkey (1/218), Armenia
(1/191), and Sicily (1/90). For the Georgian modal
haplotype, there is therefore no clear indication of
provenance, although an indigenous origin is certainly
possible, given the data.

In two cases, however, comparison with the published
data does provide some indication of the possible geo-
graphic origins of the modal types. The modal type in
the Bene Israel is a one-step mutational neighbor of a
haplotype present in the Indian sample, as well as being
a one-step neighbor of a type previously identified in
India (Kivisild et al. 1999a, 1999b). Similarly, the com-
monest type in the Ethiopian Jewish sample is also pres-
ent in the non-Jewish Ethiopian sample and occurs in
the worldwide mtDNA database only in Somalia (Wat-
son et al. 1997). Other high-frequency haplotypes in the
Ethiopian Jewish sample are also found almost entirely
in Africa (data not shown). The lack of an indication of
a Middle Eastern origin for these haplotypes, on the
basis of the Richards database, makes local recruitment
a more reasonable explanation in these two cases.

Discussion

The greatly reduced mtDNA diversity in the Jewish pop-
ulations in comparison with the host populations, to-
gether with the wide range of different modal haplotypes
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found in different communities, indicates female-specific
founding events in the Jewish populations. Although we
cannot be certain whether this occurred immediately af-
ter the establishment of the communities or over a longer
period of time, a simple explanation for the exceptional
pattern of mtDNA variation across Jewish populations
is that each of the different Jewish communities is com-
posed of descendants of a small group of maternal foun-
ders. After the establishment of these communities, in-
ward gene flow from the host populations must have
been very limited.

The differences among the Jewish populations in
mMtDNA haplogroup frequencies indicates that the Jew-
ish groups formed independently around (at least) eight
small, distinct nuclei of women. The severity of these
demographic events was sufficiently great to drive an
unusual pattern of geographic variation among the Jew-
ish populations. Although it has been commonly found
that Y-chromosome variation shows greater geographic
structure than the mtDNA (e.g., Seielstad et al 1998;
Wilson et al., 2001), this pattern is reversed in the Jew-
ish populations, which show greater differentiation for
the mtDNA than for the Y chromosome. Jewish pop-
ulations therefore appear to represent an example in
which cultural practice—in this case, female-defined
ethnicity—has had a pronounced effect on patterns of
genetic variation. An analogous example has recently
been reported by Oota et al. (2001), who showed that
matrilocal communities in northern Thailand have pat-
terns of mMtDNA and Y chromosome variation distinct
from nearby patrilocal communities.

The pattern in Ashkenazic Jews is of particular in-
terest. Despite the common opinion that this population
has undergone a strong founder event, it has a modal
haplotype with a frequency similar to that of its host

Table 5

Comparison of X Chromosome LD among Georgian Jews and non-
Jewish British Men

No. oF MARKER PAIRS
WITH A DisTANCE (IN MB) oF

ADDITIONAL
CONDITION * <.5 <1 <2 <5 <10
Overall No. 9 13 30 50 87
Georgian Jews:
P <.05 8 10 16 20 27
P <.01 2 4 8 10 12
P <.001 2 2 4 5 5
British men:
P <.05 3 3 4 4 4
P <.01 1 1 1 1 1
P <.001 1 1 1 1 1

# Overall No. = number of pairwise combinations among 34 X-
chromosome microsatellite markers that satisfy the distance condition.
An additional condition was applied according to the statistical signf-
icance of association within each population. P values were calculated
from an extension of Fisher’s exact test.
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