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polymorphism in the human genome (1) and the subse-

quent demonstration that such hypervariability is wide-
'spread in humans (2), forensic scientists have recognized the poten-
tial of DNA typing for identifying a criminal from biological
samples left at a crime scene. With the variable number of tandem
repeat (VNTR) loci (3) currently used, the value of DNA typing as
an investigative tool is enormous because an extremely large number
of genotypes exists in the population, which yields a high probabil-,
ity of finding different patterns in different individuals. A high
probability of different patterns in different individuals means a large
chance of excluding a falsely accused individual and small chance of
a coincidental match between a DNA profile of a suspect and that in
an evidentiary sample. Courts in the United States and England have
admitted DNA evidence in criminal and civil litigations (4). By
1990 >2000 U.S. court cases in 49 states and the District of.
Columbia had used DNA tests for such purposes (4). In England,
civil litigations have used DNA evidence in immigration and
paternity dispute cases.

Despite the acceptance of DNA evidence in court cases, there have
been criticisms. In this issue of Science, Lewontin and Hartl (LH)
(5) conclude that the use of DNA typing in courtroom applications
of forensic genetics must wait for a thorough and extensive sampling
of populations, because the “estimates of the probability of a
matching DNA profile based on VNTR data, as currently calculat-
ed, are unjustified and generally unreliable” (5). We believe this
claim is incorrect.

Our purpose is to provide a critical appraisal of the principles and
basis of DNA typing in a legal setting. In the context of courtroom
applications of DNA typing, it is necessary to draw the distinction

g FTER THE DISCOVERY IN 1980 OF A HYPERVARIABLE DNA

between exact values and valid estimates. The issue under debate is’

whether, when a match occurs, a meaningful estimate can be
obtained for the frequency of the DNA pattern. An estimate
deliberately biased to favor the defendant is acceptable. The existing

population data allow valid estimates to be calculated for the large-

U.S. racial groups. Existing data are sufficient to allow DNA typing
of VNTR loci to be used in U.S. courts.

The legal settings of DNA typing. For forensic purposes, it is
necessary to determine whether the evidentiary DNA profile match-.
es that of the suspect and if it does, the significance of the match.
DNA typing adds a powerful forensic tool, not only because of its
high level of discrimination among individuals, but also because it
can be done on many sources of materials ‘that are otherwise
unusable for traditional blood typings. We focus on the issues
surrounding DNA typing in criminal investigations, although their
use in civil litigations (for example, to establish or negate biological
relatedness) may be supported by the same logic.
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Once DNA typing is done according to strictly established
gmdchncs (4, 6, 7), three possible outcomes exist. First, DNA
typlng may result in inconclusive results, either because of insuffi-
cient DNA from the sample or because of technical problems in the
test. Second, when the DNA profiles of the relevant samples do not
match, the evidence may be declared exculpatory, as observed in the
first criminal apphcatlon of DNA typing (8). No population genetic
issues arise in 1ntcrprctlng this outcome. In 60 to 65% of criminal
cases, DNA typings result in one of these two outcomes. In the cases
of exclusions obtained by DNA typing, a substantial fraction would
have remained inconclusive without DNA data (9).

In the third alternative, when a match is found, the legal question
for the defense of the suspect is the following: What is the likelihood
that such a match occurs by chance and that the suspect is not linked
to the sample? Sometimes, in the defense of a particular suspect, a
more restrictive question could also be relevant: Is it likely that there
are other individuals in a particular subpopulation who also have the
same DNA profile? Although the reference populations to be used
in answering these two questions could be different, in reality no
precise genetic definition of either population emerges from any
legal principle (10). We argue that this is the crux of the -legal
question to which population genetic methods should be applied:
The significance of a DNA match should be evaluated in a legal
setting (11, 12).

Genetic systems used in DNA typing. Any of the more than 2000

~ defined and catalogued DNA polymorphisms (13) could be used in

a forensic application, just as blood groups and classical markers
have been used for years. The VNTR loci (D1S7, D2S44, D4S139,
D10S28, and D17S79, among others) used by the U.S. crime
laboratories were chosen for their power of discriminating between
genotypes observed in different individuals. However, because some
VNTR alleles are similar enough in size that they cannot be
distinguished on gels, a “binning” approach (14) is used. Although
this pooling has been questioned (5), the same procedure is used for
blood groups and proteins. All A alleles at the ABO locus are naot
identical at the molecular level; the division of A alleles into
subclasses (A, and A,) has long been recognized, and more recent
molecular characterization of the ABO polymorphism shows that
molecular heterogeneity exists even within these subtyped alleles
(15). Similarly, studies of amino acid and DNA sequencing_have
suggested that DNA sequence variation exists among HB*A alleles
at the hemoglobin locus and among the isoalleles at the ADH locus
(16, 17). These show that the definition of allele as a distinguishable
type has always been recognized as a technology-defined pool that
might be subdivided by other technologies. The theories of popu-
lation genetics apply, provided a consistent definition is used at a
particular level of resolution. Occasionally critics have compared
VNTR alleles with phenotypes such as height, weight, eye color, or
hair color (5, 18). This is misleading because VNTR alleles are discrete
entities at every single locus, even if measured with error (19).

Most forensic methods use a binning protocol to estimate
grouped allele frequencies (14). Bins are size classes (in base pairs) of
DNA fragments whose class limits are determined by measurement
errors and the size standards used in the test. For some VNTR
probes it is likely that numerous alleles of similar sizes will be
grouped within the same bin. The binning method was suggested
(14) as an operational means to obtain conservative (20) estimates of
the probabilities of DNA profiles. Population genetic methods have
been developed to take into account these features of VNTR data
gathered by Southern blot (DNA) restriction fragment length
polymorphism (RFLP) analysis (21). These methods, when applied
to VNTR data on population samples of presumably mixed origin,
revealed no significant deviation from random combinations of
VNTR alleles within individuals. These results and other informa-
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tion (22) suggest that the computation of match probability by the
binning approach generally yields valid, but conservative estimates.

Population genetics of VNTR loci. Extensive studies have demon-

strated that VNTR alleles segregate according to Mendelian princi-
ples. The only significant difference between VNTR loci and
traditional markers is the high mutation rate documented for some
VNTR loci (23), which could be a problem for paternity cases but
not for individual identification (24). While the current knowledge

of intra- and interpopulation genetic variation for the traditional

blood group and protein loci (25, 26) is much greater than that of
the VNTR loci, simply because the VNTR technology is more
recent, the literature on VNTR loci is growmg fast (27, 28). The
features of intra- and interpopulation variation at VN'TR loci appear
to be congruent with those at traditional genetic markers (29, 30).
There are only two distinctive features of VNTRs: There are more
alleles than at the functional loci previously used in forensics (23),
and the current technical limits result in a quasicontinuous series of
alleles which means that distinguishing among similarly sized alleles
can be a problem.

Statistical evaluations of the significance of a match. The evaluation of

coincidental match probability must take into account a reference .

population from which the crime sample was derived. An eyewitness
account might indicate the racial background of the criminal but
certainly not his or her precise ethnicity. A logical choice of an
appropriate reference population should be the one that contains
potential perpetrators, determined only by the place and time of
occurrence of the crime (10). Thus, the reference population is
inherently a theoretical construct, probably containing individuals
of mixed race or ethnicity (or both) and defined largely by geo-
graphic criteria. The question could be asked: Can one compute a
valid estimate of the coincidental match probability, and can such an
estimate be justified on the basis of population genetic principles?
We argue that they can be both computed and justified, and that the
current practice provides conservative (20) approximations of the
relevant frequencies.

The current practice of computing the probability of a DNA profile.
Allele frequencies for various single locus probes that are used in
criminal investigations have been gathered for populations repre-
senting various race, ethnic, and geographic groups (7, 27, 28).
These data are not collected from homogeneous endogamous
groups (31); there are subgroups, but these databases are congruent
with the operational definitions of reference populations. Frequen-
cies of binned alleles are determined from such databases by simply
counting, parallel to the traditional population genetic gene count
method (32). No assumptions regarding “random mating” or
“population substructure” are needed in such computations. In fact,
classic population genetic principles show that even if the reference
population was a mixed one, these “binned allele frequencies” are
unbiased estimates, of the averages of all underlying ethnic or
endogamous subgroups contained within the reference population.

The next step is to compute the single-locus profile probability
(the probability of finding a given combination of two “binned”
alleles in an individual) by means of these estimated binned allele
frequencies. Here the Hardy-Weinberg expectation (HWE) princi-
ple is used (32). Then the single-locus profile probabilities are
multiplied to obtain the multiloci profile probability for the entire
battery of loci used in the investigation. This last step assumes
linkage equilibrium (LE) (such that there is no preferential combi-
nation of the alleles). Hence, HWE and LE are assumed even
though the reference population is a mixed one. When the technical
limitations of generating such data are taken into account, analyses
of the data support the use of these assumptions (21, 22, 27). This
is not equivalent to saying that there is no substructuring within the
reference population. It only suggests that even if the subgroups
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contained in the reference database have significantly different allele
frequencies, their effect on deviation from HWE and LE is so small
that the effect cannot be detected in practice.

Response to LH’s criticism of the probability calculations. Critics have
claimed that assuming subpopulations are absent has yielded
“flawed” calculations (5, 18). Demographic and genetic evidence has
been provided to support these arguments. Actually no such as-
sumption is ever made. The data on blood groups provided by LH
(5)-can be used to show that the current practice is valid. Suppose
that a crime is committed in an area where inhabitants are of either
Polish or Italian descent, but the ethnicity of the perpetrator is
unknown. To consider the worst scenario, assume equal numbers of
Poles and Italians and that we have a sample of this mixed
population to use as a reference population. LH depict the Italians
and Poles as having disparate allele frequencies at the ABO, Rh, and,
Kell blood group loci [although the frequency differences are
actually much smaller (33) (Table 1)]. Bécause ethnicity-specific
allele frequency data exist for blood groups, the multiloci genotypic
frequencies would be computed in each subgroup (as done by LH,
yielding 7.4 X 1075 for Poles, and 3.0 x 10~7 for Italians). The
weighted average of these estimates with equal relative sizes of these
subgroups in the reference population yields an estimate of 3.69 x
10~%, which would be the most adequate estimate of the coinciden-
tal multiloci genotypic probability.

Now-assume that the ethnicity-specific allele frequencies are not
available; only the allele frequencies for the pooled population are
available (Table 1). Using them yields a probability, the “admixed”
estimate of 1.19 x 107>, or only 3.1-fold smaller than the best
estimate. Considering the absolute values of these two probabilities
(of the order of 12 versus 37 in 1 million), no one would argue that
these estimates are substantially different. With some intergroup
marriages each generation, increasing proportions of the population
will be of ethnically mixed origin. For such individuals, the estimate
based on average allele frequencies is even better. In this Italian-
Polish example, the frequency of the multiloci genotype (Table 1)
for an individual born of an Italian-Polish marriage is 7.58 x 107°.
This is only 1.6-fold smaller than the “admixed” estimate. Thus, the

Table 1. Effects of allele frequency differences at blood group loci among
subpopulations on the estimation of multiloci genotypic frequencies in the
pooled population. Notes:" The first three columns use the data reported
in LH (5). The revised data for the Rh locus is from table 4.25, p. 487 of
(25) for the Poles and from simple averages of 14 listings of Italian
samples is taken from table 4.19, p. 438 of (25). Revised Kell blood
group data is from Tablé 6.3 (25), and the same for the ABO locus are
from simple averages of 31 listings on the Poles (pp. 167-168) and 99
listings on Italians (pp. 163-167), both of (25). The three-locus
heterozygotes genotype . probabilities are computed assuming HWE and
LE within each population. The mixed population (with an equal mixture
of Poles and Italians) would have multiloci genotypic probabilities shown
in the “mixed” column; in the parentheses are the estimates calculated
from the “mixed” allele frequencies assuming HWE and LE.

Locus Frcqu\cncn(e;)l}ffd by LH Revised frequencies (30) in
allele - .
Poles Italians Mixed Poles Italians Mixed
Rh: cDe 0.047  0.0065 0.0268 0.0423 0.0333 0.0378
Cde 0.044 0.015 0.0295 0.0112 0.0196 .0.0154
Kell: K 0.058 0.015 0.0365  0.0430  0.0489 0.0460
k 0942 0.985 0.9635 0.9570 ' 0.9511 0.9540
ABO: A 0.37 0.37 0.37 0.2590 0.2393 0.2492
B 0.22 0.07 0.145 0.1422 0.0814 0.1118
MGP 7.36 2.98 3.69 5.74 4.73 - 5.24
x107% x1077 x107° x107¢ x10° x10°¢
(1.19 x 1075) (5.69 x 1075
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current protocol is robust, even when of the allele frequencies are
chosen to indicate that the subgroups are genetically well differen-
tiated. The 247-fold difference between the subgroups’ multiloci
profile frequencies is of no consequence. We disagree with LH that
this method is a major drawback of the current practices; we also
disagree with their representation of the method (34). When more
appropriate blood group data are used, the result is even more
convincing (Table 1); for instance, the ratio of best to “admixed”
estimate, calculated correctly, is 0.92, close to 1. The estimate for a
child of a Pole and an Italian is 5.81 x 10~°, or extremely close to
the estimate of 5.69 x 107 calculated from average allele frequen-
cies assuming HWE and LE. Clearly, substructurlng does not
invalidate the estimates.

We also challenge the data on Table 2 of LH (5). In most current
VNTR allele- frequency databases, bins are redefined so that no
single bin contains fewer than five observations (7). Several of the
bins of LH’s Table 2 should have been merged. In addition, there is
inaccurate allele sizing in their data (35). The correctly sized allele
frequency distributions in the French and Israeli populations, after
rebinning of alleles, differ from each other by at most a factor of 6.1
[not zero to infinity, as rcportcd in LH (5)]. Consequently, the
variances of allele frequencies in these two populations are much’
smaller than the ones obtained from the data of LH, which would
make the approximate (mixed) estimate of any D2S44 profile in the
mixed population accurate.

" Other empirical support of the current protocol of estimating the

multiloci genotypic probabilities is provided by Caskey (36) who has
shown that the multiloci genotypic probability estimates, based on
databases exhibiting substantial allele frequency differences, are robust.

The effect of nonrandom mating. We urge the reader not to be misled
regarding nonrandom mating and the genetic consequences of the
substructure in human populations. In relation to the “narrow
sense” definition of random mating (5), LH agree that people do
mate “at random” with regard to VNTR and blood group types (5,
18). However, LH claim that in the broad sense human populations
form “endogamous” groups. To support their claim, they cite
demographic studies (37), which suggest that different U.S. ethnic
groups are “largely cndogamous and “the Americans tend to marry
the girl or boy next' door.” The qualifications
“largely,” however, have significant implications in genotypic prob-
ability calculations, because population genetic theory shows that
even a small amount of gene migration across ethnic and religious
boundaries will quickly homogenize populations (38). Both the
proportion of marriages of mixed ethnicity (20%) and that of
marriages outside the 10-mile radius (67.6%) per generation (37)
are high. Continued over even two or three gencrations these rates
must yield substantial homogenization, as shown in the examplc
given earlier of the child of a Pole and an Italian.

Lewontin’s (39) work is often cited (5, 18) as showing that
substantial genetic variation exists within the major racial groups.
However, when Lewontin’s approach is applied to smaller levels of
population structure, the majority of genetic differences are still
found to be between individuals within villages or parishes rather
than among villages or parishes (40). These results demonstrate the
truism of biological diversity of individuals, even in extremely
subdivided groups. The reality of human evolution (41) shows that
even though marital preference is nonrandom at every level at which
one can define populations (42), its effect on deviation from HWE
of genotypic frequencies or linkage equilibrium is minimal. No new
population genetic principles are needed to apply this thesis to
forensic DNA typing (22, 43).

Generalizations about American marriage practice based on stud-
ies done before the “baby boom™ are questionable, because such
studies do not reflect the extensive mobility and mixing of groups in
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“tend to” and -

the general U.S. population that occurred during and following
World War II. The present generation of Americans, the group most
likely to commit violent crimes, are offspring of this postwar era,
which is also an era in which multiple marriages are more frequent.

In summary, American demography for descendants of Caucasian
immigrants is closer to a “melting pot” than to a rigid subdivision.
Asians, blacks and whites do come closer to clear boundaries
between groups. If the demographic and social issues raised by LH
were indeed correct, why, then, are blood groups and protein
polymorphisms justifiable in forensic work, but not VNTR poly-
morphisms, as they assert? In fact, the vast literature on blood
groups and protein markers has demonstrated that the existing
subdivisions within populations do not produce any appreciable
departures of single or multiloci genotypic frequencies from the

“ones predicted with the Hardy-Weinberg and multiplication rules,

and all present data on VNTR polymorphisms (21, 27, 28, 29)
suggest that this also applies to DNA typing.

Consequently, interpretations of the statement that the “statistical
tests for Hardy-Weinberg expectation (HWE) are virtually useless as
indicators of population substructure” (5) are opposite to what LH
suggest; it implies that the HWE approximation is appropriate for
genotypic probability calculations from allele frequencies. The same
logic extends to LE, because the arithmetic and underlying princi-
ples are identical; HWE is simply the multiplication rule applied to

Table 2. Effect of population substructure on genotypic probability (single
and multiloci) calculations in a mixed population. Hae III-digested DNA
fragments were by the fixed bin method (14): bins 7, 8, 9, 19, 21, 26, and
31 represent alleles of base pair sizes of 1,197 to 1 352 1, 353 to 1 ,507,
1,508 to 1,637, 3,330 to 3,674, 3,980 to 4 323, 6, 369 to 7, 241 and cqual
or greater than 1‘2,830, rcspccﬁvcly. Binned frcqucncics are from samplcs of
215 and 213 unrelated Orange County Caucasians and blacks for the
D2844 locus and 217 and 210 Caucasians and blacks for the D2S44 locus
and 217 and 210 Caucasians and blacks for the D4S139 locus; (51). The
values in the “mixed” column assume an equal mixture of Caucasians and
blacks. The values are simple averages of the individual racial groups; the
numbers in parentheses are the ones computed from the allele frequencies in
the mixed sample under the assumption of HWE and LE.

Frequencies in

Binned
Locus alleles
p Caucasians Blacks Mixed
Allele frequencies
D2S44 7 0.035 0.106 0.071
8 0.042 0.075 0.059
9 0.140 0.070 0.105
19 0.063 0.026 0.045
D4S139 21 0.025 0.069 0.047
26 0.189 0.138 0.164
31 0.104 0.031 0.068
Single-locus genotypic frequencies
D2S44 7/8 0.0029 0.0159 0.0094
(0.0084)
D2S44 9/19 0.0176 0.0036 10.0106
(0.0095)
D4S139 21/31 0.0052 0.0043 0.0048
(0.0064)
D4S139 26/31 0.0393 0.0086 - 0.0240
(0.0223)
Two-loci genotypic frequencies
Genotypes Caucasians Blacks Mixed
7/8and 21/31 1.51 x 1075 6.84 x 1075 4.17 x 10~% (5.38 x 1075)
7/8 and 26/31 1.14 X 1.37 x 1.25 x (1.87 x 107%)
10 1074 107*
9/19 and 21/31 9.15 x 1.55 x 5.35 x (6.08 x 1075)
1073 1075 1075 ,
9/19 and 26/31 6.92 x 3.10 x 3.61 x (2.12 x 107%)
10 1075, 10~* '
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a single locus. This is not equivalent to saying no substructuring
exists within human populations. Substructuring exists everywhere,
no matter how the population as a mating unit is defined. However,
as the component subpopulations are genetically similar, because of
gene exchange almost since the beginning of their evolution (44),
the net effect of substructuring is trivial.

For the specific case of VNTRs, common VNTR alleles exist
throughout diverse populations, and differences are less conspicuous
among ethnic populations within racial groups than among racial
groups (27). We conclude that LH’s concern about the inappropri-
ateness of the HWE and multiplication rules has no basis. Although
this is evident from the data of Table 1, examples from existing
VNTR data may be more convincing. In Table 2, we illustrate a
worst-case scenario with data on two VNTR loci (D2S44 and
D4S139) applied on the Orange County Sheriffs Department
(OCSD), California database (44a). Genotypes were selected for
binned alleles that depict the largest variation between the Orange
County Caucasians and blacks; most bins at these and the other loci
showed smaller differences between the two populations. The
numerical evaluations (Table 2) show that for the mixed population
the actual and estimated genotype frequencies differ, as expected.
However, even in this worst case, the estimates, based on averaged
bin frequencies and assuming HWE and LE, are excellent approx-
imations. The deviations depend on'the magnitude and direction of
allele frequency differences in the subgroups, with the greatest effect
occurring when both alleles are more common in one subgroup than
the other for both loci [for example, those found for the genotype
D2S44 9/19 and D4S139 26/31 (Table 2)]. Even in this case, the
two loci genotypic frequency predicted by the current protocol
(2.12 x 10™*) does not differ in any meaningful way from that
found in the mixed population (3:61 x 107%).

The generality of this conclusion may be illustrated with the
probabilities of VNTR DNA profiles of 2046 individuals in the
Federal Bureau of Investigation (FBI) database (7, 14) plotted on a
scatter diagram. Each data point in Fig. 1 represents a specific DNA
profile and gives the probabilities of this profile (in terms of 1 in x
individuals) in the black and Caucasian populations, which we
calculated assuming HWE and LE and using the rebinned allele
frequencies (7). Obviously, specific deviations from the diagonal line
represent the effects of (rebinned) allele frequency differences be-
tween races, but the message is obvious. In general, the rules are
robust, and even if different databases are used, representing statis-
tically significant allele frequency differences, the inference about the

rarity of occurrences of each multiloci DNA profile remains virtually -

unaltered. This, we argue, is the reality of population substructure
on DNA profile frequencies. X

In ‘the discussion of the origin and genetic makeup of the
Hispanics, LH refer to the allele frequency differences among the
Karitiana and Surui of Brazil. It is true that Hispanic is a term used
for people that have diverse origins.. However, the data on Amazon
Basin tribes (28) are not the only considerations. Indeed, the
Karitiana represent an extreme example of a small isolated inbred
population. No Hispanic group in North America is so small or
inbred; whatever tribal structure did exist among their Amerindian
ancestors has long since been broken down (45). Although the
accumulation of gene diversity among the Amazon Basin tribes is

significant (46), the entire Amazonian population appears to have -

sufficient gene flow among populations, so that an equilibrium has

been reached, and these populations behave over the long-term as'a

unit (47). Even within the Karitiana sample, which contains many
pairs of individuals more closely related than full siblings, there were
no two individuals with identical VNTR profiles.

Furthermore, whereas Cubans, Puerto Ricans, and Mexican
Americans of Texas or Arizona differ in their admixture composition
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Fig. 1. Scatter plot of estimated
probabilities (written as 1/x, x 14
in log scale) of DNA profiles

based on up to four single-locus 12
VNTR probes in 2046 individ-

uals of the FBI database (50). _ 10
Horizontal axis represents the
estimated probabilities when re-
binned. allele frequencies are
based on U.S. blacks, whereas
the vertical axis represents the
estimated probabilities of the
same profile with rebinned Cau-
casian allele frequencies (7). The o
profile of every individual in the 8 10 12 14
database is included .in the Black

graph. The points close to the origin represent those DNA profiles based on
only one locus. This example was chosen because of all the pairwise database
comparisons, this one showed the greatest spread from the diagonal.
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and history of origin, these groups internally do not show any
deviation from HWE, nor do they-show any associations of alleles at
different loci (45). Genetically admixed populations are not neces-
sarily heterogeneous (484), and the same conclusion is applicable to

_VNTR loci. Thus, we are not concerned with estimating the

frequency of a DNA profile among individuals who have the same
ethnic ancestry as a defendant, for example, one-eighth Irish,
one-fourth Italian, one-eighth French, one-fourth Polish, and one-
fourth Amerindian; no such database will ever exist, nor is it necessary
(48). In this example, the U.S. Caucasian database and the U.S.
Hispanic database from the Southwest will provide conservative
estimates that indicate the degree of uncertainty that might exist.

The summary by LH discusses the uncertainty in estimates, a
phenomenon common in statistics. We have shown that the uncer-
tainty is far less than depicted by LH, because it is the general
frequency in the total population that is desired, not the frequency
in-the subgroup to which the suspect or defendant belongs. The
current practice produces good approximations of the frequency of
a DNA profile in a mixed population. The conservative use of bin
frequencies rather than allele frequencies and the practice of rebin-
ning to pool the most poorly estimated frequencies into a larger,
more reliable estimate assure that most of the frequencies used are
overestimates. With multiple loci, the possible errors will ‘more
frequently “average out” than reinforce. In contrast, the overesti-
mates used for each allele assure that the final multiloci estimate is
greater than the best estimate for the specific genotype.

LH have advocated three solutions to the problems they see; we
do not see the necessity of any of them. Their first option is “don’t
multiply,” but use only the database available. Each new profile that
has not been seen in the database would have a frequency less than
1/N, where N is the number of individuals in the database. Although
this would be an extremely conservative estimate, it ignores all
Mendelian principles. Clearly there are more possible genotypes
than can be realized in any moderately sized population and many
more than in any sample. The fixed-bin approach (14) defines an
average of 20 bins per locus, after rebinning, giving 210*, or 1.94 x
10°, possible four-locus profiles. The use of the “don’t multiply”
approach with a database of a few hundred samples fails to convey
adequately the true significance of a match.

The use of ethnic ceilings to fix the current method, as advocated
by LH, actually indicates that the current practice is valid, because
HWE and LE are to be assumed to compute the relevant profile
frequencies within groups. In essence, cutrent procedures are based
on a ceiling principle; the assumption is now made by some forensic
laboratories that the source of the evidentiary sample is from a
specific racial group (say, Caucasian, black, or Hispanics), and
respective databases are used for estimating probabilities. The use of
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the largest of the compared values provides an additional safeguard
beyond those in place for each database alone. Further subdivision
within each database is not necessary.

As we have shown both theoretically and with cxamples the current
proccdurc does not require “fixing” for it to be used in courts. Of
course, it can and will be refined as more data become available. Real
examples given above indicate that even if the defendant belongs to a
small endogamous subgroup, no mcamngful change in the interpre-
tation of a DNA match occurs by using the current data.

Epilogue. Notwithstanding these comments, it must be reiterated
that human population geneticists should not take an attitude of
complacency with the current state of knowledge of VNTR poly-
morphisms, nor toward the method of detection of such polymor-
phisms. New technologies based on polymerase chain reaction
(PCR)-based protocols are being suggested for VN'TR analyses that
are more incisive than simple binning of alleles (49). Collection of
data in anthropologically well-defined populations is being vigor-
ously pursued by several groups. The present practice of providing
conservative estimates of a match probability demonstrates that,
whén the DNA typing is done with care, matches can provide

overwhelming evidence that cannot be coincidental. If DNA evi- .

dence is excluded from courtroom applications, the prospect of
convicting true criminals, as well as exonerating the falsely accused,
will be substantially diminished.

REFERENCES AND NOTES

. A. R. Wyman and R. White, Proc. Natl. Acad. Sci. U.S.A. 77, 6754 (1980).
. A. ]. Jeffreys, V. Wilson, S. L. Thein, Nature 314, 67 (1985).

. At the molecular level, each VNTR locus consists of tandemly repeated sequences
of nucleotides that are identical or nearly identical to each other [(2) and Y.
Nakamura et al., Science 235, 1616 (1987)]. Such sequences can be detected at a

* unique site (locus) in the genome defined by a unique flanking DNA sequences.

4. U.S. Department of Justice, Office of Justice Programs, Bureau of Justice Statistics,

Forensic DNA Analysis: Issues (Government Printing Office, Washington, D.C.,
1990); U.S. Congress Office of Technology Assessment, Genetic Witness: Forensic
Use of DNA Tests, OTA-438 (Government Printing Office, Washlngton DC,
1990).

5. R. C. Lewontin and D. L. Hartl, Science 254, 1745 (1991).

6. It is inappropriate to say that VNTR typing can be done “reliably” by “inexperi-

_enced technicians using simple techniques”, as stated by LH. These DNA typings
require considerable caution, attention, and experience. Cavalier attitudes in DNA
typing may cause artifacts far beyond the implications of probability calculations;
[E. S. Lander, Nature 339, 501 (1989), and (4)].

. U.S. Department of Justice, Crime Laboratory Digest, vol. 15-18 (1988-1991).

J. Wambaugh, The Blooding (Perigord, New York, 1989).

L. Forman, Am. J. Hum. Genet. 49 (suppl. 4), 64 (1991).

J. R. Wooley, ibid. 49, 392 (1991).

. The legal questions, stated above, are no different from those involved in standard

genetic marker testing [R. F. Gaensslen, Crime Lab. Dig. 12, 75 (1985); R. N.

Jonakait, Univ. Illinois Law Rev. 1983 (no. 2), 369 (1983)].

R. P. Harmon, Am. J. Hum. Genet. 49, 891 (1991).

K. K. Kidd, Curr. Opin. Genet. Dev. 1, 99 (1991).

B. Budowle et al., Am. J. Hum. Genet. 48, 841 (1991).

F. Yammamoto et al., Nature 345, 229 (1990).

J: A. Ramshaw, J. A. Coyne, R. C. Lewontin, Genetics 93, 1019 (1979)

M. Kreitman, Nature 304, 412 (1983).

E. S. Lander, in DNA Technology and Forensic Science, J. Ballantyne, G. Sensa-

baugh, J. WltkOWSkl Eds. (Cold Spring Harbor Laboratory, Cold Spring Harbor,

NY, 1989), pp. 143-156; E. S. Lander, Am. J. Hum. Genet. 48, 819 (1991).

R. Devlin, N. Risch, K. Roeder, Am. J. Hum. Genet. 48, 662 (1991).

In the context of courtroom applications, an estimate of the probability of a DNA

profile may be called conservative if on average it is larger than the actual one, so

that any weight given on the estimate would favor a suspect.

R. Chakraborty [Am. J. Hum. Genet. 49, 895 (1991)] used developed methods [S.

Karlin et al., Proc. Natl. Acad. Sci. U.S.A. 78, 2664 (1981); S. Karlin, ibid. 80,

647 (1983)], whereas B. Devlin, N. Risch, and K. Roeder [Science 249, 1416

(1990)] considered the issue of incomplete resolution of similar size VNTR alleles

to examine the effect of population substructure.

R. Devlin, N. Risch, K. Roeder, J. Am. Stat. Soc., in press; B. S. Weir, Genetics,

in press.

A.]. Jeffreys et al., Nature 332, 278 (1988); A. ]. Jeffreys, Am. J. Hum. Genet. 49

(suppl. 4), 64 (1991)

S. J. Odelberg et al., Genomics 5, 915 (1989).

A.E. Mourant, A. C. Kopec, K. Domamewska-Sobczak The Distribution of Human

Blood Groups and Other Polymorphisms (Oxford Univ. Press, New York, 1976).

. A. K. Roychoudhury and M. Nei, Human Polymorphic Genes: World Distribution
(Oxford Univ. Press, New York, 1988).

W=

P
FSwveN

12.
13.
14.
15.
16.
17.
18.

19.
20.

21.

22.
23.

24.
25.

20 DECEMBER 1991

27.
28.
29.

30.

31.

3.
33,

34.

35.

36.
37.

38.

39.
41.

42,
43,
44a.

45.

47.

48.

48a.

49.

50.
51.

52.

R. Deka, R. Chakraborty, R. E. Ferrell, Genomics 11, 83 (1991); 1. Balazs, M.
Baird, M. Clyne, E. Meade, Am. J. Hum. Genet. 44, 182 (1989); L. Henke et al.,
in DNA Fingerprinting: Approaches and Applications, T. Burke et al., Eds.
(Birkhauscr-Vcrlag, Basel, Switzerland, 1991), pp. 144-153; 1. Balazs et al.,
Cenetu:s, in press.

J. R. Kidd et al., Hum. Biol. 63, 775 (1991). .

L.Jinetal., Am J. Hum. Geénet. 49 (suppl. 4), 14 (1991); A. M. Bowcock et al.,
Proc. Natl. Acad. Sci. U.S.A. 88, 839 (1991); K. K. Kidd, Am. J. Hum. Genet. 49
(suppl. 4), 64 (1991).

A. G. Clark, Am. J. Hum. Genet. 41, 948 (1987); A. M. Bowcock et al., Gene
Geogr. 11,47 (1987); ). Flint et al., Hum. Genet. 83, 257 (1989); R. Chakraborty
and S. P. Daiger, Hum. Biol. 63, 571 (1991), A. M. Bowcock et al., Gene Geogr.,
in press.

In population biology, a homogeneous cndogamous population is defined by a
group of individuals within which marriages (mating) occur at random, and
individuals of such a group do not marry others outside the group.

C. C. Li, First Course in Population Genetics (Boxwood, Pacific Grove, CA, 1976).
The allele frequencies used by LH (5) for the Kell blood group are from surveys [A.
E. Mourant, The Distribution of the Human Blood Groups (Blackwell, Oxford, 1954),
that fail to distinguish between the KK and Kk genotypes, whereas later surveys are
[table 6.3, p. 530 (25)] more reliable. Siilarly, Mourant (p. 377-381, table 21)
lists Rh allele frequencies based on incomplete typings with -C, -D, and -E antisera,
whereas in (25) (table 4.19, p. 438) gives results based on more complete typing,
resulting in Rh chromosome frequencies much different from the ones used by LH.
The frequencies used by LH are not listed in their exact form for the Rh locus. The
ABO allele frequencies used by LH are also not exact; more representative values
can be obtained from (25).

Ifp1, P2y -« Pr and qy, 43, - - ., ;. represent the frequencies of two specific alleles
in k subgroups within a population, the frequency of individuals heterozygous for
these two alleles in the total population is given by 2pg + 20, where p = S wp;
and g = 2 wg; are the allele frequencies in the pooled populatlon and 0, = 2 w(p;
— p)(¢: — 9) is the covariance of allele frcqucncncs across subgroups w; is the
relative size of the subgroup at position i in the total population, and the
summation is over all subgroups. Because o,,, = 2 = waw;(p; — p;)(4; — ¢;), it is clear
that the deviation from HWE due to population substructure is a function of
products of allele frequency differences among subgroups; it is not determined by
the ratio of allele frequencies across subgroups, as indicated by LH (5). The
argument for homozygotes is exactly similar, when variances are considered instead
of covariances. Therefore, the numerical effect of population substructure is
generally negligible.

The D2544 allele frequencies reported in LH (5) after correct sizing and re-binning
would become 0.035, 0.035, 0.039, 0.086, and 0.039 for the French sample and
0.052, 0.052, 0.034, 0.014, and 0.039 for the Israeli sample for bins 1, 6, 8, 12,
and 21, respectively (B. Budowle, personal communication).

C.T. Caskcy, Am. J. Hum. Genet. 49, 893 (1991).

R. J. R. Kennedy, Am. J. Sociol. 49, 331 (1944); ibid. 58, 56 (1952); J. N.
Spuhler and P. J. Clark, Hum. Biol. 33, 223 (1961).

M. Nei and M. Feldman, Theor. Pop. Biol. 3, 460 (1972); R. Chakraborty and M.
Nei, ibid. 5, 460 (1974).

R. C. Lewontin, Evol. Biol. 6, 381 (1972).

. J. V. Neel and R. H. Ward, Genetics 72, 639 (1972); P. E. Smouse and J. C. Long,

in Quantitative Genetics, B. S. Weir et al., Eds. (Sinauer, Sunderland, MA, 1988),
pp. 32-46.

M. Nei and G. Livshits, in Population Biology of Genes and Molecules, N. Takahata
and J. F. Crow, Eds. (Baifukan, Tokyo, 1990), pp. 251-265; M. Nei and T. Ota,

‘in Evolution of Life, S. Osawa and T. Honjo, Eds. (Springer-Verlag, Tokyo, 1991),

pp. 415-428.

L. L. Cavalli-Sforza, in Proceedings of the Tenth International Congress of Genetics
(Univ. Toronto Press, Toronto, 1958), vol. 1, pp. 389-407.

R. Chakraborty and L. Jin, Hum. Genet., in. press.

. R. L. Cann, W. M. Brown, A. C. Wilson, in Human Genetics Part A: The Unfolding

Genome, B. Bonne-Tamir, Ed. (Liss, New York, 1982), pp. 157-165.
Provided by J. Hartmann and R Keister of OCSD

R. M. Cerda-Flores et al., Hum. Biol. 63, 309 (1991), R. M. Cerda-Flores et al.,
Ann. Hum. Biol., in press.

. The standardized variance of allele frequencies (Fsy) among the Amazon Basin

tribes is almost as big as that found in Melanesia [J. S. Friedlaender, Patterns of
Human Variation (Harvard Univ. Press, Cambridge, MA, 1975)].

F. M. Salzano and S. M. Callegari-Jacques, South American Indians: A Case Study
in Evolution (Oxford Univ. Press, New York, 1988).

R. Chakraborty, Yearb. Phys. Anthrop. 29, 1 (1986);
Ferrell, Ethn. Dis. 1, 245 (1991).

B. S. Weir and I. W. Evett, Am. J. Hum. Genet., in press.

E. Boerwinkle et al., Proc. Natl Acad. Sci. U.S. A 86, 212 (1989); A. J. Jeffreys
etal., Cell 60,473 (1990) B. Budowleet al., Am. J. Hum. Genet. 48,137 (1991);

A. Edwards andA Civitello et al.}, ibid. 49, 746 (1991); A.J. IeErcys et al., Nature
354, 254 (1991).

Provided by K. L. Monson and B. Budowle, in preparation.

Data generated by the Orange County Sheriff Coroner’s Department of Forensic
Science Services.

We thank E. Boerwinkle, B. Budowle, C. T. Caskey, B. Devlin, S. P. Daiger, C. L.
Hanis, D. Hewett-Emmett, N. Risch, M. Srinivasan, J. Hartmann, L. Jin, R. P.
Harmon, B. S. Weir, and M. Dybala for comments and suggestions on drafts of the
manuscript. Supported by USPHS grants NIH-GM 41399 and NIJ-90-1J-CX-
0038 (to R.C.) and NIH-MH 39239 and NIH-HG 00365 (to K.K.K.). The
opinions expressed in this document are the sole responsibility of the authors.

, 1. Kamboh, R. E.

PERSPECTIVE 1739





