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Genetic analysis of idiopathic
torsion dystonia in Ashkenazi
Jews and their recent descent
from a small founder population

Neil Risch'?, Deborah de Leon?®, Laurie Ozelius*’, Patricia Kramer®, Laura Almasy?,
Burton Singer?®, Stanley Fahn®, Xandra Breakefield** & Susan Bressman®

We have examined data on six closely linked microsatellite loci on chromosome 9934
from 59 Ashkenazi Jewish families with idiopathic torsion dystonia (ITD). Our data show
that the vast majority (>90%) of early-onset ITD cases in the Ashkenazi population are
due to a single founder mutation, which we estimate first appeared approximately 350

years ago. We also show that carriers preferentially originate from the northern part of
the historic Jewish Pale of settlement (Lithuania and Byelorussia). The recent origin of
this dominant mutation and its current high frequency (between 1/6,000 and 1/2,000)
suggest that the Ashkenazi population descends from a limited group of founders, and
emphasize the importance of genetic drift in determining disease allele frequencies in

this population.

The Ashkenazi Jewish population is subject to a range of
genetic diseases unique to this population’. Undoubtedly,
thisisduetoits remarkable demographichistory, including
phenomenal expansions and contractions over the past
two millennia, as well as the general practice of endogamy.
The expansion of this population in Eastern Europe in the
sixteenth to nineteenth centuries probably has few parallels
in recent history. Rapid growth of a population from a
limited group of foundersis precisely the condition under
which one would expect to see unique genetic conditions
achieve high frequency by chance (genetic drift).
Nonetheless, the explanation for the high frequency of
genetic conditions, such as Tay Sachs disease, in the
Jewish population has been debated for decades with
some observers favoring heterozygote advantage?”, while
others favour drift*°.

Recent advances in molecular genetics now make
possible a reassessment of this issue. The discovery of
highly polymorphic markerloci, specifically short tandem
repeat polymorphisms (STRs) densely distributed
throughout the genome, affords the opportunity to
characterize the history ofa particular mutation. Here, we
perform such an analysis for one genetic disease found in
the Ashkenazi population at high frequency, idiopathic
torsion dystonia (ITD). ITD is a movement disorder
characterized by twisting movements or postures that
may affect any voluntary muscle group. Clinical variation
is extreme, ranging from generalized involvement of the
limbs and axial muscles, to focal involvement of a single
bodyregion. Age at onset also varies dramatically, ranging
from early childhood to the eighth decade!".

ITD has long been noted to occur at a higher frequency
in Ashkenazi Jews than either non-Ashkenazi Jews or

non-Jews'>3, We have noted that early onset (before age
28) appears to define a clinically homogeneous subset in
which there is onset in a limb and a tendency for the
disorder to generalize''. It is also this group that appears
to show a marked excess in Ashkenazim.

The mode of inheritance of ITD in Ashkenazim has
been controversial, with some observers arguing for
recessive inheritance'>'¢ and others for dominant
inheritance'?". In our studies, we clearly demonstrated
dominant inheritance, but with low (30%) penetrance;
that is, we estimated that only 30% of carriers of this
dominant gene are affected!*!%.

The dominant inheritance, but high frequency of this
disease in the Ashkenazi population led us to speculate
thatasingle founder mutation might underlie the majority
of ITD cases in the current Ashkenazi population®®. It was
possible to verify this prediction through linkage analysis,
once we determined that the gene for early onset ITD
(DYT1) is located on chromosome 9q34 (refs 19,20).
When looking for linkage disequilibrium with one of the
marker loci, ASS, we discovered very strong linkage
disequilibrium at a relatively large genetic distance (at
least a few centiMorgans)?'. This finding confirmed the
likely single mutational origin of most cases of early onset
ITD in the Ashkenazi population, and suggested a recent
origin for this mutation.

We have now expanded the number of Ashkenazi
families with ITD; in addition, we have added four
dinucleotide repeat polymorphisms recently mapped to
the 9q34 region? to the two (ASS,ABL) previously
analyzed. These advances enable us to calculate a date of
origin of the founder mutation for ITD in the Ashkenazim.
Purthermore, we also perform a geographic analysis of
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Table 1 Lod Scores between 934 Markers and DYT1

Loci
0 D9S62a/D9S62b/D9S63  ASS/ABL D9S64

0 9.06 4.70 -4.33
.01 8.82 5.86 . 2.81
.02 8.66 6.12 4.00
.03 8.53 6.27 4.60
.04 8.39 6.34 4.94
.05 8.26 6.35 5.16
.06 6.32 5.26
.07 6.26 5.32
.08 6.18 6.33
.09 5.31
10 5.26

our oldest carriers to determine a likely location of origin
of this mutation, and an epidemiologic analysis to
determine the prevalence of the mutation in the current
Ashkenazi population. These results suggest that
previously reported prevalence rates are severely
underestimated. Finally, we discuss the ramifications of
our findings for the recent history of the Ashkenazi
population. The dominant nature of this disease mutation,
arare phenomenon among Jewish genetic diseases, allows
us to determine more directly the effect of genetic drift
without the possible complication of heterozygote
advantage attendant to recessive diseases.

Linkage analysis between DYT1 and 9q34 markers

In our previous analysis, we obtained a maximum lod
score with ASS of 3.49 at a recombination fraction of 0.03.
In our new analysis, the maximum lod score with ASS/
ABL (haplotype) was 6.35 at a recombination fraction of

0.048 (Table 1). A higher lod score of 9.06 at 8=0 was
obtained with the proximal three polymorphisms

(D9S62a, D9S62b, D9S63), indicating no crossovers. The
more distal locus, D9S64, gave a maximum lod score of
5.33 at 8=0.078. Because the three proximal markers are

essentially completely informative, multipoint analysis of
the 3 clusters of loci with disease gives a maximum lod of
9.0 with DYT1 located at the proximal three loci.

Linkage disequilibrium at DYT1

Allele frequencies on disease-bearing (D, n=36) and
control (N, n=306) Ashkenazi chromosomes for the six
microsatellite loci D9S62a, D9S62b, D9563, ASS, ABLand
D9S64 are given in Table 2. Results of x tests are given in
Table 3. As we reported?, there is a striking excess in the
frequency of the ‘12’ allele at ASSon DYTI chromosomes
versus controls. We also reported” an excess of the ‘4’
allele at ABL, although this is also the most common in

. controls.

We now confirm this excess, and present results for
four new microsatellites. For D9562a, the ‘2 allele is the.
most common on ITD chromosomes. For D9S62b, the ‘8’

“alleleis found most often on disease chromosomes. D9S63

reveals a high frequency of the ‘16’ allele on ITD
chromosomes, while locus ' D9564 displays associations
with two different alleles, 2" and °10°. The most likely

“explanation for association with two alleles at thislocus is

an early recombination event, perhaps in the first
generation after the occurrence of the mutation. An early
mutation at this marker locus is also a possibility, but
given that the recombination fraction from this locus to
DYT1 is about 4%, recombination seems more likely.

The values of the linkage disequilibrium parameter 8
for the six loci are given in Table 3. 8 is highest for locus
D9563,and decreases slightly for the proximalloci, D9S62a
and D9S62b and distal loci ASS and ABL, and is lower for
D9S64. These results suggest that DYT1 lies very close to
locus D9S63, but cannot be further localized proximal or
distal to this locus.

Full haplotypesfor the 36 disease-bearing chromosomes
for all six marker loci are presented in Table 4. Of these, 33
carrya ‘16’ allele at D9S63. Only one of these does not also
carry a 2’ or ‘8’ allele at D9S62 a and b, or a ‘12’ allele at
ASS.Hence, 32/36=88.9% carryeithera2-8-16’ haplotype
at D9S62a,band D9S63, or a ‘16-12 haplotype at D9563—

Table 2 Allele frequencies for disease and normal chromosomes

Locus
D9S62a D9S62b D9S63 ASS ABL D9S64

Allele D N D N D N D N D N D N
-12 .027 .058
-10 .010

-8 .003

-4 .023

-2 .007

0 027 .039 .076 196 105

2 .861 .029 .046 .056 .021 139 .428 .029 278 .067
4 A1 .77 .027 .030 .039 .072 .889 .625

6 114 .083 .109 .056 .027 .086 .083 177 .027 .060
8 .046 .861 .135 .069 .027 .138 .057
10 027 .313 .023 .059 .004 .333 .057
12 .072 075 .806 .086 194 295
14 .043 190 .089 .004 411 .201
16 .049 917 .118 .039 027 174
18 .043 .027 .065 .003 .060
20 .033 .020 .020
22 .003 .023 .027 .007
24 .003 .007

30 .003
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Table 3 Linkage disequilibrium
between 9q34 markers and DYT? in
the Ashkenazi population

ASS, or both. The frequency of the ‘2-
8-16’ haplotype among control
chromosomes was 3/306=0.0098; no
cases of the ‘16-12° haplotype

5 occurred.

AF508 mutation in cystic fibrosis** and the gene for
diastrophic dysplasia in Finland®.

For this analysis, we use the 59 families from which the
haplotypes in Table 4 were derived. The last four
chromosomes listed in Table 4 contain no associated

2
Locus  Allele X Fortheremaining23 cases, wewere alleles, and we assume that these cases either represent a
D9S62a 2 208.3 857 able to phase their chromosomesinto  distinct DYT1 mutation or non-DYTI cases. The fifth
D9s62b 8 978  .839 haplotypes using other family from last chromosome contains only the ‘16’ allele at
D9s63 16 1220 .906 members, although we could not D9563,and we eliminate this family from analysis as well.
ASS 12 1184 787 determine which of the two To support this removal, we note that this family is also
ggés 4 g 12; 704 haplotypes contained the disease somewhat atypical clinically??. We assume that the
’ 556 mutation. Given the strong remaining 54 families carry the same original mutation.
10 27.9 association with four of the markers We analyze these remaining 54 families in three ways: (i)
(D9S62a and b, D9S63 and ASS), we by including only a single individual from each family
were able to determine “probable”  (probands, n=54); (ii) byincludingall affected individuals
haplotype carrier status for most of these individuals. from these families (n=96); (iii) by including all affected
In 22 cases, one of the haplotypes carried either the 2-  individuals plus all unaffected individuals who are known
8-16’ combination or the ‘16-12’ combination, or to carry the DYTIY mutation by inheritance (n=180).
both. The posterior probability that these “associated”  Analyses (2) and (3) are likely to be more accurate due to
haplotypes carry the disease mutation (see the inclusion of a larger number of subjects and the
Methodology) was in each case at least 99%. For the allowance for known recombination events within the
onecase withnoassociated allelesevident foranyoftheloci, families. For example, among the 36 multiplex families,
we arbitrarily selected one of the two chromosomes at weobserved five recombinations on disease chromosomes:
random. These 23 cases are also listed in Table 4. two recombinations occurred between D9563 and ASS/
Ofthe 59 haplotypes listed in Table 4, 55 carrya‘16°  ABL, and three recombination events between ASS/ABL
allele at D9S63. Of these 55, only one does not also and D9S64.
carry a ‘2’ or ‘8’ allele at D9S62a and b, or a 12’ allele For this analysis, we considered the loci D9S62a, D9S62b
at ASS. Twenty seven carry the full haplotype at all six  and D9563as defining the progenitor haplotype carrying
loci (including both 2’ and ‘10’ alleles at D9564); a  the DYTI* mutation. These loci, and in particular D9563
further 15 carry all alleles except those at D9S64. must be extremely close to the DYTI locus as few
These results suggest that the large majority of early-  haplotypes do not carry associated alleles at these loci. In
onset ITD cases in the Ashkenazi populationaredueto  fact, none of the first 54 haplotypes listed in Table 5 is
a unique mutation characterized by a haplotype of missing the “16” allele at D9563. We use the locus ASS as
markers at 9934 loci. This finding is consistent with our first locus next to (distal to) the DYTI locus. For the
our earlier prediction that genetic drift of a single recombination fraction between DYT1 and ASS (8,) we
founder mutation was likely to explain the high use the estimated recombination fraction and support
frequency of this dominant disease in the Jewish interval for the proximal cluster of marker loci D9562a/
population'®. Four disease chromosomes carried none  D9S62b/D9563 to the cluster ASS/ABL, namely 6,=0.018
of the associated alleles at loci D9S62a, D9S62b, D9S63 (0.007,0.033). These valuesare likely to be far more accurate
or ASS, suggesting that these do
:so ':hc : :%;ifﬁgggﬂymx t;::;lren Table 4 Disease chromosomes at six microsatellite loci
disease chromosome carried only L N
the “16” allele at D9S63, but no ocus
others; it is unclear whether this D93262a 093862b D918663 A1328 AEL 0918064 Dgf' Pr<5>b. Tfl)zal
chromosome bears the same DYT1 2 8 16 12 4 2 7 5 12
mutation as the others, although 2 8 16 12 4 12 6 0 6
unusual clinical featuresin affected 2 8 16 12 4 14 3 2 5
members of this family (neck and 2 8 16 12 4 16 1 2 3
eye involvement, later onset) 2 8 16 12 4 4 0 1 1
suggest that it may not®. In any g g ]g 122 2 12 } (1) ;
event, we estimate that at least > 8 16 2 4 16 0 1 ]
91.5% (54/59) of early, limb or neck 2 8 16 2 4 22 1 0 1
onset ITD in the Ashkenazi 2 8 16 2 4 10 0 1 1
population is due to a single 2 8 16 2 -12 2 1 0 1
progenitor mutation. We refer to this g 3 12 ;g 2 126 ? 1 ;
. "
mutation as DYT%, " 8 16 12 4 5 ) ] >
Dating the mutation g 162 ]g 122 2 120 ? é }
The frequencies of various haplotypes 4 6 18 2 4 10 1 0 1
based on the markers given in Table 4 4 6 2 6 6 12 1 0 1
can be used to estimate the original 4 10 2 8 6 6 1 0 1
time of appearance of the DYTIV 0 6 12 4 6 12 0 1 1
mutation. A similar type of analysis Def., phased, determined by inheritance; Prob., phased, not determined by
has recently been performed for the inheritance (see Methodology).
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Table 5 Estimates of the age of the DYT1*' mutation (in generations)

gives larger estimates—about 17
generations using all affecteds and

Loci Group Proportion recombinant
D9S63-ASS Probands 7/54 (.130)

All affecteds 13/96 (.135)

Affecteds & carriers 24/180 (.133)
ASS-D9S64 Probands 15/47 (.319)

All affecteds 27/83 (.325)

Affecteds & Carriers 45/156(.288)
D9S63-ASS-D9S64 Probands

Alf affecteds

Affecteds & carriers

carriers. Even though there is a

Generations (Si)* difference in the estimates based on
8.4 (4.6,21.8) these twoloci, theirsupport intervals,
8.8 (4.8,22.8) based on uncertainty of the
8.7 (4.7,22.4) underlying recombination fractions,

19.5 (10.6, 37.5)
19.9 (10.8, 38.4)
17.1 (8.3, 33.0)
13.1 (8.4, 23.5)
13.4 (8.7, 24.0)
12.3 (7.9, 22.1)

show a large region of overlap (8.3 to
22.4 generations). Theestimatebased
on both loci simultaneously is about
12 to 13 generations, with a support
interval of about 8 to 22 generations.

«Sl, Support interval based on 1-lod unit support intervals for the recombination fractions.

due to the greater information on marker to marker linkage
than disease to markerlinkage. The diseaselocusis presumed
to be very tightly linked to the three proximal loci.

We also considered the D9564locus, distal to ASS, with
a recombination fraction (support interval) to ASS of
0.023 (0.012,0.042). We combine the ‘2’ and ‘10’ alleles
and consider them as a single allele for this analysis.

Our attempts to date the DYT I mutation are shown in
Table 5. Consistent with the observed strong linkage
disequilibrium over a sizeable genetic distance, the
mutation is estimated to be of recent origin. ASS gives an
estimate of about nine generations, with asupportinterval
of five to 22 generations. The more distant locus, D9564,

Byelorussia

Poland
Lublin
[ ]

AUSTRIA-
HUNGARY

Ukraine

RUMANIA
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Assuming an average generation
length of 25 years, the time since origin
would be about 300 years, with a
support interval of 200 to 550 years.
Assuming an average year of birth of 1950 for all affecteds
and carriers in these pedigrees, we can then place the
approximate year of origin for the DYTI¥ mutation as 1650,
witharange of 1400to 1750. Inany event, these data provide
compelling evidence for a recent origin for this mutation,
which should also have implications for its distribution
within the Ashkenazi population.

Geographic origin of carriers

A number of authors have attempted to trace the
geographic origin of Ashkenazi patients with ITD. For
example, Zeman and Dyken'? noted that “the highest
concentration has been found in Southern Lithuania and
the adjacent areas of Byelorussia and Poland. The
Ashkenazi Jews from this region account for 56% of those
recorded cases on whom pertinent information was
available.” Eldridge’* considered ITD to be recessive in
the Ashkenazi population, and therefore traced ancestry
on both sides of the family. Among 116 grandparents of
cases, he found only a slight excess from the northern part
of the Pale (such as Lithuania and surrounding regions).
It is interesting that several of the first Ashkenazi cases
described at the turn of the century came from Lithuania®.

Because wehaveidentified a unique haplotype associated
with the vast majority of early-onset ITD cases, we can
identify the side of the family, and in some cases the oldest
living ancestor, who carries this mutation-bearing
haplotype, even though such individuals are often
unaffected. Hence, we can provide a far more specific
geographic analysis for mutation carriers.

We were able to identify at least country or countries of
originin Europe for the oldest carrier in 44 families (Table
6). Many individuals traced their ancestry to the historic
Pale of settlement, roughly defined as the western part of
Russia, Lithuania and Poland, where Jews were confined
to live by the Russian czars by laws imposed in 1791 and
1835 (see Fig. 1). For 19 cases, Russia was the single
country of origin, in seven cases Poland was; in five cases,
the origin was either Russia or Poland. For an additional
two cases, the origin was either Russia or a Central or
Western European country, for three cases either Poland
or a Central or Western European country, and for 6 cases
the origin involved only Central or Western European

Fig. 1 The Jewish Pale Settlement in Russia. Adapted from
M. Gilbert, Atlas of Jewish History, Dorset Press, 3rd
edition, 1985.
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Table 6 Geographic origins of carriers

Country Region City or town N
Russia Lithuania Vilna 1
Riga 1

Kovna 1

Bialystok 1

? 2

Byelorussia Minsk 2

Minsk/Pinsk 1

Kopost 1

Ukraine Kiev 1

Odessa 1

? 7

Poiand Galicia Kovel 1
Lvov 1

? 7

Russia/Poland ? 5
Russia/Other® ? 2
Poland/Other ? 3
Other 6

=Other includes Romania, Hungary, Czechoslovakia,
Austria-Hungary, Germany, France

countries. For those carriers from Russia or Poland for
which a specific region could be identified, 6 were from
Lithuania, 4 from Byelorussia, 2 from the Ukraine, and 2
from Galicia. These results are certainly consistent with a
preponderance of carriers deriving from the northern
part of the Pale, namely Lithuania and Byelorussia, as
noted previously'2. Hence, the likely first appearance of
the DYTI¥ mutation was in Lithuania or Byelorussia,
from which it spread to the rest of the Pale through
migration over the centuries. In further support of this
thesis is the observation that the few oldest carriers we
could identify, those born in the early to mid 1800s, all
came from Lithuania or Byelorussia.

Estimating the gene frequency

Estimates of the prevalence of ITD in the Ashkenazi
population have varied from 1/36,000 (ref. 12), 1/17,000
(ref. 16), and 1/23,000 (ref. 17). Furthermore, Zilber et al.
17 estimated the prevalence to be 1/15,000 for Ashkenazi
Jews of Eastern European origin (and 1/23,000 overall).
These values are likely to be severe underestimates.
The ITD cases included were only the most severely
affected, representing a small percentage of the total
patient population. Furthermore, many ITD cases are
undiagnosed.

We attempted to derive a more realistic estimate of
the prevalence of ITD in the Ashkenazi population —
more specifically, an estimate of the frequency of the
unique mutation described above — using the patient
database of the Dystonia Clinical Research Center
(DCRC) at Columbia Presbyterian Medical Center.
We used the same definition of disease as described
above - namely idiopathic (non-secondary) dystonia
with age of onset at or before age 28, and symptom
onset in a limb, trunk or neck. We restricted our
analysis to the New York metropolitan area
encompassed by the four telephone area codes 212,
718, 914 and 516; this includes all of New York City,
Nassau and Suffolk County, Westchester, Rockland,
Orange and Putnam counties.

Based on the patient database, there were 73 affected
individuals meeting the above criterialiving in the area in
1990. From the American Jewish Yearbook®, the total
number of Ashkenazi Jews (assuming 95% of the Jews are
Ashkenazi) living in this area in 1990 is estimated at
1,466,800. Hence, the crude point prevalence rate is 4.98
per 100,000, or 1 in 20,093. This prevalence is clearly an
underestimate, becauseitonlyincludes patients examined
at the DCRC and the denominator is not age-adjusted,
and includes children too young to have had onset of the
disease.

An accurate estimate of true prevalence is difficult to
obtain. However, in a prior family study', we noted that
half of the affected individuals examined had not had a
prior diagnosis of ITD. This same observation has also
been made by others®. Thus, it is safe to double the
prevalence estimate to 1/10,047. The median age at onset
of ITD in our sample is around 12 years of age. At least
15% of the population is under that age®, so again itis safe
to divide the estimated prevalence by 0.90, giving 1/9,042.
To obtain the gene frequency from this prevalenceestimate,
wedividebythe penetrance (0.30) to geta carrier frequency
of 1/2,713. Of the 59 carriers in Table 4, only 54 appear to
carry the DYTI¥ mutation, or 91.5%. Hence, the carrier
frequency for DYTI¥ is 1/2,965, corresponding to a gene
frequency of 1/5,929~1/6,000.

Thisestimaterequires the assumption thatall diagnosed
cases of ITD in the New York Metropolitan area have been
seen at the DCRC. In fact, it is likely that not even a
majority of these cases have been seen there. If we assume
that one-third of all ITD cases are seen at the DCRC, the
gene frequency estimate becomes 1/2,000. Thus, the true
gene frequency is likely to lie in the range of 1/6,000 to 1/
2,000.

Implications for Ashkenazi history

There is little doubt that the Ashkenazi population has
gone through several severe bottlenecks as well as growth
periods in its history. The remarkable array of genetic
diseases that appear at high frequency in this population'
is a legacy to this checkered demographic past. The likely
explanation for the high frequency of otherwise rare
autosomal recessive diseases hasbeen debated for decades;
while some have argued for a selective advantage for
heterozygous carriers, others have argued for the
predominant effect of genetic drift.

We believe that our results for ITD in this population
offers a distinct opportunity to address this issue, as ITD
isanautosomal dominant disease. Theusual consideration
ofheterozygote advantage, applied for recessive disorders,
does not apply here. Dominant mutations are directly
subject to selection. For ITD, there isalso selection against
those who carry the DYTIA mutation; severely affected
individualstend notto reproduce. However, theexpression
of this geneis highly variable, with onlya small proportion

of carriers having a severe form. We had previously

estimated the overall penetrance at 30%'*'%; this includes
both mild and severe cases. Perhaps only a third of those
with clinical symptoms would be categorized as severely
affected, or 10% of gene carriers. Hence, while selection is
operating against carriers, it is relatively mild due to the
low probability of a severe and debilitating manifestation.
This fact, as well as its recent origin, probably explains the
relatively high frequency of a potentially severe disease in
this population.

Nature Genetics volume 9 february 1995
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An intriguing finding is the apparently high gene
frequency in this population, in conjunction with its
recent origin. If we take account of selection operating
against this mutation, its frequency in earlier generations
would be even higher. At face value, this observation
wouldleadto the conclusion that the current day Ashkenazi
population likely derives from a relatively small group of
founders from the recent past—perhaps 300 years ago,
butno more than probably 500 yearsago. Is this conclusion
consistent with the known history of this population?

Detailed accounts of the number of Ashkenazi Jews
living in Central and Eastern Europe in the Middle Ages
and after do not exist, although several authors have
speculated as to these numbers. Perhaps the best census
analysis of the Ashkenazi Jews over the past 800 years is
given by Weinryb®'. The earliest reliable estimate for the
number of Jews in Eastern Europe in this period is from
the census of 1765, which calculated 430,000 Jews in
Poland, and another 130,000 in the Ukraine®. It is also
known that by 1900, there were 5,000,000 Jews living in
the Pale, a population expansion of approximately 10-
fold in only 135 years. Assuming an average generation of
25 years would give a growth rate of about 1.5-fold per
generation. Assuming a similar growth rate for the 100
years prior to 1765 would give a population size of about
100,000 in 1665. This figure is not inconsistent with other
facts about this period; for example, Weinryb* notes that
“the century after 1667 seems to have been a time of
considerable Jewish population growth.”

Estimates of population size from the beginning of the
16th centuryto themid 17th centuryare highly speculative,
although it is generally assumed that this period was also
one of considerable growth. Weinryb* suggests that there
were 10-12,000 Jews living in Poland (and Lithuania) in
1500, which expanded to some 80~100,000 by the end of
the century, and about 150-170,000 half a century later.
The seminal event in terms of the Jewish population at
this point in time was the Cossack massacres in 1648.
Although all parts of Jewish settlement in Eastern Europe
were affected, from Lithuania to the Ukraine, the Jewish
population of the Ukraine was most devastated, with the
total destruction of many Jewish communities. The overall
effect of the Cossack uprising on the Jewish population, in
terms of number killed, is controversial. Some report that
the majority of the population was destroyed; for example,
Fraikor® suggests only about 20,000 remained. Weinryb?®!
contends that such claims are exaggerated, although
perhaps as much as 25% of the existing population was
killed. This would place the remaining Jewish population
in the Pale region in the mid 1600s at approximately
100,000, consistent with the number observed at the 1765
census and the apparent growth rate during this period.

Our analysis of linkage disequilibrium with the DYT1#
mutation suggests its first appearance to be around 1650,
with a lower support limit of around 1400. Estimates of
the size of the Jewish population in this period range from
about 10,000 to 100,000. Thus, when the mutation first
appeared, the carrier frequency would be only 1/10,000 to
1/100,000. Then how is it possible to explain such a high
carrier frequency in today’s Ashkenazi population?

We believe the answer lies in consideration of the
specific dynamics of population growth among the
Ashkenazim during this period of time, namely that not
allindividuals reproduced equally. Weinryb®' comments:
“more children survived to adulthood in affluent families

Nature Genetics volume 9 february 1995

than in less affluent ones. A number of genealogies of
business leaders, prominent rabbis, community leaders,
and the like—generally belonging to the more affluent
classes—show that such people often had four, six,
sometimes even eight or nine children who reached
adulthood. On the other hand, there are some indications
that poorer families tended to be small ones. It should also
be added that overcrowding, which favors epidemics, was
more prevalent among the poorer classes ... In short, the
number of children surviving among Polish Jews seems to
have varied considerably from one sociallevel to another.”

The tremendous population growth taking place in the
Ashkenazi population through the 16th to 19th century
did not occur uniformly, but was probably restricted to
the wealthier individuals who had large numbers of
children who survived. Thus, historically, the most
important determinant of fertility in the Ashkenazi
population was social class. We speculate that disease
genes found at high frequency in the current Ashkenazi
population were fortuitously carried by those of higher
social class.

Thus, the current day Ashkenazi population primarily
descends from a much smaller group of individuals (the
wealthier) in the 17th to 18th centuries than the total
population of the time. The number of individuals from
whom current Ashkenazi Jews descend (i.e. effective
population size) could be as low as a few thousand or less
as recently as 500 years ago.

The enormous expansion in the Ashkenazi population
in the 16th to 19th centuries has few analogies in the
present day, with the possible exception of the French
Canadians, another group known for a range of genetic
diseases at high frequency. We speculate that founder
effects resulting from the dynamics of population growth
in the Jewish population, as described above, may well
explain most, if not all the genetic diseases observed at
high frequency in the Ashkenazi population today.

This conclusion can be tested further by examining
linkage disequilibrium for the other genetic diseases which
occur at a high frequency in the Ashkenazi population.
Our contention would be that most, if not all, could be
traced back to a similar time point in history. This would
also explain the dramatic difference between the Ashkenazi
and non-Ashkenazi (Sephardic) Jewish populations with
regard to the specific genetic diseases found at high
frequency. Preliminary data for three other Ashkenazi
(recessive) diseases—familial dysautonomia®, Bloom
syndrome* and familial hyperinsulinism (M.A. Permutt,
personal communication)—all show strong linkage
disequilibrium over a large genetic distance, supportinga
recent origin for these diseases as well.

Methodology
Study subjects. Subjects were ascertained from a computerized
database of patients seen by members of the Movement Disorders
Groupat Columbia Presbyterian Medical Centerand from the Dystonia
Medical Research Foundation (by advertisement). Since ITD appears
to be a heterogeneous disorder, we restricted our study to families in
which at least one (or the only) affected had onset of symptoms prior
to age 28 and dystonia first involved a limb, the trunk or neck. Our
previous family study™ as well as the age of onset distribution for ITD
in the Ashkenazim'' suggest these are reasonable criteria for
subgrouping. Further genetic analysis also supports this separation.
All affected individuals have Ashkenazi Jewish ancestry. The vast
majority are 100% Ashkenazi, while a few cases have a Sephardic or
non-Jewish parent or grandparent(s). In no case was the disease
inherited through a non-Ashkenazi ancestor. All consenting family
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members were examined by neurologists experienced in diagnosing
dystonia. On-site examination included evaluation of all body
regions at rest and action; examinations were also videotaped for
subsequent blinded review by at least two non-examining
neurologists to confirm the diagnosis. These methods have been
described in detail elsewhere!®, Only individuals classified as
having definite dystonia wereincluded as affected for these analyses.
Venous blood samples were obtained from all participating family
members for subsequent DNA analysis (described below).

Artotal of 59 families were ascertained; 39 are multiplex, containing
at least two affected ‘relatives, while the remaining 20 are simplex,
containing only asingleaffected. Some of these multiplex families have
been described previously’®?. For genetic marker analyses, we
supplemented our family material with the Venezuelan Reference
Pedigree (VRP)* to determine distances between markers.

DNA analysis. DNA was extracted from lymphoblast lines* or
whole blood according to methods described elsewhere®. Analysis
of (GT), polymorphisms was carried out on genomic DNA by
using oligonucleotide primer pairs described in ref 22.

Genetic marker map. Six microsatellite loci from chromosome
934 were studied. For D9562, two microsatellite polymorphisms
exist, which we call D9562a (32/37 in ref. 22) and D9S62b (1290/
1301 in ref. 37). The order of the six microsatellite loci is as follows:
centromere—D9562a—-D9562b-D9S63-ASS-ABL-D9S64-qter. The
three loci D9S62a, D9S62b and D9S63 are very tightly linked, with
no observed recombinant between them in at least several hundred
meioses; hence, the genetic distance between these loci is quite
small. Similarly, the loci ASS and ABL are very tightly linked, with
no observed recombinant in several hundred meioses.

Linkage analysis was performed between the proximal cluster of
threeloci (D9562a, D9562b, D9563) and the cluster of two loci ASS/
ABL. For both clusters haplotypes were formed and assumed to
constitute a single locus. Linkage analysis was also performed between
ASS/ABL and D9S64. The computer program LIPED was used for this
analysis?®. The maximum likelihood estimate for the recombination
fraction, 8__, between the proximal cluster and ASS/ABL is 0.018
(maximum lod=99.72), with a 1-lod unit support interval of 0.007 to
0.033; 6__ between ASS/ABL and D9S64 is 0.023 (maximum
lod=88.43), with a 1-lod unit support interval of 0.012 to 0.042.

Linkage analyses. We updated our previous linkage analysis®®
between DYT1 and chromosome 9934 markers in the Ashkenazi
population by supplementing our original 12 families with 23
additional informative multiplex families and inclusion of the
newly discovered microsatellite markers proximal and distal to
ASS. The assumptions underlying the present analysis are the same
as those employed in our previous analysis?, namely autosomal
dominant inheritance of a rare allele with penetrance 30% by age
35. A linear age of onset correction for penetrance was employed,
ranging from a low of 0% risk before age 5 to a final risk of 30% by
age 35. Alllinkage calculations were performed using the computer
program LIPED, Ver. 3 (ref. 38). For this analysis, we again combined
loci that are extremely close into single haplotypes for analysis;
specifically, the loci D9562a, D9S62band D9563, were merged into
a single haplotype, as were ASS and ABL.

Allelic association and linkage disequilibrium. We previously
reported allelic association between alleles at the ASSand ABL loci
and DYTI in the Ashkenazi population®. Here we update these
findings with an enlarged sample and the new microsatellite markers.
From the 39 multiplex families, we were able to identify a disease
bearing chromosome in 36 (an example of a non-informative
family is one that contains only two affected sibs who share
chromosome 9q34 regions from both parentsidentical by descent).
In the 36 families, there were 5 cases of recombination between
DYT! and some of the markers. For these cases, we used the
predominant (or oldest) haplotype occurring in the family. From
our total of 59 families, we also constructed a collection of control
chromosomes from individuals marrying into the families who
had no direct relationship to the affecteds of the family; we also
required that these individuals be of 100% Ashkenazi Jewish origin.
We supplemented this sample with other unrelated Ashkenazi
individuals from a genetic study of dysautonomia®. In this fashion
we were able to obtain a total of 306 Ashkenazi control chromosomes

for thisanalysis. Statistical comparison of allele frequencies between
disease and normal chromosomes was based on a chi-square test
for a 2x2 table, with alleles classified into two groups, one for the
associated allele, and all others combined into a single group.

To assess the degree of linkage disequilibrium, the most
appropriate measure to employ is 8=(p,, - p,,)/(1-p,,), where p, is
the frequency of the associated allele on disease chromosomes and
py, the frequency of the same allele on normal chromosomes. The
parameter 3 was originally defined by Bengtsson and Thomson®
and is also described further elsewhere®. d represents an estimate
of the proportion of disease chromosomes bearing the original
associated allele. Here we assume that a disease chromosome not
bearing an original associated allele (either due to a different
mutation or through recombination) may still carry that allele (by
“state”) with probability p,.. Since the proportion of chromosomes
carrying the same progenitor mutation is the same across all loci,
differences in & across loci should primarily represent effects of
recombination (although mutation at the marker loci may also be
an issue). Hence, 8 can be used to determine the most likely
location of the disease locus among a collection of linked loci
(Risch and Devlin, manuscript submitted).

Calculation of disease chromosome carrier probability for
singleton cases. For the phased singleton cases, there are two
haplotypes, which we label A and B. Let M, represent the marker
information on chromosome A, and similarly for M. Let D
represent the disease mutation-bearing chromosome, so that
P(M, |A=D) represents the probability of the marker information
on chromosome A given that A carries the disease mutation, and
similarly for B. Then the posterior probability that A carries the
disease mutation is simply R/(R+1), where

P(M,A=D)  P(M,IB=D)

R X

P(M,IA#D)  P(M,/BD)

For the haplotype “2-8-16” and/or “16-12”, the frequency on disease
chromosomes was 32/36 versus 3/306 on normal chromosomes.
Hence, if A carries one of these haplotypes, the first ratio is (32/36) +
(3/306)=90.7. In every case, the second ratio is greater than 1, because
all other haplotypes were more common on control chromosomes
than disease chromosomes. Hence, R290.7, so the posterior probability
that A carries the disease mutation is greater than 90.7/91.7=99%.

Dating the mutation. A simple formula relates the probability (Q)
that a disease-mutation-bearing chromosome does not carry a
progenitor marker allele as a function of the number of generations
(g) since the appearance of the mutation, the frequency for that allele
on normal chromosomes (p, ), and the recombination fraction (8)
between the disease and marker locus: Q=(1-(1-8)8)(1-p,,). Hence,
if Q represents the observed frequency of disease chromosomes not
carrying the progenitor marker allele, an estimate of the number of
generations since the appearance of the mutation is

log[1-Q/(1-py)] log(8)
X
log(1-0)

m

§=
log(1-~6)

where disthelinkage disequilibrium measure defined previously. This
isessentially the same as formula 7 of ref. 24, and a similar formula was
given in ref. 25.

This formula applies to the locus closest to the disease locus. For a
second marker locus next to the first marker locus, a somewhat more
complicated analysis is required. For that we consider only disease

_ chromosomes that carry the progenitor allele at the first marker locus.

Among such chromosomes, we determine the proportion that do not
carry the progenitor allele at the second marker locus. This proportion
can be substituted for Q in formula (1) (where 8 is now the
recombination fraction between marker loci 1 and 2) and a similar 8
calculated to obtain another estimate of g from the second marker
locus. This estimate will not be entirely accurate, however, because
some chromosomes bearing a progenitor allele at locus 1 will actually
be recombinant for thislocus, but by chance have recombined with an
allele of the same type. If the associated allele at marker 1 has a low
frequency on normal chromosomes (p,,), then this possibility haslittle
influence on the estimate of g.
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Itis also possible to use both marker loci simultaneously to estimate
g. Suppose that allele “1” is the progenitor allele for locus 1 and “1” is
theprogenitorallele forlocus 2. Consideringloci 1 and 2 simultaneously,
there are 3 haplotype classes of interest. Let a represent the haplotype
“1-17atloci 1 and 2; letb represent the class of haplotypes “1-x” for loci

1and 2, where “x” isany allele other than a “17; let c represent the class

« »

ofhaplotypes “x-y”, whereagain “x” isany allele other than “1” atlocus
1and “y”isanyalleleatlocus2. Classcrepresentscases of recombination
between DYT1 and locus 1; class b represents cases of recombination
between locus 1 and locus 2 plus cases of recombination between
DYT1 and locus 1, where the recombined chromosome still carries
allele “1” atlocus 1 by chance; and class a represents all other cases. Let
©, be the recombination fraction from the disease locus to marker
locus 1, and ©, the recombination fraction between marker loci 1 and
2.Letp, bethepopulation frequency of allele “1” at markerlocus 1,p,
the population frequency of allele “1” at marker locus 2, and p,, the
population frequency of haplotype “1-1”. Then, employing the same
assumptions as for the derivation of formula (1), we obtain the
probabilities for the three haplotype classes ¢, b, and a as

P(c)=(1-(1-©,)(1-p,) 2
P (b) = (1-(1-0,)8) (p,-p,,) +(1-©, )% (1-(1-©,)8)(1-p,)
P (a) = (1-(1-8)9)p,, +(1-©,)¢ [(1-8,)3 + (1-(1-0,)8)(p,)]

Ifn,n, andn representthe observed number of haplotypes of class
¢, b and a respectively, then an estimate of g can be obtained by
maximizing the log likelihood

InL=nlnP(c) + nInP(b) + n InP(a)

using the formulas (2).
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Estimates of g derived using the formulas above are subject to
two sources of statistical fluctuation - (1) sampling variance on
the proportions of recombinant-type disease chromosome
haplotypes (e.g. on the numbers n,, n, and n_above), and (2)
uncertainty in the estimates of the recombination fractions. The
first is difficult to calculate, as the observed chromosomes are
not independent events and hence a binomial variance is
inappropriate. Here we focus on the second source of variance,
uncertainty in the  values. We do so by using the lod score
tables to define a 1-lod unit support interval* for each of the
recombination fractions; for the final analysis using both marker
loci, we use a joint-lod unit support surface for the two
recombination fractions. Using the upper and lower bound of
the support intervals (or by obtaining extreme values on the
support surface) we obtain a support interval on our estimate of g.
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