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Analysis of Biochemical Genetic Data on Jewish Populations:
I1. Results and Interpretations of Heterogeneity Indices
and Distance Measures with Respect to Standards

SAMUEL KARLIN,! RON KENETT,? AND BATSHEVA BONNE-TAMIR?

SUMMARY

A nonparametric statistical methodology is used for the analysis of bio-
chemical frequency data observed on a series of nine Jewish and six non-
Jewish populations. Two categories of statistics are used: heterogeneity
indices and various distance measures with respect to a standard. The latter
are more discriminating in exploiting historical, geographical and culturally
relevant information. A number of partial orderings and distance relation-
ships among the populations are determined. Our concern in this study is to
analyze similarities and differences among the Jewish populations, in terms
of the gene frequency distributions for a number of genetic markers. Typical
questions discussed are as follows: These Jewish populations differ in certain
morphological and anthropometric traits. Are there corresponding differences
in biochemical genetic constitution? How can we assess the extent of
heterogeneity between and within groupings? Which class of markers (blood
typings or protein loci) discriminates better among the separate populations?
The results are quite surprising. For example, we found the Ashkenazi,
Sephardi and Iragi Jewish populations to be consistently close in genetic
constitution and distant from all the other populations, namely the Yemenite
and Cochin Jews, the Arabs, and the non-Jewish German and Russian
populations. We found the Polish Jewish community the most heterogeneous
among all Jewish populations. The blood loci discriminate better than the
protein loci. A number of possible interpretations and hypotheses for these
and other results are offered. The method devised for this analysis should
prove useful in studying similarities and differences for other groups of popu-
lations for which substantial biochemical polymorphic data are available.
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INTRODUCTION

In this paper we present a nonparametric methodology for the analysis of gene
frequency data observed in a series of populations. Various groupings of the
populations by historical, geographical, cultural, and environmental criteria are
considered in order to assess relationships within and between them. A hierarchy of
statistics, including heterogeneity and distance measures relative to a standard, are
proposed in order to infer orderings for appropriate population groupings.

This study concentrates on the analysis of biochemical genetic frequency data
collected on nine Jewish and six non-Jewish populations. The specific populations
and corresponding sample sizes are listed in table 1.

The data consist of allele frequencies at the 14 loci in table 2. The eight blood
markers and six protein loci are all polymorphic to at least 1%; actually, in all cases,
the second most frequent allele exceeded 5%. Observations on six other enzyme loci
were discarded, since each was monomorphic for the same allele throughout the
population range. Table 2 shows the numbers of alleles of the loci with respect to the
aggregate population.

The loci are mostly located on distinct chromosomes which, in conjunction with
other population studies pertaining to blood groups and protein markers, portends that
the allelic variants of these loci likely segregate independently. The only exception is
the two loci in the HLA complex, but because of their manifold allelism, again the
assumption of loci independence is quite adequate.

The listings of table 1 conform to the ‘‘historical’’-geographical identifications of
Ashkenazi, Sephardi, and Oriental Jewish groupings. The three groups have many

TABLE 1

POPULATIONS STUDIED AND SAMPLE SI1ZES

Population No. in sample

Jewish populations:
Ashkenazi (A)— European Jews

POlish . e e 126
RUSSIAN © . ottt e 123
GEIMNAN .« .« et e e e 73
RUMANIAN © .. 130
Sephardi (S)— North African Jews
MoOroccan . ... 141
Libyan .. ... 189
Oriental (O)— Asian Jews
IEAQE . . 123
YEMENIE o oottt e e 197
COoChin . 184
Non-Jewish populations:
Middle Eastern
ATaDS . 100
AMMENIANS . . ..ot e 90
SAMATItANS . ... ... 114
European
GEIMAN . . ... 462
POliSh ..o e 400

RUSSIAN .« . o 126
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TABLE 2

GENETIC MARKERS

Numbers of alleles of loci, with respect
Markers to the aggregate population

Blood Groups:

HL A- A e 10
HLA-B .. 16
ABO e 5
M S ot e e 4
R 7
P o 2
DUMY ot 3
Kbl . o 2
Proteins:
Acidphosphatase ... 3
Adenylate Kinase .. ........... ...l 2
Adenosing deaminase . . . ... .ottt 2
PhoSphOgIucCOmMULASE .. ..o .v ot 2
6-Phosphogluconate dehydrogenase .............. ...t 2
Haptoglobin ........ ... 2

different characteristics. The Ashkenazi populations of relatively large sizes have
enjoyed many contacts with one another and. to some extent, with neighiboring
non-Jews. The Sephardi populations are also large but have been more separated. The
Moroccan and Libyan Jews constitute only two representatives of the Sephardi groups.
No complete data are available as yet on other populations in this giouping (e.g.,
Turkish, Greek, and Egyptian Jews), but we surmise the iesults achieved may apply
broadly. The Oriental group is the most heterogeneous; the Yemenite and Cochin Jews,
in particular, were small, isolated communities with significant inbreeding. Some
pertinent history on the specific Jewish populations of this study with respect to
migrations, persecutions, conversions, demographic variations, degree of consanguin-
ity, intermarriage, life-styles, behavior norms, health practices, social institutions,
etc., is outlined in a companion paper in this issue [1]; see also references cited therein.
Relevant information on the nature of table 1 is also provided [1].

This study analyzes similarities and differences in the Jewish populations and
between the Jewish and the non-Jewish populations in terms of the frequency
distributions for a number of genetic markers. Some questions discussed are as follows:
(1) These Jewish populations differ in certain morphological and anthropometric traits.
Are there corresponding differences in biochemical genetic constitution? (2) How can
we assess the extent of heterogeneity between and within the populations? (3) How
valid and meaningful with respect to biochemical traits are the historical-geographical
groupings? (4) Which class of markers (blood typings or protein loci) discriminates
better between the populations? (5) What can we learn about the degree of admixture
between them? (6) How can we assess the extent, form, and relative influence of
selection, drift, population structure, and migration? (7) There is a contention that the
HLA system, because of its large multiple allelism, is a good basis for classifying
population relationships. Is this claim valid in the present context?
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On a more local level we may note other questions of interest: (8) Are Iragi Jews
*“closer”” to Libyan Jews than to Russian Jews? (9) Are German Jews ‘‘closer’’ to
Russian Jews than to German non-Jews? This last question is related to the familiar
debate over the extent to which a Jewish minority living in an area for several
generations resembles the non-Jewish majority of that area. Further problems along
these lines will be taken up.

Until recently, such questions have typically been pursued in the framework of
physical anthropological characteristics (e.g., bone structure, facial features, skin
texture, dermatoglyphics) or in terms of a few Mendelian genetic traits [2]. Com-
parisons are commonly made one locus at a time and often yield contradictory
results. There are problems in combining measurements from separate polymorphic
loci which may involve dependencies among loci and correlations among alleles at a
locus. How to represent and compare vectors of different dimensions in a valid manner
is not obvious. Some authors [3-7] lay out separate loci frequency vectors as one
extended array and proceed with deductions based on multivariate normal distribution
theory, using variants of linear discriminant functions. Others [8—12] calculate some
distance measure and then employ a clustering procedure.

It is generally thought that genetic distances used to compare populations serve
equally well to discriminate between populations (5, 7, 9, 12]. Most techniques simply
add distances over loci to obtain the total distance between two populations. Ours does
not, since it is unclear both how to weight different loci with different numbers of
alleles, and how to weight intralocus alleles.

We describe our methodology first in qualitative terms. Suppose we wish to relate
two populations P’ and P® with respect to their allelic frequency arrays for a set of
polymorphic genetic markers. The idea is to compute a *‘distance’’ (or set of distances)
to a standard for P> and P® at each marker and compare the distances. We say that
one population, PV or P®, is closer to the standard than the other population at the 5%
significance level, if its distance from the standard is smaller than the other
population’s for at least 11 of the 14 markers measured. If neither population is closer
to the standard 11 times or more, we say that the two populations cannot be ordered
(are “*not separable™’) relative to the standard. (For « and n different from 5% of 14, an
appropriate n* is calculated.)

We employ four classes of standards in order to assess different forms and levels of
relatedness among the populations of table 1. These are: (a) absolute standards; (b) the
“world Jewish average’ standard; (c) standards based on the three main geograph-
ical-historical groupings of Jews; and (d) each individual population as a standard.

When the standard to which the separate populations are compared is an absolute set
of frequencies (a), we refer to the associated distances as heterogeneity indices. For the
Rh locus with seven alleles, the heterogeneity indices effectively measure distance to
the central frequency state, one-seventh for each allele. Thus a population with a larger
heterogeneity index has a relatively more central allelic frequency distribution. The
distances of the separate Jewish population allele frequency vectors from the pooled
world Jewish standard (b) enable us to assess the extent of homogeneity among the
various Jewish populations. Distances of separate Jewish populations from the three
group standards (c) offer insights into the meaningfulness of these groupings.
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The allele frequency vectors of each individual population (d) provide standards in
order to determine the relative closeness of the other populations to the specified
population. These latter comparisons are pertinent to questions (8) and (9) highlighted
earlier.

METHODS

At each locus, we have available for each population its allele frequency array,
which we wish to compare or contrast across the separate populations.

We will deal with two categories of statistics: heterogeneity indices, and distance
measures with respect to a standard. The latter are more discriminating as they allow
greater flexibility in exploiting relevant historical, geographical, and cultural information.

Heterogeneity indices

Letx = (x,, . . . , xy) = frequency vector;
N
E X; = ] .
i=1

At each locus N refers to the number of all possible alleles observed for the aggregate
sample of Table 1.

Consider
1 — 4 xjaJrl

flx, ) = —%—— : o = 0 for which we highlight the special choices, €))

N
f(x,0)= — 2 x; log x; the information number (o = 0), and (2a)

i=1

N

fx, )= 1= x? the heterozygosity measure (a = 1). (2b)

i=1
The functions f(x,a) are maximal in a population where all alleles occur at equal
frequencies and zero when the population is fixed on one allele. Of course, with more
alleles (N increasing) the values in equations (2a) and (2b) tend to increase. These
indices reflect estimates of heterogeneity for each allele frequency vector. Concomi-
tantly, such functionals tend to be less sensitive for discrimination purposes as will be
evident in the results expounded later.

Distance measures referring to an appropriate standard

The concept is as follows. For each locus (say i) we prescribe an allele frequency
vector as a standard

(510550, . o5 @), i=1,2, . .14 €))

m; denotes at locus i the number of all possible alleles observed in the aggregate
sample of table 1. (We do not exclude the contingency that the standard has some zero
components.) An associated distance statistic, relative to the standard, is an expression
of the form,
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mj

UG, 5(8) = 3 wlsiMf(|xe” — s, )

k=1
where w(s,'”) are weights assigned to the allele frequencies in the standard, and the
deviation function f(|x;; — s,|) calculates an extent of departure from the standard
for the kth allele frequency of the jth population at locus i . Different choices of weights
will place more or less emphasis o the rare or abundant alleles relative to the standard.
We mostly take

flu=v) =lu=vl | &)
and then the statistics of equation (4) become
(3]
E w(sk‘i’)\xk, ju‘) _ sk(iilp . (6)

k=1

In order to assure robustness with respect to the conclusions emanating from our
analysis, we will execute the computations for a wide spectrum of choices of weights
coupled with the deviation functions of the form (5) forp = 2,1,% (i.e., the squared,
absolute, and square root deviation calculations which emphasize differently the
small, against moderate to large deviations). By robust results we mean qualitative
results little affected by the use of different weights and deviation functions.

A hierarchy of weight functions and some motivations for their interest are indicated
in figure 1.

The versatility in the figure 1 weight functions place different emphasis on large,

A s F1G. 1—Weight Functions.

sl

v A.—These weight functions share the property that
s

they increase to various degrees the relative contribution
of the alleles at the standard with small frequency as
against those with high frequency.

B.—The small values of s are much reduced in im-
portance relative to the large values. For practical
purposes, with s* and s*, we are ignoring the alleles
occurring with small frequency.

C. s"=1 C.—This weight prescription assigns equal value to
all admissible values of s.

N
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- —— —_—

E. Y =453 — 6s5* + 35

sQ'(s) z .
F. V)= : = i
) 0 05) ;06) E (Ts)
‘ 1
]
1
i uT
G. 1-s
H. s(1—s)
J. st —s5+1

D. —The weightings are directly proportional to the
allele frequency of the standard.

E.—This cubic increases the relative importance of
small values of s and reduces the relative contribution
of large values of s.

F.—For large n(> 50) this function produces a
threshold ats = 1/T changing from O to 1 quite quickly.
We use a less abrupt threshold effect as induced by n =
10; I/T = .1,.2,.3; One could also use a logistic function
(1 +ke™).

G.—Strongly weights small frequencies of the
standard and virtually ignores high frequencies.

H.—Emphasizes intermediate frequency values of the
standard.

J.—An opposite oriented weighting to that of the
previous example. This is similar to the weight function
1/s(1 — s), but does not suffer from infinities of zero
frequencies.
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medium and/or small allele frequencies of the standards. The aim is to extract results
robust with respect to the different weight and deviation functions.

The determination of significant orderings among the populations

All the preceding heterogeneity indices and/or distance measures provide us with dif-
ferent facets of the variability inherent to each locus. We now combine the information
endowed to the various measures for the 14 loci.

The analysis consists of five steps;

1. Choose a statistic; either one of the heterogeneity indices or a distance measure
from a standard of the type in equation (6).

2. Compute for every population at each locus the statistic values.

3. Compare the statistic values at the 14 loci for each pair of populations. The
assumption of loci independence permits the use of the sign test to uncover an ordering,
where one exists, for the two populations under consideration. (Since the loci differ in
the number of alleles, applying a rank order test, Wilcoxon or otherwise is
inappropriate.)

The frequency vectors for the different loci are of varying dimensions, and
undoubtedly the underlying distributions for the individual loci measurements differ.
On this basis, it is natural to invoke the sign test with n = 14 number of paired
comparisons in ordering the populations.

4. If for the pair of populations P, and P,, the statistics u;(s) of P; exceeds u »(s) of
P, (or vice versa), 11 times or more, then the sign test guarantees at a better than 5%
significance level that one of these populations is ‘‘larger’” or ‘‘smaller’’ as measured
by the particular statistic used over the second population.

5. With each statistic, the above calculations and comparisons are made for every
pair of populations, and a partial ordering among the populations is thereby
ascertained.

RESULTS

We obtain a partial ordering of the populations by invoking steps 1-5 of the
procedure for each specified statistic. Significant comparisons over the 14 loci permit
us to decide which of two populations is larger, or whether they are not separable.
When there is no significant difference, the populations are displayed in the same
column, as in tables 3-5.

We start by describing in table 3 the realizations of the comparisons for the
heterogeneity indices of equations (2a) and (2b).

The place in the ordering for Rumanian Jews is based on blood group data only
(since other data were not available); inferences in this respect should be regarded as
tentative. We have complete data on the Samaritan, Arab, and Armenian populations,
so that their relative position on the heterogeneity scale is discernible. The populations
at the extreme right are those endowed with more uniform allele frequency distribu-
tions; those at the extreme left bear relatively few segregating alleles per locus.

Table 3 shows a relatively increased heterogeneity value for the Ashkenazi group,
while showing no significant differences within this group. The Oriental group was at
the other extreme; the Iraqi Jews fell in with the Ashkenazi group at the top of the
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TABLE 3

MEASURES OF HETEROGENEITY

Information number (2a)

IragiJ.

Moroccan J.
Cochin J. Yemenite J. Arabs German J.
Samaritans Libyan J. Armenians Polish J.

Russian J.

(Rumanian J.)*
Heterozygosity statistic (2b)

7/ IraqiJ.
Yemenite J. Moroccan J. German J.
Samaritans Cochin J. Libyan J. Polish J.
Arabs Russian J.
Armenians (Rumanian J.)*

NoTE.—Increasing values of the statistic from left to right. Populations in same column are not separable. Popula-
tions in any column are mostly ‘‘larger,”” with respect to the statistic, than populations in a column to the left.
* Based on blood group data only.

scale, whereas the Yemenite and Cochin populations showed a strongly noncentral
genetic composition, yielding the smallest information and heterozygosity value across
the 14 loci. The Sephardic populations lie between the Ashkenazi and Oriental
populations, but are strongly tilted toward the Ashkenazi, as will be evident from tables
4 and S.

We now present results obtained with the various distances defined in equation (6).
In table 4 we take as our standard the pooled world-Jewish allele frequency arrays, with
different weightings and deviation functions. In table 5 we consider the standards as the
allele frequency vectors of the historical-geographic groups, with the distance for each
population referred to its own group standard. Since the sample sizes of the Jewish
populations were quite similar, the world-Jewish and historical-geographic group
standards were not dominated by any particular population.

Discussion and comments on tables 4 and 5

Juxtaposing tables 4 and 5 reveals that the use of historical-geographic group
averages as standards establishes a much finer ordering among the populations than we
obtained in table 3.

The Iragi Jews are again ‘‘closer’” in genetic composition to the Ashkenazi and
Moroccan populations than to the other Oriental populations. The closeness between
the Iraqi Jews and the Ashkenazi and Moroccan populations remains an enigma and
needs more study.

The Yemenite and Cochin Jews exhibit non-uniform allele distributions and much
divergence with respect to each other, and since they also differ substantially from the
world-Jewish standard, our Oriental group seems not to be properly a group at all. An
important factor is presumably that the Yemenite and Cochin populations were
composed of small, isolated, inbred groups.

X3
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TABLE 4

ORDERINGS INDUCED BY DISTANCES WITH ¢ WORLD’’-JEWISH FREQUENCY VECTOR
USED AS STANDARD

- >
Distance = 2 W(SE") Gty ; — S )2

k

Weight funciion Populztion groups

Iraqi J.
wis) =453 — 652 +3s . ...... Polish J. German J. Yemenite J.
Russian J. Cochin J.
(Rumanian J.)
Moroccan J.
Libyan j.
lraqgi J.
wis)=st.....o oo Polish J. German J. Yemenite J.
Russian J. Libyan J. Cochin J.
(Rumanian J.)
Moroccan J.
Iraqi J. Yemenite J.
wE)=s’=1............. Polish J. German J. Libyan J. Cochin J.
Russian J.
(Rumanian J.)
Moroccan J.

ﬁ:’olish 1. Iraqi J.
wE)=s8% .. . .. Russian J. German J. Yemenite J. Cochin J.
1(Rumanian 1) Moroccan J.

Libyan J.

Note. —Results for four typical statistics. Results were exceptionally robust and consistent with minor adjustment in the
orderings when considering a wide spectrum of 27 statistics constructed using the p values of 2, 1 or 1/2 in equation (6), and
independently, the 9 variations of the weightings of figure 1.

The Ashkenazi populations proved both relatively heterogeneous in allele frequency
distrit-utions and rather homogeneous in terms of distance from their own historical
group standard. A striking finding, however, is the distinctive position of the Polish
Jews. They were significantly more heterogeneous than the Russian and German Jews,
basically exhibiting the most ‘‘uniform’” (i.e., most central) allele distributions over
most of the loci. This outcome conforms with the faci that the Polish Jews registered
the smallest distances from the world-Jewish and Ashkenazi standards. In another
vernacular, we can characterize the Polish Jews as the Jewish population “‘closest’” to
the average ‘‘world’’-Jewish population, and to the average Ashkenazi population.

The Moroccan Jews are closely akin to the Ashkenazi Jews in genetic composition.
Some possible factors bearing or this matter are discussed in the Discussion and
Conclusions section.

The Libyan Jews are somewhat less homogeneous than the Moroccan Jews, and
show somewhat greater differences from the Sephardi group and world-Jewish
standards. As with the Yemenite and Cochin populations, we may be partly seeing the
consequences of small effective population size.

Two reassuring features of tables 4 and 5 are the robustness of the comparisons for
all the different weight functions chosen, and the overwhelming prevalence of
significant orderings. It seems clear that the orderings of these tables are real and not
spurious.

















































