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Since the National Research Council 
(NRC) report on DNA fingerprinting (1) 
was released (May 1992), it has been used by 
the California Appellate Court and the Mas- 
sachusetts Supreme Court (2) to rule that 
DNA fingerprinting evidence (3) should not 
have been admitted in previously tried cases. 
Courts base the decision of admissibilitv of a 
scientific method on whether it is genkrally 
acceuted in the relevant scientific commu- 
nity. In the above-mentioned cases, the 
courts noted that the NRC report and a 
related article by Lewontin and Hartl (4) 
were sufficient to demonstrate a lack of 
consensus regarding estimates of genotype 
frequencies in U.S. populations. 

Although we understand why the courts 
were impressed by the claims of population 
geneticists, namely Lewontin and Hartl, 
and an NRC panel, we argue that these 
ouinions are onlv a minoritv view and that 
there is indeed a consensus' (5) supporting 
the reliability of estimates of genotype prob- 
ability. Forensic DNA testing has been 
adopted not only throughout the United 
States but in Canada, Europe, and else- 
where. Similarly, paternity testing, which 
uses identical methodoloev. has been ac- " * ,  

cepted for years. Although a few population 
eeneticists have argued for extremelv con- 
servative interpretations of forensic 'DNA 
data on the basis of suspicions that standard 
assumptions used in human population ge- 
netics are strongly violated, other popula- 
tion eeneticists. who have analvzed the 
genetlYc data [va'riations based on Lumbers 
of tandemly repeating (VNTR) sequences] 
and explored the problem theoretically, 
argue that there is no evidence that these 
assumptions are strongly violated and there 
is little reason to expect they would be. 

We disagree, as do many others (6-14), 
with many statements in the NRC report 
regarding human population genetics and 
statistical inference. Moreover, we do not 
believe that the urouosed research will re- 

L .  

solve the population genetics debate. 
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The Arguments 

The population genetics debate (4, 15 ver- 
sus 9. 16-1 9) has focused on the assumu- 
tions of independence of alleles within a 
locus (Hardy-Weinberg equilibrium) and at 
different loci (linkage equilibrium). Those 
who argue against independence claim that 
dependency is a result of population heter- 
ogeneity. By heterogeneity we mean that 
each population or ethnic group is com- 
posed of subpopulations having different 
allele frequencies; such heterogeneity 
would formally violate Hardy-Weinberg 
and linkage equilibrium. Those who argue 
that independence assumptions yield rea- 
sonable approximations to genotype proba- 
bilities do so for the following reasons: (i) 
The subuouulations that oricinallv consti- . > ,  

tuted U.S. populations (for example, the 
English, French, Germans, Irish, Italians, 
and other subpopulations that constitute 
the Caucasian population) are quite similar 
in their allele distributions for traditional 
genetic markers, and the VNTR loci are 
unlikelv to be substantiallv different. Thus. 
the effects of heterogenei;y are small, even 
for founding generations. (ii) Intermarriage 
has been common throughout the history 
of the United States (20), reducing the 
effects of heterogeneity. (iii) Results of 
tests of allele independence for VNTR loci 
and results based on traditional loci agree " 

in that violations of assumptions are min- 
imal or lacking ( 1  6, 17, 21, 22); hence, 
heterogeneity cannot have a substantial 
effect. 

The authors of the NRC report, while 
noting these published analyses, base their 
recommendations on the position of 
Lewontin and Hartl ( 4 ,  who argued that 
subpopulations of an ethnic group differ 
more from each other than do the major 
ethnic groups (races). In addition, the au- 
thors of the report make two related state- 
ments: "differences among subpopulations 
of an ethnic group cannot be determined 
by comparing [ethnic groups]" (1, section 
3, p. 10); and "the validity of the multi- 
plication rule depends on the absence of 
population substructure, because only in 
this special case are the different alleles 
statistically uncorrelated with one anoth- 
er" (1, section 3, p. 6) .  

Human Population Genetics 

In 1972, Lewontin (23) stated that subpop- 
ulations of an ethnic group differ more from 
each other than do the major ethnic 
groups. For the genetic markers and popu- 
lations he studied. most of the gene diver- 

u 

sity was found among individuals within 
populations (85.4%). Differences among 
subpopulations of the same ethnic group 
accounted for 8.3% of the diversity, and 
the remaining 6.3% was attributed to dif- 
ferences among ethnic groups. Lewontin's 
research (23) on human population struc- 
ture is the only study cited by the NRC 
report that makes use of traditional genetic 
markers. This is odd because, in the 20 
vears since 1972. standard methods have 
been defined, and a large body of consistent 
results has been generated for migration. - - 
genealogy, isonomy, traditional genetic 
markers, and DNA fingerprinting (9). 
These results and other recent investiga- 
tions of human population genetics have 
led to a conclusion verv. different from 
Lewontin's concerning thk apportionment 
of genetic diversity (24, 25; see also 26). 

For instance, when Smouse and col- 
leagues (25) studied the genetic structure of 
Amerindian populations by means of a mul- 
tivariate (multilocus) analysis, they found 
the average diversity of ethnic groups to be 
nearly twice that of tribes within an ethnic 
group. Even a study (27) that made use of 
Lewontin's own methods and similar popu- 
lations and loci, but with larger samples, 
failed to replicate his finding that gene 
diversity of ethnic groups was less than that 
of subpopulations. 

When applied to the gene diversity of 
forensically important U.S. populations 
(for example, Caucasians or African Amer- 
icans), the argument for extensive subpop- 
ulation diversity is even less plausible. Nei 
and Rovchoudhurv 128) showed that the , , 

amount'of Caucasian subpopulation diver- 
sity was much less than that among ethnic 
groups and that both of these sources of 
diversity were far smaller than individual 
diversity. Similar results were found for 
relevant African and Mongoloid subpopula- 
tions 129). 

\ ,  

U.S. populations, because of extensive 
interbreeding among individuals of different 
subpopulations and ethnic groups, are 
much less heterogeneous than the European 
and African subpopulations from which 
they are derived. Intermarriage, while ho- 
mogenizing populations, increases diversity 
among individuals. Consequently, contrary 
to the NRC panel's assertion, U.S. popu- 
lations fit the forensic paradigm of reference 
populations rather well: (i) most genetic 
diversity is among individuals; (ii) as the 
number of markers that comprise the mul- 
tilocus genotype increases, the probability 
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of randotnly choosing two individuals with 
identical genotypes becomes remote; and 
(iii) genetic diversity among subpopulations 
of an ethnic group is less extreme than the 
differences among ethnic groups. The 
VNTR tnarkers are not exceptions to these 
observations (1 1, 12, 19, 2 1, 22). 

Therefore, contrary to the NRC panel's 
assertion, differences between the ethnic 
groups can tell us much about the potential 
differences among their subpopulations, ar- 
guably providing an upper bound. They 
should also provide substantial information 
concerning the potential errors incurred by 
forensic calculations, which are based on 
databases comprising a tnixture of subpop- 
ulations (with substantial intermarriage dis- 
rupting this structure). For instance, al- 
though African Americans and Caucasians 
exhibit statistically significant differentia- 
tion at all VNTR loci examined to date. if 
these two populations are mixed into a 
single reference population, we observe 
only relatively small differences between 
the true genotype probabilities (allowing for 
mixture) and the probabilities estitnated 
with the assumptions of Hardy-Weinberg 
and linkage equilibriutn (1 3, 19). Hence, 
even if ethnic databases are composed of a 
mixture of subpopulations, the effects on 
estimates of genotype probability will be 
small. Such results also contradict the pan- 
el's argument that "the validity of the tnul- 
tiplication rule depends on  the absence of 
population substructure" (1, section 3, p. 
6).  Evidently, even when there is substan- 
tial substructure, the multiplication rule 
still yields adequate approximations (13, 
19, 30, 31). 

The Ceiling Principle 

O n  the basis of their assumptions regarding 
U.S. populations, the panel proposed a 
method to account for population substruc- 
ture. Their suggested method, which they 
called the ceiling principle, is to study 100 
individuals from each of 15 to 20 popula- 
tions, such as English, Russians, Navajos, 
Puerto Ricans. and West Africans. Allele 
frequencies would be estimated frorn these 
populations and then, for any particular 
genotype, the maxitnum allele frequency 
found among the populations would be 
chosen. In other words, a fcxensic genotype 
"probability" could be the product of a 
Navajo allele probability, a few Russian 
allele probabilities, a West African allele 
probability, and so on. They also add the 
condition that no allele probability should 
be below 10% (or possibly 5%) because, 
although an allele's probability may be rare 
in all populations sampled, larger probabil- 
ities could occur in other unsampled popu- 
lations. 

Until the 15 to 20 populations have 

been studied, the panel proposes the use of 
the tnaxinlum allele probabtlity that occurs 
in the existine databases fc~r three or more 
major ethnic groups. They also propose that 
the 10% rule should be strictly applied. 
Furthermore, rather than use the tnaxinlutn 
allele probability per se, the upper 95% 
confidence bound should be used 133). 
Once the population studies have been 
performed, the panel states, "Assuming 
that the population studies do not show 
significant substructure, the 5% lower 
bound recommended earlier should be 
used" (1, section 3, p. 22) .  

It is difficult, however, to justify the 
arbitrary values of 10 and 596, especially 
considerine that some alleles have been 
fc~und to be rare in  a wide range of popula- 
tions (12, 34). It is also difficult to justify 
choosing the maximum allele frequency 
over all of the populations. For example, 
the fact that certain alleles occur more 
frequently in the Navajos than they do in 
European and West African populations is 
of little consequence for a crime committed 
in Boston. where few Navaios reside. Oth-  
ers have also criticized the panel's tnethod 
of calculating genotype probabilities as 
lacking scientific justification (8, 9, 11- 
14). 

The stated objective of the panel's rec- 
ommended study concernlrig population ge- 
netics is to examine the arnount of subpop- 
ulation differentiation; however, we believe 
there are serious flaws in the studv design. - 
The panel says little about assessing popu- 
lation differentiation be\?ond the note. 
quoted above, stating that if the popula- 
tions do not show significant substructure, 
the 10% bound can be lowered to 5%. 
Taking this at face value, there is little need 
to analyze new data: existing data are su6- 
cient to demonstrate differences among 
populations. Hence, the bound will not be 
lowered. 

Thus. onlv two uuestions relevant to 
population genetics remain: are allele dis- 
tributions of subpopulations very different, 
and how much of the genetic diversity is 
attributable to ethnic groups, to subpopula- 
tions, and to individuals within subpopula- 
tions? The proposed experimental design 
would not vield satisfactorv answers to these 
questions. Too many ethnic groups would 
be sampled at the expense of subpopula- 
tions, and too few individuals would be 
sampled within subpopulations. The result 
would be a large sampling variance that 
would exaggerate variation among subpop- 
ulations (6). 

The critical flaw in the study design is 
the number of individuals to be samuled in 
each subpopulation. For the tnost conserva- 
tive definition of alleles, the fixed-bin 
method (32), the number of alleles per 
locus is frequently greater than 20, and 

those alleles are relatively equiprobable. 
Even for this distribution, a sample of 100 
individuals is too small. Furthermore, un- 
derlying those fixed-bin alleles are actually 
hundreds of alleles defined by size (1 9) and 
potentially thousands of alleles defined by 
base pair composition (35). Therefore, any 
sensible partition of the genetic variance 
(36) will show that most variance is attrib- 
utable to sampling error. In addition, it will 
be impossible to partition variances accu- 
rately. 

The other goal of the proposed study is 
to obtain tnaxinlunl allele frequencies. The 
impact of sampling error on  these estitnates 
tnay also be tremendous. In general, it will 
exaggerate maximum allele frequencies (6). 

Interpreting the Evidence 

Although it is common practice to present 
genotype probabilities in  court, we argue 
that it would benefit the court to under- 
stand the statist~cal inter~retat ion of the 
evidence. Such an interpretation is readily 
available by means of the likelihood ratio 
(LR) (37-39), although the panel does 
not recommend its use 340). The  ratio of 
likelihoods is calculate2 on the basis of 
two competing hypotheses: the numerator 
is the likelihood of observing the VNTR 
patterns of the two fc>rensic samples given 
that they are frorn the sarne person, and 
the denominator is the likelihood of ob- 
serving the VNTR natterns of the two - 
forensic samples assuming that they are 
from two different neonle. When  a tnatch 

A .  

is declared and the evidence consists of 
discrete or binned alleles, the LR is simply 
the inverse of the genotype probability. 
Thus, if the genotype probability is 
0.0001, the LR suggests that the evidence 
is 10,000 times more likely to be observed 
when both samules are frorn the sarne 
person than when the satnples are from 
two unrelated individuals (41). 

This example underscores the advan- 
tage of the LR, namely, its interpretabili- 
ty. Presenting the jury with the probability 
of 0.0001 frequently leads to confusion. 
For instance, the jurors may grapple with 
the question of whether the probability is 
interuretable without knowledge of the 
size of the reference population. They can 
also be confused by the fallacious argu- 
ment that a probability cannot be as small 
as l o p "  because the U.S. population is 
only 2.6 x 10'. In fact, as the number of 
VNTR loci that match increases, the 
probability goes to zero and LR goes to 
infinity, as they should because the chance 
that the samples are not from the same 
person, or a twin with an identical VNTR 
genotype, is essentially zero. 

(Continued on page 83 7 )  
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Conclusions 

Surprisingly, the NRC panel did not in- 
vestigate what is currently known about 
the genetic structure of U.S. populations. 
They do not appear to have realized that 
their fundamental motivational assump- 
tion was incorrect. As a result of this 
error, there is little scientific basis for their 
method of forensic inference-the ceiling 
principle. We agree, however, that it is 
extremely conservative. Fortunately, the 
methods used in court are already conser- 
vative. Compared with a statistically 
based LR method, standard methods have 
usually been more conservative, frequent- 
ly orders of magnitude n u r e  conservative 
(37). Of course, the appropriate degree of 
conservativeness remains the venue of le- 
gal scholars, not population geneticists or 
statisticians. 

The NRC panel's proposed study of pop- 
ulation substructure will be counteruroduc- 
tive. Sampling error would be so large, the 
study would exaggerate the differences 
among subpopulations of an ethnic group 
and distort tnaximuln allele frequencies. 
This research, if brought to fruition, is 
likely to fuel the debate over the validity of 
the assunlptions of population genetics 
rather than resolve it with useful data. 

In conclusion, we have serious concerns 
that the erroneous assurnptions and conclu- 
sions in the NRC report are receiving un- 
due weight in judiciary decisions. It. would 
be unfortunate if these errors were to influ- 
ence decisions of the adnlissibilitv of a verv 
powerful forensic tool. 
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