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PREFACE v

Preface

DNA analysis promises to be the most important tool for human identification since Francis Galton developed the use of
fingerprints for that purpose. We can confidently predict that, in the not-distant future, persons as closely related as brothers
will be routinely distinguished, and DNA profiles will be as fully accepted as fingerprints now are. But that time has not yet
arrived, and the winds of controversy have not been stilled. Hence this report.

The technique for DNA profiling first appeared about 10 years ago, and the subject is still young. In the early days there
was doubt, both as to the reproducibility and reliability of the methods and as to the appropriateness of simplistic calculations
that took no account of possible subdivision of the population. Despite the potential power of the technique, there were
serious reservations about its actual use.

In 1989, the National Research Council formed the Committee on DNA Technology in Forensic Science to study this
new technique. The committee issued its report in 1992. The report resolved a number of questions, and several of its
recommendations were widely adopted. Nevertheless, it generated controversy and criticism. Much of that centered on the
"interim ceiling principle." a procedure intended to provide an estimate of a profile frequency that is highly conservative (i.e.,
favorable to the defendant) and independent of the racial origins of the DNA. The principle was criticized as being arbitrary
and unnecessarily conservative, as not taking population genetic theory into account, and as being subject to misuse.

In April 1993, Judge William Sessions, then the Director of the FBI, requested

Copyright © National Academy of Sciences. All rights reserved.
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PREFACE vi

that the NRC do a follow-up study to resolve the controversy and to answer other questions that recent empirical work
permitted such a study to address. After a meeting of consultants in June 1993, the NRC decided to form a new committee
and on August 30, 1993, I was asked to chair it. After a year's delay, mainly due to funding uncertainties, the committee
members were named in August 1994, and the first meeting was held in September of that year. Subsequent meetings were
held in November and in January and March of 1995. The main recommendations were agreed on and several revisions of a
report were prepared between March and June. The remainder of the time has been spent in editing, revising, reviewing by
the NRC Report Review Committee, and printing.

In the report, after an introduction and background material (Chapters 1 and 2), we deal with the question of errors in the
laboratory and chain of custody and recommend procedures to minimize them (Chapter 3). We then address the question of
population subdivision and propose calculating procedures that take it into account (Chapter 4). We also consider the
statistical interpretation of DNA evidence, including statistical problems associated with the use of existing databases
(Chapter 5). Finally, we include a review of DNA in the courts since the 1992 report (Chapter 6).

Specific recommendations are numbered and given at the ends of the chapters and are reproduced in the Executive
Summary and Overview. Other statements in the text are not intended to have the force of formal recommendations, although
we do make a number of suggestions. We agree with some statements of the 1992 report and disagree with others. Statements
that are not discussed are neither endorsed nor rejected.

This report is the result of many exchanges by phone, fax, and e-mail among the individual committee members and
Eric Fischer. We were greatly assisted throughout the project by Lee Paulson and Paulette Adams. The editor was Norman
Grossblatt. During the course of the study we received advice by conversation and correspondence from many people. Some
of these are listed at the end of the report, but the list is far from complete. We are indebted to all. We particularly thank those
who took part in our public meeting on November 18, 1994.

Financial support for this study was provided by the National Institute of Justice, the State Justice Institute, the National
Science Foundation, the National Institutes of Health, and the Department of Energy.

This is a period of rapid progress in developing and testing new methods of DNA analysis and of rapid increase in the
size and diversity of databases. The information that has accumulated since the 1992 report permits us to be more confident
of our recommendations. Courts have seen estimates of match probability ranging over several orders of magnitude. Our
recommendations should lead to much greater agreement among the various estimates. I have no illusion that our report will
eliminate the controversy; remaining uncertainties

Copyright © National Academy of Sciences. All rights reserved.
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and the adversary system in the courts guarantee its continuance. But I hope that we have substantially narrowed the range of

acceptable differences.

PREFACE
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XV

Note to Readers

This report includes three parts:

Executive Summary. This is intended for those who would like to know our recommendations along with minimal
explanations. It will be of interest to those who want to get immediately to the bottom line. After a brief introduction, the
conclusions are stated followed by a brief description of the rationale.

Overview. This is intended for readers who are interested in the background for the conclusions and recommendations
without the technical explanations in the main body of the report. Our intention is to present the scientific background for the
conclusions with a minimum of jargon and technical material. The conclusions and recommendations, which are scattered in
the various chapters of the main report, are repeated here for the reader's convenience.

Chapters 1-6. These provide the scientific and technical background for the conclusions and recommendations. They are
intended to be a rather thorough review of the basic principles and of the systems used in forensic analysis. They provide
background data supporting the conclusions. Although we have tried to write as clearly as possible, the chapters, especially 4
and 5, require some background in statistics and population genetics.

Readers of any of the sections will find it useful to refer to the list of abbreviations (p 212) and the glossary (p 214).

We are not aware of any inconsistencies among the three sections, but the full chapters provide the most accurate
reflection of the committee's views.

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/5141.html

XVi

‘uonNguUe Jo} UOISISA SAIJE)IOYINE BY) se uoneolignd siy} Jo uoisiaA Juud ay) asn
ases|d ‘papasul A|lejuspiooe usaq aney Aew sious olydesBfodA} swos pue ‘paulelas aq jouued ‘Jsnemoy ‘Buipewloy oyoads-BuipesadA} Jayjo pue ‘sajhls Buipeay ‘syealq plom ‘syibus| aul| jeulblo sy} o}
anJ) ale syealiq abed "sa|i BuesadA) jeulblio ayy wouly jou Yooq Jaded [eulblio sy} woly payesld saji X Woly pesodwooal usaq sey 3Iom [eulblio ay) Jo uoiejussaidal [eybip mau siy] :aji 4ad SIy} Inoqy

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/5141.html

[}
]
3
=
[0
o
©
]
X
®
[}
o
0
()
(o))
©
o
@
o
©=
()]
£
&=
=
(O]
[72]
[}
[oN
>
Z
T
£
=
2
(@]
[}
z
£
£
o
=
=
(]
C
~
o
o
0
.
[0}
Q
®©
o
T
£
=2
2
o
(]
ey
£
£
(]
o
=
©
]
o
®
[
o
o
2]
o
=
—
s
<
£
(]
o
=
©
(]
[72]
o
Q.
€
(]
[&]
[}
o
[
[}
[0}
Keo]
2]
©
°
-
=
o
2
T
£
=2
2
(@]
(]
ey
=
Z
]
C
S
2
©
o
C
(]
(2]
]
o
Q.
[}
Qo
I
=
=2
©
2
[]
[
@
Ny
'_
o)
=
L.
a
o
@
ey
=
=
>
o
Q
<

and other typesetting-specific formatting, however, cannot be retained, and some typographic errors may have been accidentally inserted. Please

to the original; line lengths, word breaks, heading styles

use the print version of this publication as the authoritative version for attribution.

EXECUTIVE SUMMARY! 1

Executive Summaryl

INTRODUCTION

Nearly a decade has passed since DNA typing methods were first used in criminal investigations and trials. Law
enforcement agencies have committed substantial resources to the technology; prosecutors, defense counsel, and judges have
struggled with the terminology and ideas of molecular biology, genetics, and statistics. In 1992, a broad-ranging report
released by the National Research Council attempted to explain the basics of the relevant science and technology, to offer
suggestions for improving forensic DNA testing and its use in law enforcement, and to quiet the controversy that had
followed the introduction of DNA profiling in court. Yet, the report did not eliminate all controversy. Indeed, in propounding
what the committee regarded as a moderate position—the ceiling principle and the interim ceiling principle—the report itself
became the target of criticism from scientists and lawyers on both sides of the debate on DNA evidence in the courts.
Moreover, some of the statements in the 1992 report have been misinterpreted or misapplied in the courts.

This committee was formed to update and clarify discussion of the principles of population genetics and statistics as
they apply to DNA evidence. Thus, this second report is much narrower than the 1992 report. Issues such as confidentiality
and security, storage of samples for future use, the desirability and legality of

! Abbreviations, symbols, and technical terms are defined in the list of abbreviations (p 212) and the glossary (p 214). The
underlying concepts are explained in the overview and in appropriate chapters in the body of the report.
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EXECUTIVE SUMMARY' 2

data banks on convicted felons, and international exchange of information are not in our charge. Rather, this report deals
mainly with the computation of probabilities used to evaluate the implications of DNA test results that incriminate suspects.
It focuses on situations where the DNA profile of a suspect (or sometimes a victim) apparently matches that of the evidence
DNA. (We use the phrase "evidence DNA" to refer to the sample of biological material, such as blood or semen, usually taken
from the crime scene or from the victim.) The central question that the report addresses is this: What information can a
forensic scientist, population geneticist, or statistician provide to assist a judge or jury in drawing inferences from the finding
of a match?

To answer this question, the committee reviewed the scientific literature and the legal cases and commentary on DNA
profiling, and it investigated the various criticisms that have been voiced about population data, statistics, and laboratory
error. Much has been learned since the last report. The technology for DNA profiling and the methods for estimating
frequencies and related statistics have progressed to the point where the reliability and validity of properly collected and
analyzed DNA data should not be in doubt. The new recommendations presented here should pave the way to more effective
use of DNA evidence.

This report describes both the science behind DNA profiling and the data on the frequency of profiles in human
populations, and it recommends procedures for providing various statistics that may be useful in the courtroom. The
procedures are based on population genetics and statistics, and they render the ceiling principle and the interim ceiling
principle unnecessary.

This executive summary outlines the structure and contents of the full report, and it gives the recommendations together
with abbreviated explanations of the reasons behind them. This summary does not constitute a complete exposition, and it is
no substitute for a careful reading of the chapters that follow. As the report will reveal, the committee agrees with many
recommendations of the 1992 report but disagrees with others. Since the committee has not attempted to review all the
statements and recommendations in the 1992 report, the lack of discussion of any statement should not be interpreted as
either endorsing or rejecting that statement.

CONTENTS OF THE REPORT

Overview. The report begins with an extended summary of the chapters that make up the full report. This overview
describes the essentials of the subject with a minimum of jargon, statistics, and technical details, and it includes a numerical
example that illustrates how the procedures that are discussed and recommended would apply in a typical case. The main
report offers fuller explanations, details, and justifications.

Chapter 1. The first chapter describes the 1992 NRC report, the changes since that report, the uses and validity of DNA
typing, differences between DNA

Copyright © National Academy of Sciences. All rights reserved.
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EXECUTIVE SUMMARY' 3

typing in criminal cases and in civil paternity litigation, reasons for the seemingly contradictory probability estimates that
different experts sometimes present in court, and the committee's approach to the issue of "population structure."

Chapter 2. The second chapter describes the genetic and molecular basis of DNA typing. It introduces the fundamental
concepts of genetics, and it surveys the genetic systems and the technologies used in DNA profiling.

Chapter 3. The third chapter concerns laboratory performance. Although our focus is on the statistics that can be used to
characterize the significance or implications of a match between two DNA samples, these statistics do not float in a vacuum.
They relate to specific claims or hypotheses about the origin of the DNA samples. If DNA from an evidence sample and
DNA from a suspect share a profile that has a low frequency in the population, this suggests that the samples came from the
same person; the lower the frequency, the stronger the evidence. But the possibility remains that the match is only apparent—
that an error has occurred and the profiles differ from what the laboratory has reported. Chapter 3 describes ways that errors
can arise and how their occurrence might be minimized. It contains recommendations regarding quality control and
assurance, laboratory accreditation, proficiency tests, and confirmatory testing.

Chapter 4. Much of the controversy about the forensic use of DNA has involved population genetics. Chapter 4 explains
the generally applicable principles, then considers the implications of the fact that the population of the United States
includes different groups and subgroups with different mixes of genes. The chapter develops and illustrates procedures for
taking this fact into account in computing random-match probabilities for an incriminating DNA profile in a population or a
subgroup of a population.

Chapter 5. The fifth chapter considers how the estimated frequency of an incriminating DNA profile relates to
conclusions about the source of the DNA in the evidence sample. It discusses how the frequencies are interpreted as
probabilities and related quantities, the degree of uncertainty in such estimates, and the type of calculations that might
indicate that a profile is unique. It concludes that the abundance of data in different ethnic groups within the major races and
the methods outlined in Chapters 4 and 5 imply that the 1992 report's suggested ceiling principle and interim ceiling principle
are unnecessary. In addition, it makes recommendations to help assure the accuracy of estimates for what are known as VNTR
profiles and to handle the special situation in which the suspect was identified as a result of a search through a database of
DNA profiles of known offenders.

Chapter 6. The sixth and final chapter discusses the legal implications of the conclusions and recommendations. It
describes the most important legal rules that affect the use of DNA evidence, identifies the questions of scientific fact that
have been disputed in court, reviews case law on the admissibility of DNA evidence, and explains how the conclusions and
recommendations might be used in applying and developing the law. The report makes no recommendations on
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EXECUTIVE SUMMARY' 4

matters of legal policy, but it does suggest that the formulation of such policy might be assisted by behavioral research into
the various ways that DNA test results can be presented in the courtroom.
Appendices. A glossary of scientific terms and a list of the literature cited are provided at the end of the report.

RECOMMENDATIONS

Major conclusions and recommendations are given at the end of the chapter in which the subject is discussed. For
convenience, the report also lists them as a group at the end of the overview. This executive summary lists the
recommendations only and gives some of the reasoning behind them.

Recommendations to Improve Laboratory Performance

Recommendation 3.1. Laboratories should adhere to high quality standards (such as those defined by TWGDAM
and the DNA Advisory Board) and make every effort to be accredited for DNA work (by such organizations as
ASCLD-LAB).

Recommendation 3.2. Laboratories should participate regularly in proficiency tests, and the results should be
available for court proceedings.

Recommendation 3.3. Whenever feasible, forensic samples should be divided into two or more parts at the
earliest practicable stage and the unused parts retained to permit additional tests. The used and saved portions should
be stored and handled separately. Any additional tests should be performed independently of the first by personnel
not involved in the first test and preferably in a different laboratory.

Comment. The committee offers these recommendations to improve laboratory performance rather than to try to estimate
the probability that a particular laboratory makes a mistake by reporting that two DNA profiles match when in fact they do
not match. Auditing and proficiency testing cannot be expected to give a meaningful estimate of the probability that a
particular laboratory has made such an error in a specific case. An unrealistically large number of proficiency tests would be
needed to estimate accurately even an historical error rate. For such reasons, proficiency test results should not be combined
with the estimated frequency of an incriminating profile to yield the probability that a laboratory would report that DNA from
a person selected at random contains the incriminating profile. No amount of effort and improved technology can reduce the
error rate to zero, and the best protection a wrongly implicated, innocent person has is the opportunity for an independent
retest.
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EXECUTIVE SUMMARY' 5

Recommendations for Estimating Random-Match Probabilities

Recommendation 4.1. In general, the calculation of a profile frequency should be made with the product rule. If
the race of the person who left the evidence-sample DNA is known, the database for the person's race should be used;
if the race is not known, calculations for all the racial groups to which possible suspects belong should be made. For
systems such as VNTRs, in which a heterozygous locus can be mistaken for a homozygous one, if an upper bound on
the frequency of the genotype at an apparently homozygous locus (single band) is desired, then twice the allele (bin)
frequency, 2p, should be used instead of p?. For systems in which exact genotypes can be determined, p'+ p(l1— P}ﬁ
should be used for the frequency at such a locus instead of p2. A conservative value of § for the US population is 0.01;
for some small, isolated populations, a value of 0.03 may be more appropriate. For both kinds of systems, 2p;p; should
be used for heterozygotes.

Comment. The formulas referred to and the terminology used in this recommendation are explained in the overview and
in Chapter 4. The product rule, which gives the profile frequency in a population as a product of coefficients and allele
frequencies, rests on the assumption that a population can be treated as a single, randomly mating unit. When there are
partially isolated subgroups in a population, the situation is more complex; then a suitably altered model leads to slightly
different estimates of the quantities that are multiplied together in the formula for the frequency of the profile in the
population.

In most cases, there is no special reason to think that the source of the evidence DNA is a member of a particular ethnic
subgroup within a broad racial category, and the product rule is adequate for estimating the frequency of DNA profiles. For
example, if DNA is recovered from semen in a case in which a woman hitchhiker on an interstate highway has been raped by
a white man, the product rule with the 2p rule can be used with VNTR data from a sample of whites to estimate the frequency
of the profile among white males.? If the race of the rapist were in doubt, the product rule could still be used and the results
given for data on whites, blacks, Hispanics, and east Asians.

Recommendation 4.2. If the particular subpopulation from which the evidence sample came is known, the allele
frequencies for the specific subgroup should be used as described in Recommendation 4.1. If allele frequen

2 The 2p rule involves replacing the quantity p? for a single-banded VNTR locus with the much larger quantity 2p in the
product rule. This substitution accounts for cases in which one VNTR band from a heterozygote is not detected, and the
person is mistakenly classified as a homozygote. The substitution also ensures that the estimate of the profile frequency will
be larger than an estimate from a more precise formula that accounts for population structure explicitly. The technology for
PCR-based systems, however, does not have these problems, and the 2p rule is inappropriate for these systems. Therefore,
Recommendation 4.1 calls for using P* + p{1=p)B (rather than 2p) in place of p? for such systems.
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EXECUTIVE SUMMARY' 6

cies for the subgroup are not available, although data for the full population are, then the calculations should use the
population-structure equations 4.10 for each locus, and the resulting values should then be multiplied.

Comment. This recommendation deals with the case in which the person who is the source of the evidence DNA is
known to belong to a particular subgroup of a racial category. For example, if the hitchhiker was not on an interstate highway
but in the midst of, say, a small village in New England and we had good reason to believe that the rapist was an inhabitant of
the village, the product rule could still be used (as described in Recommendation 4.1) if there is a reasonably large database
on the villagers.

If specific data on the villagers are lacking, a more complex model could be used to estimate the random-match
probability for the incriminating profile on the basis of data on the major population group (whites) that includes the
villagers. The equations referred to in the second sentence of Recommendation 4.2 are derived from this model.

Recommendation 4.3. If the person who contributed the evidence sample is from a group or tribe for which no
adequate database exists, data from several other groups or tribes thought to be closely related to it should be used.
The profile frequency should be calculated as described in Recommendation 4.1 for each group or tribe.

Comment. This recommendation deals with the case in which the person who is the source of the evidence DNA is
known to belong to a particular subgroup of a racial category but there are no DNA data on either the subgroup or the
population to which the subgroup belongs. It would apply, for example, if a person on an isolated Indian reservation in the
Southwest, had been assaulted by a member of the tribe, and there were no data on DNA profiles of the tribe. In that case, the
recommendation calls for use of the product rule (as described in Recommendation 4.1) with several other closely related
tribes for which adequate databases exist.

Recommendation 4.4. If the possible contributors of the evidence sample include relatives of the suspect, DNA
profiles of those relatives should be obtained. If these profiles cannot be obtained, the probability of finding the
evidence profile in those relatives should be calculated with Formulae 4.8 or 4.9.

Comment. This recommendation deals with cases in which there is reason to believe that particular relatives of the
suspect committed the crime. For example, if the hitchhiker described in the comment to Recommendation 4.2 had accepted a
ride in a car containing two brothers and was raped by one of them, but there is doubt as to which one, both should be tested.
If one brother cannot be located for testing and the other's DNA matches the evidence DNA, then the probability that a
brother of the tested man also would possess the incriminating profile should be computed.

Copyright © National Academy of Sciences. All rights reserved.
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EXECUTIVE SUMMARY' 7

Recommendations on Interpreting the Results of Database Searches, on Binning, and on
Establishing the Uniqueness of Profiles

Recommendation 5.1. When the suspect is found by a search of DNA databases, the random-match probability
should be multiplied by N, the number of persons in the database.

Comment. Recommendations 4.1-4.3 specify the calculation of the random-match probability for an incriminating DNA
profile in a relevant population (or subpopulation). When the defendant has been identified as a suspect from information that
is unrelated to the DNA profile, the random-match probability is one statistic that helps to indicate the significance of a
match. If the random-match probability is very low, it is unlikely that the samples match just because the defendant, though
not the source of the evidence sample, coincidentally happens to share that very rare profile.

But when the defendant has been identified by a search through a large database of DNA profiles rather than by non-
DNA evidence, the relevance of the random-match probability is less obvious. There are different ways to take the search
process into account. Recommendation 5.1 proposes multiplying the random-match probability (P) by the number of people
in the database (N). If the person who left the evidence DNA was not in the database of felons, then the probability that at
least one of the profiles in the database would also match the incriminating profile cannot exceed NP.

Recommendation 5.2. If floating bins are used to calculate the random match probabilities, each bin should
coincide with the corresponding match window. If fixed bins are employed, then the fixed bin that has the largest
frequency among those overlapped by the match window should be used.

This recommendation applies to the computation of a random-match probability when all or part of the profile involves
VNTRs, which are fragments of DNA that are separated in the laboratory according to their lengths. Because the lengths of
VNTRs cannot be measured exactly, an uncertainty window surrounds each measured VNTR, and two VNTRs are said to
match when their uncertainty windows overlap. To calculate the frequency of matching VNTR profiles, one must find the
proportion of VNTRs that fall within a match window around each VNTR in the incriminating profile. Floating bins do this
exactly, whereas fixed bins do this approximately. Although the floating-bin procedure is statistically preferable, certain
forms of the fixed-bin procedure usually lead to conservative approximations to the floating bin result.

Recommendation 5.3. Research into the identification and validation of more and better marker systems for
forensic analysis should continue with a view to making each profile unique.

Comment. If a sufficient set of DNA characteristics is measured, the resulting DNA profiles can be expected to be
unique in all populations. (Only identical twins would share such a profile.) Of course, it is impossible to establish uniqueness
by
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EXECUTIVE SUMMARY! 8

profiling everyone in the world, but theory and experience suggests that this uniqueness is attainable in forensic typing.
Indeed, some scientists would argue that the existing panoply of characteristics is already sufficient to permit unique
identification in many cases. For example, it has been suggested that a probability much less than the reciprocal of the world
population is a good indication of uniqueness. The committee has not attempted to define a specific probability that
corresponds to uniqueness, but the report outlines a framework for considering the issue in terms of probabilities, and it urges
that research into new and cumulatively more powerful systems continue until a clear consensus emerges that DNA profiles,
like dermal fingerprints, are unique.

Recommendation for Research on Juror Comprehension

Recommendation 6.1. Behavioral research should be carried out to identify any conditions that might cause a
trier of fact to misinterpret evidence on DNA profiling and to assess how well various ways of presenting expert
testimony on DNA can reduce any such misunderstandings.

Comment. Scientifically valid testimony about matching DNA can take many forms. The conceivable alternatives
include statements of the posterior probability that the defendant is the source of the evidence DNA, qualitative
characterizations of this probability, computations of the likelihood ratio for the hypothesis that the defendant is the source,
qualitative statements of this measure of the strength of the evidence, the currently dominant estimates of profile frequencies
or random-match probabilities, and unadorned reports of a match. Courts or legislatures must decide which of these
alternatives best meets the needs of the criminal justice system. At present, policymakers must speculate about the ability of
jurors to understand the significance of a match as a function of the method of presentation. Solid, empirical research into the
extent to which the different methods advance juror understanding is needed.

Copyright © National Academy of Sciences. All rights reserved.
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OVERVIEW 9

Overview

This overview describes the essentials of the subject with a minimum of jargon, statistics, and technical details. The aim
is to present technical information in nontechnical language, but without distorting the meaning by oversimplifying. Although
this overview is intended to be self-contained, we shall refer to relevant sections in the main report for fuller explanations,
corroborative details, and justification of recommended procedures. We have included an illustrative example at the end of
the overview. The glossary and the list of abbreviations at the end of the report may be useful.

INTRODUCTION

DNA typing, with its extremely high power to differentiate one human being from another, is based on a large body of
scientific principles and techniques that are universally accepted. These newer molecular techniques permit the study of
human variability at the most basic level, that of the genetic material itself, DNA. Standard techniques of population genetics
and statistics can be used to interpret the results of forensic DNA typing. Because of the newness of the techniques and their
exquisite discriminating power, the courts have subjected DNA evidence to extensive scrutiny. What at first seemed like
daunting complexity in the interpretation of DNA tests has sometimes inhibited the full use of such evidence. An objective of
this report is to clarify and explain how DNA evidence can be used in the courtroom.

If the array of DNA markers used for comparison is large enough, the chance that two different persons will share all of
them becomes vanishingly small. With

Copyright © National Academy of Sciences. All rights reserved.
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OVERVIEW 10

appropriate DNA test systems, the uniqueness of any individual on the planet (except an identical twin) is likely to be
demonstrable in the near future. In the meantime, the justification for an inference that two identical DNA profiles come from
the same person rests on probability calculations that employ principles of population genetics. Such calculations are, of
course, subject to uncertainty. When in doubt, we err on the side of conservatism (that is, in favor of the defendant). We also
discuss ways of keeping laboratory and other errors to a minimum. We emphasize that DNA analysis, when properly carried
out and interpreted, is a very powerful forensic tool.

OUR ASSIGNMENT

This committee was asked to update an earlier report, prepared for the National Research Council (NRC) in 1992. There
are two principal reasons why such an update is needed. First, forensic science and techniques have progressed rapidly in
recent years. Laboratory standards are higher, and new DNA markers are rapidly being introduced. An abundance of new
data on DNA markers in different population groups is now available, allowing estimates of the frequencies of those markers
in various populations to be made with greater confidence. Second, some of the statements in the first report have been
misinterpreted or misapplied in the courts.

This report deals mainly with two subjects:

The first involves the laboratory determination of DNA profiles. DNA can be obtained in substantial amounts and in
good condition, as when blood or tissue is obtained from a person, or it can be in limited amounts, degraded, or contaminated,
as in some samples from crime scenes. Even with the best laboratory technique, there is intrinsic, unavoidable variability in
the measurements; that introduces uncertainty that can be compounded by poor laboratory technique, faulty equipment, or
human error. We consider how such uncertainty can be reduced and the risk of error minimized.

The second subject is the interpretation of a finding that the DNA profile of a suspect (or sometimes a victim) matches
that of the evidence DNA, usually taken from the crime scene. The match might happen because the two samples are from
the same person. Alternatively it might be that the samples are from different persons and that an error has occurred in the
gathering of the evidence or in the laboratory. Finally, it might be that the samples are from different people who happen to
have the same DNA profile; the probability of that event can be calculated. If the probability is very low, then either the DNA
samples are from the same person or a very unlikely coincidence has occurred.

The interpretation of a matching profile involves at least two types of uncertainty. The first arises because the US
population is not homogeneous. Rather it consists of different major races (such as black and white), within which there
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OVERVIEW 11

are various subgroups (e.g., persons of Italian and Finnish ancestry) that are not completely mixed in the "melting pot." The
extent of such population structure and how it can be taken into account are in the province of population genetics.

The second uncertainty is statistical. Any calculation depends on the numbers in available databases. How reliable are
those numbers and how accurate are the calculations based on them and on population genetic theory? We discuss these
questions and give answers based on statistical theory and empirical observations.

Finally, some legal issues are discussed. We consider how the courts have reacted to this new technology, especially
since the 1992 NRC report.

That earlier report considered a number of issues that are outside our province. Issues such as confidentiality and
security, storage of samples for possible future use, legal aspects of data banks on convicted felons, non-DNA information in
data banks, availability and costs of experts, economic and ethical aspects of new DNA information, accountability and
public scrutiny, and international exchange of information are not in our charge.

As this report will reveal, we agree with many recommendations of the earlier one but disagree with others. Since we
make no attempt to review all the statements and recommendations in the 1992 report, the lack of discussion of such an item
should not be interpreted as either endorsing or rejecting it.

DNA TYPING

DNA typing for forensic purposes is based on the same fundamental principles and uses the same techniques that are
routinely employed in a wide variety of medical and genetic situations, such as diagnosis and gene mapping. Those methods
analyze the DNA itself. That means that a person's genetic makeup can be determined directly, not indirectly through gene
products, as was required by earlier methods. DNA is also resistant to many conditions that destroy most other biological
compounds, such as proteins. Furthermore, only small amounts of DNA are required; that is especially true if PCR
(polymerase chain reaction) methods, to be described later, are employed. For those reasons, direct DNA determinations
often give useful results when older methods, such as those employing blood groups and enzymes, do not.

We emphasize that one of the most important benefits of DNA technology is the clearing of falsely-accused innocent
suspects. According to the FBI, about a third of those named as the primary suspect in rape cases are excluded by DNA
evidence. Cases in which DNA analysis provides evidence of innocence ordinarily do not reach the courts and are therefore
less widely known. Prompt exclusions can eliminate a great deal of wasted effort and human anguish.

Before describing the techniques of DNA identification, we first provide some necessary genetic background and a
minimum vocabulary.

Copyright © National Academy of Sciences. All rights reserved.
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OVERVIEW 12

BASIC GENETIC PRINCIPLES

Each human body contains an enormous number of cells, all descended by successive divisions from a single fertilized
egg. The genetic material, DNA, is in the form of microscopic chromosomes, located in the inner part of the cell, the nucleus.
A fertilized egg has 23 pairs of chromosomes, one member of each pair having come from the mother and the other from the
father. The two members of a pair are said to be homologous. Before cell division, each chromosome splits into two. Because
of the precision of chromosome distribution in the cell-division process, each daughter cell receives identical chromosomes,
duplicates of the 46 in the parent cell. Thus, each cell in the body should have the same chromosome makeup. This means
that cells from various tissues, such as blood, hair, skin, and semen, have the same DNA content and therefore provide the
same forensic information. There are some exceptions to the rule of identical chromosomes in every cell, but they do not
affect the conclusion that diverse tissues provide the same information.

The most important exception occurs when sperm and eggs are formed. In this process, each reproductive cell receives
at random one representative of each pair, or 23 in all. The double number, 46, is restored by fertilization. With the exception
of the sex chromosomes, X and Y (the male-determining Y is smaller than the X), the two members of a pair are identical in
size and shape. (It might seem puzzling that sperm cells, with only half of the chromosomes, can provide the same
information as blood or saliva. The reason is that DNA from many sperm cells is analyzed at once, and collectively all the
chromosomes are represented.)

A chromosome is a very thin thread of DNA, surrounded by other materials, mainly protein. (DNA stands for
deoxyribonucleic acid.) The DNA in a single chromosome, if stretched out, would be an inch or more in length. Remarkably,
all that length is packed into a cell nucleus some 1/1,000 inch in diameter. The DNA is compacted by coils within coils.

The DNA thread is actually double, consisting of two strands twisted to form a helix (Figure 0.1). Each strand consists
of a string of bases held together by a sugar-phosphate backbone. The four bases are abbreviated A, T, G, and C (these stand
for adenine, thymine, guanine, and cytosine, but we shall employ only the abbreviations). In double-stranded DNA, the bases
line up in pairs, an A opposite a T and a G opposite a C:

CATTAGACTGAT

GTAATCTGACTA

Thus, if the sequence of bases on one strand is known, the other is determined.

Prior to cell division, the double strand splits into two single strands, each containing a single base at each position.
There are free-floating bases in the cell nucleus, and these attach to each single strand according to the A-T, G-C pairing rule.
Then they are tied together and zipped up by enzymes. In this way, each
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OVERVIEW 13

DNA double helix makes a copy of itself. There are then two identical double strands, each half old and half new, and one
goes to each daughter cell. That accounts for the uniformity of DNA makeup throughout the body. The total number of base
pairs in a set of 23 chromosomes is about 3 billion.

Chromosoms

Figure 0.1
Diagram of a chromosome, with a small region expanded to show the double-helical structure of DNA. The "steps "
of the twisted ladder are four kinds of base pairs, AT, TA, GC, or CG. From NRC (1992).

A gene is a stretch of DNA, ranging from a few thousand to tens of thousands of base pairs, that produces a specific
product, usually a protein. The order of the four kinds of bases within the gene determines its function. The specific base
sequence acts as an encoded message written in three-letter words, each specifying an amino acid (a protein building block).
In the diagram above, CAT specifies one amino acid, TAG another, ACT a third, and so on. These amino acids are joined
together to make a chain, which folds in various ways to make a three dimensional protein. The gene product may be detected
by laboratory methods, as with blood groups, or by some visible manifestation, such as eye color.

The position that a gene occupies along the DNA thread is its locus. In chemical composition, a gene is no different
from the rest of the DNA in the chromosome. Only its having a specific sequence of bases, enabling it to encode a specific
protein, makes each gene unique. Genes are interspersed among the rest of the DNA and actually compose only a small
fraction of the total. Most of the rest has no known function.
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OVERVIEW 14

Alternative forms of a gene, for example those producing normal and sicklecell hemoglobin, are called alleles. The word
genotype refers to the gene makeup. A person has two genes at each locus, one maternal, one paternal. If there are two alleles,
A and a, at a locus, there are three genotypes, AA, Aa, and aa. The word genotype can be extended to any number of loci. In
forensic work, the genotype for the group of analyzed loci is called the DNA profile. (We avoid the word fingerprint to
prevent confusion with dermal fingerprints.) If the same allele is present in both chromosomes of a pair, the person with that
pair is homozygous. If the two are different, the person is heterozygous. (The corresponding nouns are homozygote and
heterozygote.) Thus, genotypes AA and aa are homozygous and Aa is heterozygous.

Genes on the same chromosome are said to be linked, and they tend to be inherited together. They can become unlinked,
however, by the process of crossing over, which involves breakage of two homologous chromosomes at corresponding sites
and exchange of partners (Figure 0.2 ). Genes that are on nonhomologous chromosomes are inherited independently, as are
genes far apart on the same chromosome.

Occasionally, an allele may mutate; that is, it may suddenly change to another allele, with a changed or lost function.
When the gene mutates, the new form is copied as faithfully as the original gene, so a mutant gene is as stable as the gene
before it mutated. Most genes mutate very rarely, typically only once in some 100,000 generations, but the rates for different
genes differ greatly. Mutations can occur in any part of the body, but our concern is those that occur in the reproductive
system and therefore can be transmitted to future generations.

FORENSIC DNA IDENTIFICATION

VNTRs

One group of DNA loci that are used extensively in forensic analysis are those containing Variable Numbers of Tandem
Repeats (VNTRs). These are not genes, since they produce no product, and those that are used for forensic determinations
have no known effect on the person. That is an advantage, for it means that VNTRs are less likely to be influenced by natural
selection, which could lead to different frequencies in different populations. For example, several genes that cause malaria
resistance are more common in people of Mediterranean or African ancestry, where malaria has been common.

A typical VNTR region consists of 500 to 10,000 base pairs, comprising many tandemly repeated units, each some 15 to
35 base pairs in length. The exact number of repeats, and hence the length of the VNTR region, varies from one allele to
another, and different alleles can be identified by their lengths. VNTR loci are particularly convenient as markers for human
identification because they have a very large number of different alleles, often a hundred or more, although
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OVERVIEW 15

only 15 to 25 can be distinguished practically, as we explain later. (The word allele is traditionally applied to alternative
forms of a gene; here we extend the word to include nongenic regions of DNA, such as VNTRs.)

A B

a b

A B

a ]

A B
L

a b

Figure 0.2 Diagram of crossing over. The chromosomes pair (upper diagram), break at corresponding points
(middle), and exchange parts. The result is that alleles A and B, which were formerly on the same chromosome, are
now on different chromosomes.

VNTRs also have a very high mutation rate, leading to changes in length. An individual mutation usually changes the
length by only one or a few repeating units. The result is a very large number of alleles, no one of which is common. The
number of possible genotypes (pairs of alleles) at a locus is much larger than the number of alleles, and when several
different loci are combined, the total number of genotypes becomes enormous.

To get an idea of the amount of genetic variability with multiple alleles and multiple loci, consider first a locus with
three alleles, A;, A,, and Aj. There are three homozygous genotypes, AjA;, AyA,, and A3A;, and three heterozygous ones,
AjA,, AjAj, and AyAj. In general, if there are n alleles, there are n homozygous genotypes and n(n - 1)/2 heterozygous ones.
For example, if there are 20 alleles, there are 20 + (20 x 19)/2 = 210 genotypes. Four loci with 20 alleles each would have 210
x 210 x 210 x 210, or about 2 billion possible genotypes.

For a genetic system to be useful for identification, it is not enough that it yield a large number of genotypes. The
relative frequencies of the genotypes are also important. The more nearly equal the different frequencies are, the greater the
discriminatory power. VNTRs exhibit both characteristics.

DNA Profiling

Genetic types at VNTR loci are determined by a technique called VNTR profiling. Briefly, the technique is as follows
(Figure 0.3). First, the DNA is extracted from whatever material is to be examined. The DNA is then cut by a specific
enzyme into many small fragments, millions in each cell. A tiny fraction of those fragments includes the particular VNTR to
be analyzed. The fragmented

Copyright © National Academy of Sciences. All rights reserved.
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OVERVIEW 16

DNA is then placed in a small well at one edge of a semisolid gel. Each of the different DNA samples to be analyzed is
placed in a different well. Additional wells receive various known DNA samples to serve as controls and fragment-size
indicators. Then the gel is placed in an electric field and the DNA migrates away from the wells. The smaller the fragment,
the more rapidly it moves. After a suitable time, the electric current is stopped, and the different fragments will have migrated
different distances, the shorter ones for greater distances.

Whale Blowd ol ste Huckeh Mecoves DHA )
nr Slmbng Fragmanis Sepssale Frag=enda Tismales DHA
by Bhre 16 Membi s

[n ]

s
bl

1
IR R R nang |

—h = =]

LR ERLE TRV ARYY

Amalyse A
Prinilesy

¥
i
K]

Figure 0.3 An outline of the DNA profiling process.

In the process, the DNA fragments are denatured, meaning that the double strands in each fragment are separated into
single strands. The fragments are then transferred by simple blotting to a nylon membrane, which is tougher and easier to
handle than the gel and to which the single-stranded fragments adhere. Then a radioactive probe is added. A probe is a short
section of single-stranded DNA complementary to the specific VNTR of interest, meaning that it has a C where the VNTR
has a G, an A where the VNTR has a T, and so on, so that the probe is specifically attracted to this particular VNTR. When
the membrane is placed on a photographic film, the radioactive probes take a picture of themselves, producing dark spots on
the film at positions corresponding to the particular DNA fragments to which the probe has attached. This photo is called an
autoradiograph, or autorad for short.

The two DNA samples to be compared (usually from the evidence, E, and from a suspect, S) are placed in separate lanes
in the gel, with DNA in several other lanes serving as different kinds of controls. Because of the large number of VNTR
alleles, most loci are heterozygous, and there will usually be two bands
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OVERVIEW 17

in each lane. If the two DNA samples, E and S, came from the same individual, the two bands in each lane will be in the
same, or nearly the same, positions; if the DNA came from different persons, they will usually be in quite different positions.
The sizes of the fragments are estimated by comparison with a "ladder" in which the spots are of known size.

Figure 0.4 shows an example. In this case, the question is whether either of two victims, V1 and V2, match a blood stain,
called E blood in the figure,

_Flefe rences |

\rh e o=
-

EIy s 820
K562
ac

138 @9 21
E. Blood

889
2.” [_1}
\Y

S

S

I

t

PESw tnnuuuﬂ

gyl 0008000000008 6201 108000
1968 *008 08008880 ¢ ]

aoess “.‘d: 800 0100000 00

Figure 0.4 An autorad from an actual case, illustrating fragment-length variation at the D1S7 locus.

The lanes from left to right are: (1) standard DNA ladder, used to estimate sizes; (2) K562, a standard cell line with
two bands of known size, used as a control: (3) within-laboratory quality control sample; (4) standard ladder; (5)
DNA from blood at the crime scene; (6) standard ladder; (7) DNA from the first victim: (8) another sample from
the first victim; (9) standard ladder; (10) DNA from the second victim; (11) DNA from the first suspect; (12) DNA
from the second suspect; (13) standard ladder. Courtesy of the State of California Department of Justice DNA
Laboratory.
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OVERVIEW 18

that was found on the clothing of suspect S 1. S2 is a second suspect in the case. The sizing ladders are in lanes 1, 4, 6, 9, and
13; these are repeated in several lanes to detect possible differences in the rate of migration in different lanes. K562 and QC
are other controls. On looking at the figure, one sees that the evidence blood (E blood) is not from V2 (or from S1 or S2),
since the bands are in quite different positions. However, it might well be from V , since the bands in E and V1 are at the
same position.

After such an analysis, the radioactive probe is washed off the membrane. Then a new probe, specific for another VNTR
locus, is added and the whole process repeated. This is continued for several loci, usually four or more. There is a practical
limit, however, since the washing operation may eventually remove some of the DNA fragments, making the bands on the
autorad weak or invisible. In the example in Figure 0.4, testing at 9 additional loci gave consistent matches between E blood
and Victim 1, leaving little doubt as to the source of the blood.

In most laboratories, the sizes of the fragments are measured by a computer, which also does the calculations that are
described below.

A DNA fragment from the evidence is declared to match the one from a suspect (or, in the case of Figure 0.4, from a
victim) if they are within a predetermined relative distance. If the bands do not match, that is the end of the story: the DNA
samples did not come from the same individual. If the DNA patterns do match, or appear to match, the analysis is carried
farther, as described in the next section.

A difficulty with VNTRs using radioactive probes is the long time required to complete the analysis. One or two weeks
are needed for sufficient radiation to make a clear autorad, and, as just described, the different loci are done in succession. As
a result, the process takes several weeks. Some newer techniques use luminescent chemicals instead of radioactive ones. As
such techniques are perfected and come into wider use, the process will speed up considerably.

Matching and Binning of VNTRs

Because of measurement uncertainty, the estimates of fragment sizes are essentially continuous. The matching process
consists of determining whether two bands are close enough to be within the limits of the measurement uncertainty. After the
two bands have been determined to match, they are binned. In this process, the band is assigned to a size class, known as a
bin. Two analytical procedures are the-fixed-bin and the floating-bin methods. The floating-bin method is statistically
preferable, but it requires access to a computerized data base. The fixed-bin method is simpler in some ways and easier for
the average laboratory to use; hence, it is more widely employed. Only the fixed-bin method is described here, but the reader
may refer to Chapter 5 (p 142) for a description of floating-bin procedures.
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OVERVIEW 19

A match between two different DNA sources (e.g., evidence and suspect DNA) is typically determined in two stages.
First is a visual examination. Usually the bands in the two lanes to be compared will be in very similar positions or in clearly
different positions. In the latter case, there is no match, and the DNA samples are assumed to have come from different
persons. In Figure 0.4, only the bands of V1 match the evidence blood. The role of a visual test is that of a preliminary
screen, to eliminate obvious mismatches from further study and thereby save time and effort.

The second, measurement-confirmation step is based on the size of the fragment producing the band, as determined by
size standards (the standard ladders) on the same autorad (Figure 0.4). The recorded size is subject to measurement
uncertainty, which is roughly proportional to the fragment size. Based on duplicate measurements of the same sample in
different laboratories, roughly 2/3 of the measurements are within 1% of the correct value. In practice, a value larger than 1%,
usually 2.5%—although this varies in different laboratories—is used to prevent the possible error of classifying samples from
the same person as being different. The measurement with 2.5% of its value added and subtracted yields an uncertainty
window.

Two bands, say from suspect and evidence, are declared to match if their uncertainty windows overlap; otherwise a
nonmatch is declared. Compare the top two diagrams in Figure 0.5.

5
a. Nonmatch S —
e 25% 25%
—_—
25% 25%
5
b. Match . a—
25% 25%
— = —
2.5% 2.5%
. 8
c. Fixed bin OB% 5%
Fixed bin

Figure 0.5

Diagrams showing the extent of the uncertainty windows (a,b) and the match window (c). In the top group, the
uncertainty windows do not overlap; in the second they do. The bottom diagram shows the match window of a
fragment along with the fixed bin. The match window overlaps bins 10 and 11.
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The match window is the evidence measurement with 5% of its value added and subtracted. This is compared with the
bins in the database (such as those in Table 0.1). If the upper and lower values lie within a bin, then the frequency of that bin
is used to calculate the probability of a random match. Often, two or more bins will be overlapped by the match window. In
Figure 0.5, the match window overlaps bins 10 and 11. When that happens, we recommend that the bin with the highest
frequency be used. (The 1992 NRC report recommends taking the sum of the frequencies of all overlapped bins, but
empirical studies have shown that taking the largest value more closely approximates the more accurate floating-bin method.)

Frequency estimates for very rare alleles have a larger relative uncertainty than do those for more common alleles,
because the relative uncertainty is largely

TABLE 0.1 Bin (Allele) Frequencies at Two VNTR Loci (D2S44 and D17S79) in the US White Populationa

D2S44 D17S79
Bin Size Range N Prop. Bin Size Range N Prop.
3 0-871 8 0.005 1 0-639 16 0.010
4 872-963 5 0.003 2 640-772 5 0.003
5 964-1,077 24 0.015 3 773-871 11 0.007
6 1,078-1,196 38 0.024 4 872-1,077 6 0.004
7 1,197-1,352 73 0.046 6 1,078-1,196 23 0.015
8 1,353-1,507 55 0.035 7 1,197-1,352 348 0.224
9 1,508-1,637 197 0.124 8 1,353-1,507 307 0.198
10 1,638-1,788 170 0.107 9 1,508-1,637 408 0.263
11 1,789-1,924 131 0.083 10 1,638-1,788 309 0.199
12 1,925-2,088 79 0.050 11 1,789-1,924 44 0.028
13 2,089-2,351 131 0.083 12 1,925-2,088 50 0.032
14 2,352-2,522 60 0.038 13 2,089-2,351 16 0.010
15 2,523-2,692 65 0.041 14 2,352 9 0.006
16 2,693-2,862 63 0.040
17 2,863-3,033 136 0.086 1,552 0.999
18 3,034-3,329 141 0.089
19 3,330-3,674 119 0.075
20 3,675-3,979 36 0.023
21 3,980-4,323 27 0.017
22 4,324-5,685 13 0.008
25 5,686 13 0.008

1,584 1.000

2D2 and D17 indicate that these are on chromosomes 2 and 17. N is the number of genes (twice the number of persons). Each bin
includes a range of sizes (in base pairs), grouped so that no bin has fewer than five genes in the data set; this accounts for nonconsecutive
bin numbers. Data from FBI (1993), p 439, 530. FBI (1993), p 439, 530.
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OVERVIEW 21

determined by the absolute number of alleles in the database. To reduce such uncertainty, it is customary for the data to be
rebinned. This involves merging all bins with an absolute number fewer than five genes into adjacent bins, so that no bin has
fewer than five members. We endorse this practice, not only for fixed bins but also for floating bins, and not only for VNTRs
but also for rare alleles in other systems.

Allele (Bin) Frequencies

Databases come from a variety of sources, which we shall discuss later. Each bin is assigned a number, 1 designating the
smallest fragments. Table 0.1 shows the size range and frequencies of the bins at two loci, D2S44 and D17S79, for the US
white population. The first number in the locus designation tells us on which chromosome this locus lies. The second is an
arbitrary number that designates the site of the locus on the chromosome. D2S44 is site 44 on chromosome number 2;
D17S79 is site 79 on chromosome 17. The data in the table have been rebinned so that no bin has fewer than 5 representatives
in the database. D2S44 is more useful for forensic purposes than D17S79 because it has a larger range of sizes, from less than
871 to more than 5,686 base pairs, and because the different bins have more nearly equal frequencies.

Figure 0.6 shows a graph of the frequencies of each bin in three populations for D2S44. The top two graphs are from
white populations in Georgia and Illinois. Note that the distributions are quite similar. In both states, bin 8 is the commonest;
bins 14, 15, and 16 are relatively rare; and the extremes at both ends of the distribution have very low frequencies. Using the
Georgia database for an Illinois crime would not introduce much error. In contrast, the distribution for blacks, shown in the
bottom graph, is clearly different. That argues for using separate databases for different racial groups. Nevertheless, the most
striking feature of the graphs is that the variability among individuals within a population is greater than that between
populations.

We have now described procedures for matching and binning and for determining the bin (allele) frequency. We next
wish to combine these frequencies to determine the frequency of a multilocus profile. That will be taken up later, in the
section on population genetics.

PCR-Based Systems

The polymerase chain reaction (PCR) is a method for greatly amplifying a short segment of DNA, copying the sequence
in a way somewhat like that which occurs naturally in the cell (the procedure is described in Chapter 2, p 69). Most PCR-
based typing systems allow alleles to be identified as discrete entities, thus avoiding most of the statistical issues that arise in
matching and binning of VNTR alleles.

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/5141.html

22

- “ w
5 Eod ]
= - o i- o -
T 1 T T T T i T T T T T T ! T T I T i
* ® - ¥ 8 3 § *© = = = 8 2 3 g °© 5 8 & z g e
o (=] o (=] L=} (=] (=] (=] (=] (=] (=] (=3 (=] (=] = =

I
Fised Bin (v = 300)
115 1T 19 2I2‘J2§??2‘93‘1
Fiwad Bin {n = 282)
13 1% 7 10 B @™ ¥ 7 o® M
Fixed Bin (n = 475)
Figure 0.6 The distribution of bin sizes for locus D2S44. The horizontal axis gives the bin number and the vertical

column gives the relative frequency of this bin in the database: (A) Illinois white population, (B) Georgia white

population. (C) US black population.
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OVERVIEW 23

The PCR process has several additional advantages over the procedures used with VNTRs. It is relatively simple and
easily carried out in the laboratory. Results are obtained in a short time, often within 24 hours. Because of their almost
unlimited capacity for amplification, PCR-based methods permit the analysis of extremely tiny amounts of DNA, thus
extending the typing technique to samples too small to be used with other approaches (e.g., DNA from a cigarette butt).
Moreover, the small sample size required for PCR analysis makes it easier to set aside portions of samples for duplicate
testing to verify results or detect possible errors.

There are also disadvantages. One is that any procedure that uses PCR methodology is susceptible to error by
contamination. If the contaminating DNA is present at a level comparable to the target DNA, its amplification can confound
the interpretation of typing results, possibly leading to an erroneous conclusion. A second disadvantage is that most PCR loci
have fewer alleles than VNTRs. That means that more loci are required to produce the same degree of discrimination of DNA
from different persons. Third, some PCR loci are associated with functional genes, which means that they may have been
subject to natural selection, possibly leading to greater differences among population subgroups than is found with VNTRs.
In developing new systems, it is desirable to choose loci that are not associated with disease-causing genes. These are all
problems that can be minimized by proper choice of markers and by care and good technique.

One PCR-based genetic marker, DQA, is widely used. It is quick and reliable, and that makes it particularly useful as a
preliminary test. On the average, about 7% of the population have the same DQA type, so that different individuals will be
distinguished about 93% of the time. Thus, a wrongly accused person has a good chance of being quickly cleared. Other
systems are already in use or are being developed. Eventually, we expect such exact determinations to replace current VNTR
methods, with a resulting simplification and speed of analysis and reduction of statistical uncertainties.

One of the most promising of the newer techniques involves amplification of loci containing Short Tandem Repeats
(STRs). STRs are scattered throughout the chromosomes in enormous numbers, so that there is an almost unlimited potential
for more loci to be discovered and validated for forensic use. Individual STR alleles can usually be individually identified,
circumventing the need for matching and binning.

We affirm the statement of the 1992 report that the molecular technology is thoroughly sound and that the results are
highly reproducible when appropriate quality control methods are followed. The uncertainties that we address in this report
relate to the effects of possible technical and human errors and the statistical interpretation of population frequencies, not to
defects in the methodology itself.

ASSURING LABORATORY ACCURACY

The best assurance of accuracy is careful design and statistical analysis, coupled with scrupulous attention to details. The
maintenance of high laboratory
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standards rests on a foundation of sound quality control and quality assurance. Quality control (QC) refers to measures taken
to ensure that the DNA typing and interpretation meet a specified standard. Quality assurance (QA) refers to steps taken by
the laboratory to monitor, verify, and document its performance. Regular proficiency testing and regular auditing of
laboratory operations are both essential components of a QA program.

Specific and detailed guidelines on QC and QA have been developed by the Technical Working Group on DNA
Analysis Methods (TWGDAM), a group of forensic DNA analysts from government and private laboratories. These
guidelines define currently accepted practice. They have been endorsed by the American Society of Crime Laboratory
Directors/Laboratory Accreditation Board. These and other organizations provide standards for accreditation. Requirements
for accreditation include extensive documentation of all aspects of laboratory operations, proficiency testing, internal and
external audits, and a plan to address and correct deficiencies.

The DNA Identification Act of 1994 established a federal framework for setting national standards on quality assurance
and proficiency testing. These standards are to be developed by a DNA Advisory Board, appointed by the FBI from a list of
nominations made by the National Academy of Sciences and professional societies representing the forensic community. This
Advisory Board is now in place and is formulating mechanisms for accreditation and quality control.

We believe that proficiency testing is of great value. These tests can be either open or blind. TWGDAM recommends
one fully blind proficiency test per laboratory per year, if such a program can be implemented.

In open proficiency tests, the analyst knows that a test is being conducted. In blind proficiency tests, the analyst does not
know that a test is being conducted. A blind test is therefore more likely to detect such errors as might occur in routine
operations. However, the logistics of constructing fully blind proficiency tests are formidable. The "evidence" samples have
to be submitted through an investigative agency so as to mimic a real case, and unless that is done very convincingly, a
laboratory might well suspect that it is being tested.

Whichever kind of test is used, the results are reported and, if errors are made, needed corrective action is taken. Several
tests per year are mandated by the various accrediting organizations.

Some commentators have argued that the probability of a laboratory error leading to a reported match for samples from
different individuals should be estimated and combined with the probability of randomly drawing a matching profile from the
population. We believe this approach to be ill advised. It is difficult to arrive at a meaningful and accurate estimate of the risk
of such laboratory errors. For one thing, in this rapidly evolving technology, it is the current practice and not the past record
of a laboratory that is relevant, and that necessarily means smaller numbers and consequent statistical uncertainty. For

Copyright © National Academy of Sciences. All rights reserved.
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another, the number of proficiency tests required to give an accurate estimate of a low error rate (and it must be low to be
acceptable) is enormous and would be outlandishly expensive and disruptive. We believe that such efforts would be badly
misplaced and would use resources that could much better be used in other ways, such as improving laboratory standards.

No amount of attention to detail, auditing, and proficiency testing can completely eliminate the risk of error. There is a
better approach, one that is in general agreement with the 1992 NRC report: wherever feasible, evidence material should be
separated into two or more portions, with one or more portions reserved for possible duplicate tests. Only an independent
retest can satisfactorily resolve doubts as to the possibility that the first test was in error. It is usually possible to preserve
enough material for possible repeat tests. Even if VNTR tests consume most of the material, it should almost always be
possible to reserve enough for independent PCR-based confirmatory tests. The best protection an innocent suspect has from a
false match is an independent test, and that opportunity should be made available if at all possible.

Even the strongest evidence will be worthless—or worse, might possibly lead to a false conviction—if the evidence
sample did not originate in connection with the crime. Given the great individuating potential of DNA evidence and the
relative ease with which it can be mishandled or manipulated by the careless or the unscrupulous, the integrity of the chain of
custody is of paramount importance. This means meticulous care, attention to detail, and thorough documentation of every
step of the process, from collecting the evidence material to the final laboratory report.

POPULATION GENETICS

If the DNA profile from the evidence sample and that of the suspect match, they may have come from the same person.
Alternatively, they might represent a coincidental match between two persons who happen to share the profile. To assess the
probability of such a coincidental match, we need to know the frequency of the profile in the population.

Ideally, we would know the frequency of each profile, but short of testing the whole population we cannot know that.
We must therefore rely on samples from the population, summarized in a database. Furthermore, the probability of a specific
profile is very small, much smaller than the reciprocal of the number of people represented in the database. That means that
the great majority of profiles are not found in any database. The analyst must therefore estimate the frequency of a profile
from information about the component allele frequencies. That requires some assumptions about the relation between allele
frequencies and profile frequencies; it also requires modeling.

Copyright © National Academy of Sciences. All rights reserved.
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OVERVIEW 26

Randomly Mating Populations

The simplest assumption relating allele and genotype frequencies is that mates are chosen at random. Perhaps
surprisingly, such an assumption provides a good approximation to reality for forensic markers. Of course, matings in the
United States are not literally at random; two persons from Oregon are much more likely to be mates than are a person from
Oregon and one from Florida. But random-mating genotype proportions occur when mating frequencies are determined by
the frequencies of the markers. And if the marker frequencies are the same in Oregon, Florida, and other states, that could
lead to random-mating proportions throughout the nation, even though the United States is far from a random-mating unit.

Of course, for some traits the population is not in random-mating proportions. Mates are often chosen for physical and
behavioral characteristics. But obviously, VNTRs and other forensic markers are not the basis for choice. For example,
people often choose mates with similar height, but unless a forensic marker is closely linked to a possible major gene for
height, the forensic genotypes will still be in random-mating proportions.

The simplest way to deal with random mating is to take advantage of the convenient fact that random mating of persons
has the same genetic consequences as random combination of eggs and sperm. Suppose that at the A locus, 1/10 of the alleles
are A; and 1/25 are A, Then 1/10 of the eggs carry allele A; and of these 1/10 will be fertilized by A sperm, so 1/10 of 1/10,
that is 1/10 X 1/10 = (1/10)> = 1/100 of the fertilized eggs will be of genotype A,A,. Similarly 1/25 of the A, eggs will be
fertilized by A, sperm, leading to (1/10) X (1/25) = 1/250 A,A, individuals. However, the A;A, genotype can also be
produced, with equal frequency, by A, eggs fertilized by A; sperm, so the total frequency of A;A, genotypes is twice the
product of the allele frequencies, or 1/125. Therefore, the frequencies of the genotypes are:

Homozygole A A (110 = 1100,
Heterozygote A Ay 2017100 1/25) = 17125,

It is conventional in general formulations to use letters instead of numerical fractions. If we designate the frequency of
allele A | by p; and of allele A, by P, (in this example, p; = 1/10 and p, = 1/25), the genotype frequencies are

AA; p (O.1a)
A;Ag: 2plp3. (O.].b)

Populations in which the genotypes are in random-mating proportions are said to be in Hardy-Weinberg (HW) ratios,
named after G. H. Hardy and W. Weinberg, the discoverers of this simple principle.

How well do actual populations agree with HW ratios? One example is given in Table 4.3 (p 94). M and N are two
alleles at a blood-group locus. Six
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studies were done in the white population of New York City, a population that is genetically quite heterogeneous. The data
came from blood donors, persons involved in paternity cases, patients, and hospital staff. They involve six studies over a
period of almost 40 years. The total number was 6,001 persons, or 12,002 genes. Yet, as the table shows, the overall
frequency of heterozygotes is within 1% of its HW expectation. For traits that are not involved in mate selection, the
genotypes in actual populations are very close to HW proportions.

With continued random mating, alleles at different loci, even if initially linked on the same chromosome, become
separated by crossing over and eventually reach linkage equilibrium (LE). At LE, the frequency of a composite genetic
profile is the product of the genotype frequencies at each constituent locus. The rate of approach to LE depends on how close
together the loci are on the chromosome. Loci on nonhomologous chromosomes, as almost all forensic loci are, approach LE
quickly: the departure from LE is halved each generation. After half a dozen generations, LE can be assumed with sufficient
accuracy for forensic purposes. Confirming this, in the large TWGDAM data set, the departure of two-locus pairs from LE in
the white population was less than half a percent, and only slightly larger in blacks and Hispanics (Table 4.7, p 110). The
deviations from expectations in individual cases were small and in both directions, as expected. Under HW and LE
assumptions, the expected proportion of a specific genetic profile can be readily computed by calculating the genotype
frequencies at each locus and multiplying them. In the forensic literature, that calculating procedure is called the product rule.

For illustration, suppose that at a second locus the two relevant alleles are B; and B,, with frequencies 1/15 and 1/40.
Then the frequency of genotype BB, is 2(1/15)(1/40) = 1/300. Now, putting this together with the A locus considered above,
we find that the frequency of the composite genotype A;A; BB, is 1/100 x 1/300 = 1/30,000. And likewise for more than
two loci; genotype frequencies at each locus are multiplied.

Such estimates of the frequency of a particular profile in a population are, of course, subject to uncertainty. Even
moderate-sized DNA databases (drawn from samples of several hundred persons) are subject to statistical uncertainty, and in
smaller ones, the uncertainty is greater. In addition, the database might not properly represent the population that is relevant
to a particular case. Finally, the assumptions of HW and LE, although reasonable approximations for most populations, are
not exact. We shall elaborate on this point later, but to anticipate, we believe that it is safe to assume that the uncertainty of a
profile frequency calculated by our procedures from adequate databases (at least several hundred persons) is less than a factor
of about 10 in either direction. To illustrate, if a profile frequency is calculated to be one in 100 million, it is safe to say that
the true value is almost always between one in 10 million and one in a billion.

We now consider modifications of the product-rule calculations to make them more realistic in the face of uncertainties.
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Population Structure

The population of the United States is made up of subpopulations descended from different parts of the globe and not
fully homogenized. The authors of the 1992 NRC report were concerned that profile frequencies calculated from population
averages might be seriously misleading for particular subpopulations. Extensive studies from a wide variety of databases
show that there are indeed substantial frequency differences among the major racial and linguistic groups (black, Hispanic,
American Indian, east Asian, and white). And within these groups, there is often a statistically significant departure from
random proportions. As we said earlier, those departures are usually small, and formulae based on random mating
assumptions are usually quite accurate. So, the product rule, although certainly not exact for real populations, is often a very
good approximation.

The main reason for departures from random-mating proportions in forensic DNA markers is population structure due to
incomplete mixing of ancestral stocks. Suppose that we estimate genotype frequencies in a subgroup by applying the product
rule to allele frequencies based on overall population averages. To the extent that the subgroups have different allele
frequencies, such an estimate will be too high for heterozygotes and too low for homozygotes. The reason for this is that
matings within a subgroup will tend to be between (perhaps distant) relatives, and relatives share alleles. Thus, matings
within a subgroup will produce more homozygotes and fewer heterozygotes than if the mates were chosen at random from
the whole population.

In contrast to this systematic effect on homozygote and heterozygote frequencies, departures from LE because of
population substructure are largely random and are not predictable in direction. Consequently, when several loci are involved,
deviations in opposite directions tend to cancel.

Dealing with Subpopulations

The writers of the 1992 NRC report were concerned that there might be important population substructure and
recommended an interim ceiling principle (discussed later in this overview) to address that concern. We take a different tack.
We assume that there is undetected substructure in the population and adjust the product rule accordingly. There is a simple
procedure for doing this. Since using the HW rule for heterozygote frequencies provides an overestimate if there is
substructure, we employ the product rule as a conservative estimate for heterozygotes. But we need a modification to correct
the opposite bias in the homozygote estimates.

For VNTRs, a single band in a lane does not necessarily imply a homozygote. It might be a heterozygote with two
alleles too close together to distinguish, or one of the alleles, for any of several reasons, might not be detected. It has become
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standard practice in such cases to replace p?, the homozygote frequency as estimated by Equation 0.1a (p 26), by 2p, where p
is the bin frequency. It is easily shown (Chapter 4, p 105) that this substitution provides a conservative correction for
homozygotes. So we follow earlier recommendations (e.g., the 1992 report) to use the product rule for VNTRs and to replace
p? by 2p for all single bands. This is called the 2p rule. It is illustrated in the example at the end of this overview.

The 2p rule has been criticized as being more conservative than necessary. However, with VNTRs, double bands greatly
outnumber single bands, so the bias is usually not great. We retain the rule for two reasons: It is conservative, and it is
thoroughly ingrained in standard forensic practice. We caution, however, that it was intended for criminal cases and might
not be appropriate for other applications, such as determining paternity. It should not be used except as a conservative
modification for rare alleles when heterozygotes may appear to be homozygotes.

Another rule is applicable when there is no problem in distinguishing homozygotes from heterozygotes, as with most
PCR-based systems. The procedure is to replace p> with the expression P* + P(1=p) | where @ is an empirically
determined measure of population subdivision. The measured value of §§ is usually considerably less than 0.01 for forensic
markers in the United States, so we recommend 0.01 as a conservative value, except for very small, isolated populations of
interrelated people, where 0.03 may be more appropriate.

Persons from the Same Subpopulation

Usually, the subgroup to which the suspect belongs is irrelevant, since we want to calculate the probability of a match on
the assumption that the suspect is innocent and the evidence DNA was left by someone else. The proper question is: What is
the probability that a randomly chosen person, other than the suspect, has the genetic profile of the evidence DNA? That is
the question we have dealt with so far. In some cases, however, it may be known that the suspect(s) is(are) from the same
subpopulation as the source of the evidence DNA. An instance would be a crime committed in a small, isolated village, with
all potential suspects from the same village. Ideally, the calculation should be based on the allele frequencies in that particular
village, but usually such frequencies will not be known.

An alternative is to measure the degree of population subdivision and, using that, to write expressions for the conditional
probability that, given the genotype of the first person, a second person from the same subgroup will have that genotype. The
appropriate expressions for the match probability are

[EH+ (1 —E}p.J[SEHl - 9}p|l

. - 0.2
Aif: Prob (1+0)(1 +20) : ©-22)
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E[F.l+|f! —F}ap,JlF}HI —E]p!}

(181 + 28

(0.2b)

AAL Prob =

Although these expressions might appear complex, they are actually a straightforward adjustment of the standard HW
formulae. Notice that if i = (), the formulae are p1? and 2p,p,, the HW formulae. As before, p; and p, are obtained from the
frequencies in the database. We suggest 0.01 as a suitable value of #. If the population is very small and isolated, or if a still
more conservative estimate is desired, 0.03 can be used.

As an example, consider the A locus already used (p 26), in which pl = 1/10 and p, = 1/25. Then the match probability

for the heterozygote, AA,, is 2(1/10)(1/25) = 1/125 or 0.008 when @ = {}, 0.0105 when # = .0, and 0.0160 when
f = (L03. Clearly, this calculation is more conservative than the simple product rule.

SOME STATISTICAL CONSIDERATIONS

The Reference Database

Ideally, the reference data set, from which profile frequencies are calculated, would be a simple random sample or a
scientifically structured random sample from the relevant population. But this can be an impracticable ideal. For one thing, it
is not always clear which population is most relevant. Should the sample be local or national? Should it include both sexes? If
only males, should it include only those in the ages that commit most crimes? For another thing, random sampling is usually
difficult, expensive, and impractical, so we are often forced to rely on convenience samples. Databases come from such
diverse sources as blood banks, paternity-testing laboratories, laboratory personnel, clients in genetic-counseling centers, law-
enforcement officers, and people charged with crimes. The saving point is that the DNA markers in which we are interested
are believed theoretically and observed empirically to be essentially uncorrelated with the rules by which the samples are
chosen.

We are confident that these convenience samples are appropriate for forensic uses, mainly for two reasons. First, the loci
generally used for identification are usually not parts of functional genes and therefore are unlikely to be correlated with any
behavioral or physical traits that might be associated with different subsets of the population. Second, empirical tests have
shown only very minor differences among the frequencies of DNA markers from different subpopulations or geographical
areas.

Indeed, samples from different subgroups often show statistically significant differences. This is especially true if the
sample sizes are large, since in large samples, small differences can be statistically significant. But we are more con
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cerned with the magnitude of the difference and the uncertainty in our calculations than with formal statistical significance.
We shall deal with this further on.

Match Probability, Likelihood Ratio, and Two Fallacies

Forensic calculations are conventionally presented in one of two ways: the probability of a random-match (called the
match probability ), calculated from the frequencies of DNA markers in the database; and the likelihood ratio (LR). The LR
is the ratio of the probability of a match if the DNA in the evidence sample and that from the suspect came from the same
person to the probability of a match if they came from different persons. Since the probability of a match when the samples
came from the same person is one (unless there has been a mistake), the likelihood ratio is simply the reciprocal of the match
probability.

A likelihood ratio of 1,000 says that the profile match is 1,000 times as likely if the DNA samples came from the same
person as it would be if they came from two randomly chosen members of the population. It does not say that if the DNA
samples match then they are 1,000 times as likely to have come from the same person as from different persons. It is
important to keep this distinction straight. The misstatement, a logical reversal of the first, is an example of "the prosecutor's
fallacy."

Although in the simplest cases the match probability and the likelihood ratio provide the same information (because one
is the reciprocal of the other), there are cases in which the likelihood ratio is conceptually simpler. One such case happens
with a mixed sample. This is illustrated in Chapter 5 (p 129) with an example in which the evidence sample has four bands,
two of which are shared with the suspect. The match-probability approach, used in the 1992 NRC report, ignores some of the
data, whereas a complete analysis is easily obtained by using the LR.

The second fallacy is "the defendant's fallacy." That is to assume that in a given population, anyone with the same
profile as the evidence sample is as likely to have left the sample as is the suspect. If 100 persons in a metropolitan area are
expected to have the same DNA profile as the evidence sample, it is a fallacy to conclude that the probability that the suspect
contributed the sample is only 1/100. The suspect was originally identified by other evidence; such evidence does not exist
for the 99 other persons expected to have the same profile. However, if the suspect was found through a search of a large
DNA database, that changes the situation, as we shall soon discuss.

Bayes's Theorem

The reason that the prosecutor's fallacy is inviting is that, even though it gives a wrong answer, it purports to answer the
question in which the court is really interested—namely, what is the probability that the evidence sample and
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the suspect sample came from the same person? Neither the match probability nor the likelihood ratio gives this. Yet, the
latter can be used to obtain this probability, provided we are willing to assume a value for the prior probability that the two
samples have a common source. The prior probability that the two samples came from the same person is the probability of
that event based on evidence other than the DNA.

The principle is more easily expressed if stated as odds rather than probability. (Odds are the ratio of the probability that
an event will occur to the probability that it will not: Odds = Prob/(l - Prob); if the probability is 2/3, the odds in favor are 2/1,
or as conventionally written, 2:1.) Specifically, the final (posterior) odds that the suspect and evidence DNA came from the
same person are the prior odds multiplied by the likelihood ratio (LR):

Posterior odds = Prior odds = LE.

In other words, whatever you believe the odds to be without the DNA evidence, they are multiplied by LR when the
DNA evidence is included. Although this rule (Bayes's Theorem) is routinely used in paternity cases, it has hardly ever been
used in criminal cases not involving proof of paternity.

Since the prior odds are hardly ever known even approximately and are usually subjective, a practice that has been
advocated is to give posterior odds (or probabilities) for a range of prior odds (or probabilities). If the likelihood ratio is very
high, uncertainty about the value of the prior probability may make little difference in the court's decision.

Suppose that the LR is one million. If the prior odds are 1:10, the posterior odds are 100,000:1; if the prior odds are
1:100, the posterior odds are still 10,000:1.

Suspect Identified by Database Search

A special circumstance arises when the suspect is identified not by an eyewitness or by circumstantial evidence but
rather by a search through a large DNA database. If the only reason that the person becomes a suspect is that his DNA profile
turned up in a database, the calculations must be modified. There are several approaches, of which we discuss two. The first,
advocated by the 1992 NRC report, is to base probability calculations solely on loci not used in the search. That is a sound
procedure, but it wastes information, and if too many loci are used for identification of the suspect, not enough might be left
for an adequate subsequent analysis. That will become less of a problem as STRs and other systems with many loci become
more widely used.

A second procedure is to apply a simple correction: Multiply the match probability by the size of the database searched.
This is the procedure we recommend.

The analysis assumes that the database, although perhaps large, is nevertheless a small fraction of the whole population.
At present, that is the usual situation. However, as the databases grow large enough to be a substantial fraction of the
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population, a more complicated calculation is required. Although such a calculation can be straightforward, it is best handled
on a case-by-case basis.

Uniqueness

Another issue—one that has not been resolved by the courts—is uniqueness. The 1992 NRC report said: "Regardless of
the calculated frequency, an expert should—given ... the relatively small number of loci used and the available population
data—avoid assertions in court that a particular genotype is unique in the population." Some courts have held that statements
that a profile is unique are improper. Yet, with existing databases and afortiori with larger numbers of loci, likelihood ratios
much higher than the population of the world are often found. An LR of 60 billion is more than 10 times the world
population. Should a profile that rare be regarded as unique?

The definition of uniqueness is outside our province. It is for the courts to decide, but in case such a decision is to be
made, we show how to do the relevant calculations. Before a suspect has been profiled, the probability that at least one other
person in a population of N unrelated persons has the profile of the evidence DNA is at most NP, where P is the probability
of the profile. Then the probability that the profile is unique is at least 1 - NP.

Suppose the calculated profile probability P = 1/(60 billion) and the world population N is taken as 6 billion. Then NP =
1/10. The probability that the profile is unique, except possibly for relatives, is at least about 9/10.

Uncertainty About Estimated Frequencies

Match probabilities are estimated from a database, and such calculations are subject to uncertainties. The accuracy of the
estimate will depend on the genetic model, the actual allele frequencies, and the size of the database. In Chapter 5 (p 146) we
explain how to compute confidence limits on the probabilities, if the databases are regarded as random samples from the
populations they represent. That, however, includes only part of the uncertainty. Remaining is the uncertainty due, not to the
small sample size, but to the possibilities that the database is not representative of the population of interest or that the
mathematical model might not be fully appropriate. We therefore take a more realistic, empirical approach. As mentioned
earlier, the uncertainty of a profile-frequency calculation that uses our methods and an adequate database (at least several
hundred persons) is less than about 10-fold in either direction. We now explain where this conclusion comes from.

We used the published data and graphs assembled from around the world by the FBI to determine the extent of error if
an incorrect database is used. That should provide an upper limit for the uncertainty with the correct database. For example,
suppose a crime is committed in Colorado by a man known to be white.
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In the absence of a local database, a national white database is used. Graphs (examples are Figures 5.3 and 5.4, p 150
and 152) show that the individual values that are possibly incorrectly estimated lie within 10-fold above and below the
"correct" value. We conclude that it is reasonable to regard calculated multilocus match probabilities as accurate within a
factor of 10 either way. This is true for various subsets within the white, black, Hispanic, and east Asian populations.
However, if the database from the wrong racial group is used, the error may be larger (Figure 5.5, p 153). That argues for the
use of the correct racial database if that can be ascertained; otherwise, calculations should be made for all relevant racial
groups, i.e., those to which possible suspects belong. The databases should be large enough to have some statistical accuracy
(at least a few hundred persons), and alleles represented fewer than five times should be rebinned (grouped so that no bin has
fewer than five).

Additional information comes from comparison of profiles within the databases. An early study used FBI and Lifecodes
data for blacks, whites, Southeast Hispanics, and Southwest Hispanics. Among 7,628,360 pairs of profiles from within those
databases, no four- or five-locus matching profiles were found, and only one three-locus match was seen. A newer and more
extensive analysis, compiling data from numerous TWGDAM sources, summarized a large number of profiles from white,
black, and Hispanic databases. Of 58 million pairwise comparisons within racial groups, only two possible four-locus
matches were found, and none were found for five or six loci.

We conclude that, when several loci are used, the probability of a coincidental match is very small and that properly
calculated match probabilities are correct within a factor of about 10 either way. If the calculated probability of a random-
match between the suspect and evidence DNA is 1/(100 million), we can say with confidence that the correct value is very
likely between 1/(10 million) and 1/(1 billion).

PCR-Based Tests

As already mentioned, PCR-based tests have a number of advantages. They include the ability to identify individual
alleles, as well as simplicity and quick turn-around. But there are disadvantages. Most of the loci used have a small number of
alleles, so that many more loci are required for the same statistical power as provided by a few VNTRs. STRs are also based
on repeating units, have a high mutation rate (although not as high as some VNTRSs), have a fairly large number of alleles,
and are usually capable of unique allelic identification. With 12 STR loci, there is discriminatory power comparable to that of
four or five VNTRs, and comparisons between geographical and racial groups show similarities and differences comparable
to those of VNTRs.

The quantity §, which we use as a measure of population substructure, is determined largely by the population history
rather than by the frequency of the
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alleles involved. It is also very small, less than about 0.01 in the United States. There has not been the extensive sampling of
subpopulations and geographical areas for PCR-based systems that has been done with VNTRs. New data show low values of
# and good agreement with HW and LE. The uncertainty range appears to be about the same as that for VNTRs. We
therefore believe that STRs can take their place along with VNTRs as forensic tools. They circumvent most of the matching
and binning problems that VNTRs entail.

THE CEILING PRINCIPLES

The most controversial recommendations of the 1992 NRC report are the ceiling principle and the interim ceiling
principle. They were intended to place a lower limit on the size of the profile frequency by setting threshold values for allele
frequencies used in calculations. The ceiling principle calls for sampling 100 persons from each of 15-20 genetically
homogeneous populations spanning the racial and ethnic diversity of groups represented in the United States. For each allele,
the highest frequency among the groups sampled, or 5%, whichever is larger, would be used. Then the product rule would be
applied to those values to determine the profile frequency. But the data needed for applying this principle have not been
gathered. We share the view of those who criticize it on practical and statistical grounds and who see no scientific
justification for its use.

The 1992 report recommended further that until the ceiling principle could be put into effect, an interim ceiling principle
be applied. In contrast to the ceiling principle, the interim ceiling principle has been widely used, and sometimes misused.
The rule says: "In applying the multiplication [product] rule, the 95% upper confidence limit of the frequency of each allele
should be calculated for separate US 'racial' groups and the highest of these values or 10% (whichever is larger) should be
used. Data on at least three major 'races' (e.g., Caucasians, blacks, Hispanics, east Asians, and American Indians) should be
analyzed."

The interim ceiling principle has the advantage that in any particular case it gives the same answer irrespective of the
racial group. That is also a disadvantage, for it does not permit the use of well-established differences in frequencies among
different races; the method is inflexible and cannot be adjusted to the circumstances of a particular case. The interim ceiling
principle has been widely criticized for other reasons as well, and we summarize the criticisms in Chapter 5 (p 157). We
agree with those criticisms.

Our view is that sufficient data have been gathered to establish that neither ceiling principle is needed. We have given
alternative procedures, all of which are conservative but less arbitrary.

Although we recommend other procedures and believe that the interim ceiling principle is not needed, we recognize that
it has been used and some will probably continue to use it. To anticipate this possibility, we offer several suggestions in
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Chapter 5 that will make the principle more workable and less susceptible to creative misapplications.

DNA IN THE COURTS

Prior to 1992, there was controversy over our two main issues, laboratory error and population substructure. The 1992
NRC report was intended to resolve the controversy, but the arguments went on. One reason is that the scientific community
has not spoken with one voice; defense and prosecution witnesses have given highly divergent statistical estimates or have
disagreed as to the validity of all estimates. For this reason, some courts have held that the analyses are not admissible in
court. The courts, however, have accepted the soundness of the typing procedures, especially for VNTRs. The major
disagreement in the courts has been over population substructure and possible technical or human errors. The interim ceiling
principle, in particular, has also been the subject of considerable disagreement. We hope that our report will ease the
acceptance of DNA analysis in the courts and reduce the controversy.

We shall not summarize the various court findings and opinions here. The interested reader can find this information in
Chapter 6, which also discusses the implications that our recommendations could have on the production and introduction of
DNA evidence in court proceedings.

CONCLUSIONS AND RECOMMENDATIONS

Conclusions and recommendations are given at the ends of the chapters in which the relevant subject is discussed. For
convenience, they are repeated here.

Admissibility of DNA Evidence (Chapter 2)

DNA analysis is one of the greatest technical achievements for criminal investigation since the discovery of fingerprints.
Methods of DNA profiling are firmly grounded in molecular technology. When profiling is done with appropriate care, the
results are highly reproducible. In particular, the methods are almost certain to exclude an innocent suspect.

One of the most widely used techniques involves VNTRs. These loci are extremely variable, but individual alleles
cannot be distinguished, because of intrinsic measurement variability, and the analysis requires statistical procedures. The
laboratory procedure involves radioactivity and requires a month or more for full analysis. PCR-based methods are prompt,
require only a small amount of material, and can yield unambiguous identification of individual alleles.

The state of the profiling technology and the methods for estimating frequencies and related statistics have progressed to
the point where the admissibility of properly collected and analyzed DNA data should not be in doubt. We expect
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continued development of new and better methods and hope for their prompt validation, so that they can quickly be brought
into use.

Laboratory Errors (Chapter 3)

The occurrence of errors can be minimized by scrupulous care in evidence-collecting, sample-handling, laboratory
procedures, and case review. Detailed guidelines for QC and QA (quality control and quality assurance), which are updated
regularly, are produced by several organizations, including TWGDAM. ASCLD-LAB is established as an accrediting agency.
The 1992 NRC report recommended that a National Committee on Forensic DNA Typing (NCFDT) be formed to oversee the
setting of DNA-analysis standards. The DNA Identification Act of 1994 gives this responsibility to a DNA Advisory Board
appointed by the FBI. We recognize the need for guidelines and standards, and for accreditation by appropriate organizations.

Recommendation 3.1. Laboratories should adhere to high quality standards (such as those defined by TWGDAM
and the DNA Advisory Board) and make every effort to be accredited for DNA work (by such organizations as
ASCLD-LAB).

Proficiency Tests

Regular proficiency tests, both within the laboratory and by external examiners, are one of the best ways of assuring
high standards. To the extent that it is feasible, some of the tests should be blind.

Recommendation 3.2: Laboratories should participate regularly in proficiency tests, and the results should be
available for court proceedings.

Duplicate Tests

We recognize that no amount of care and proficiency testing can eliminate the possibility of error. However, duplicate
tests, performed as independently as possible, can reduce the risk of error enormously. The best protection that an innocent
suspect has against an error that could lead to a false conviction is the opportunity for an independent retest.

Recommendation 3.3: Whenever feasible, forensic samples should be divided into two or more parts at the
earliest practicable stage and the unused parts retained to permit additional tests. The used and saved portions should
be stored and handled separately. Any additional tests should be performed independently of the first by personnel
not involved in the first test and preferably in a different laboratory.
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Population Genetics (Chapter 4)

Sufficient data now exist for various groups and subgroups within the United States that analysts should present the best
estimates for profile frequencies. For VNTRs, using the 2p rule for single bands and HW for double bands is generally
conservative for an individual locus. For multiple loci, departures from linkage equilibrium are not great enough to cause
errors comparable to those from uncertainty of allele frequencies estimated from databases.

With appropriate consideration of the data, the principles in this report can be applied to PCR-based tests. For those in
which exact genotypes can be determined, the 2p rule should not be used. A conservative estimate is given by using the HW
relation for heterozygotes and a conservative value of § in Equation 4.4a for homozygotes.

Recommendation 4.1: In general, the calculation of a profile frequency should be made with the product rule. If
the race of the person who left the evidence-sample DNA is known, the database for the person's race should be used;
if the race is not known, calculations for all racial groups to which possible suspects belong should be made. For
systems such as VNTRs, in which a heterozygous locus can be mistaken for a homozygous one, if an upper bound on
the genotypic frequency at an apparently homozygous locus (single band) is desired, then twice the allele (bin)
frequency, 2p, should be used instead of p 2. For systems in which exact genotypes can be determined, p'+ pll— II}F-'
should be used for the frequency at such a locus instead of p>. A conservative value of § for the US population is 0.01;
for some small, isolated populations, a value of 0.03 may be more appropriate. For both kinds of systems, 2p;p; should
be used for heterozygotes.

A more conservative value of § = 0.03 might be chosen for PCR-based systems in view of the greater uncertainty of
calculations for such systems because of less extensive and less varied population data than for VNTRs.

Evidence DNA and Suspect from the Same Subgroup

Sometimes there is evidence that the suspect and other possible sources of the sample belong to the same subgroup. That
can happen, e.g., if they are all members of an isolated village. In this case, a modification of the procedure is desirable.

Recommendation 4.2: If the particular subpopulation from which the evidence sample came is known, the allele
frequencies for the specific subgroup should be used as described in Recommendation 4.1. If allele frequencies for the
subgroup are not available, although data for the full population are, then the calculations should use the population-
structure Equations 4.10 for each locus, and the resulting values should then be multiplied.

Copyright © National Academy of Sciences. All rights reserved.
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Insufficient Data

For some groups—and several American Indian and Inuit tribes are in this category—there are insufficient data to
estimate frequencies reliably, and even the overall average might be unreliable. In this case, data from other, related groups
provide the best information. The groups chosen should be the most closely related for which adequate databases exist. These
might be chosen because of geographical proximity, or a physical anthropologist might be consulted. There should be a limit
on the number of such subgroups analyzed to prevent inclusion of more remote groups less relevant to the case.

Recommendation 4.3: If the person who contributed the evidence sample is from a group or tribe for which no
adequate database exists, data from several other groups or tribes thought to be closely related to it should be used.
The profile frequency should be calculated as described in Recommendation 4.1 for each group or tribe.

Dealing with Relatives

In some instances, there is evidence that one or more relatives of the suspect are possible perpetrators.

Recommendation 4.4: If the possible contributors of the evidence sample include relatives of the suspect, DNA
profiles of those relatives should be obtained. If these profiles cannot be obtained, the probability of finding the
evidence profile in those relatives should be calculated with Formulae 4.8 or 4.9.

Statistical Issues (Chapter 5)

Confidence limits for profile probabilities, based on allele frequencies and the size of the database, can be calculated by
methods explained in this report. We recognize, however, that confidence limits address only part of the uncertainty. For a
more realistic estimate, we examined empirical data from the comparison of different subpopulations and of subpopulations
within the whole. The empirical studies show that the differences between the frequencies of the individual profiles estimated
by the product rule from different adequate subpopulation databases (at least several hundred persons) are within a factor of
about 10 of each other, and that provides a guide to the uncertainty of the determination for a single profile. For very small
estimated profile frequencies, the uncertainty can be greater, both because of the greater relative uncertainty of individually
small probabilities and because more loci are likely to be multiplied. But with very small probabilities, even a larger relative
error is not likely to change the conclusion.

Database Searches

If the suspect is identified through a DNA database search, the interpretation of the match probability and likelihood
ratio given in Chapter 4 should be modified.

Copyright © National Academy of Sciences. All rights reserved.
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Recommendation 5.1: When the suspect is found by a search of DNA databases, the random-match probability
should be multiplied by N, the number of persons in the database.

If one wishes to describe the impact of the DNA evidence under the hypothesis that the source of the evidence sample is
someone in the database, then the likelihood ratio should be divided by N. As databases become more extensive, another
problem may arise. If the database searched includes a large proportion of the population, the analysis must take that into
account. In the extreme case, a search of the whole population should, of course, provide a definitive answer.

Uniqueness

With an increasing number of loci available for forensic analysis, we are approaching the time when each person's
profile is unique (except for identical twins and possibly other close relatives). Suppose that, in a population of N unrelated
persons, a given DNA profile has probability P. The probability (before a suspect has been profiled) that the particular
profile observed in the evidence sample is not unique is at most NP.

A lower bound on the probability that every person is unique depends on the population size, the number of loci, and the
heterozygosity of the individual loci. Neglecting population structure and close relatives, 10 loci with a geometric mean
heterozygosity of 95% give a probability greater than about 0.999 that no two unrelated persons in the world have the same
profile. Once it is decided what level of probability constitutes uniqueness, appropriate calculations can readily be made.

We expect that the calculation in the first paragraph will be the one more often employed.

Matching and Binning

VNTR data are essentially continuous, and, in principle, a continuous model should be used to analyze them. The
methods generally used, however, involve taking measurement uncertainty into account by determining a match window.
Two procedures for determining match probabilities are the floating-bin and the fixed-bin methods. The floating-bin method
is statistically preferable but requires access to a computerized database. The fixed-bin method is more widely used and
understood, and the necessary data tables are widely and readily available. When our fixed-bin recommendation is followed,
the two methods lead to very similar results. Both methods are acceptable.

Recommendation 5.2: If floating bins are used to calculate the random-match probabilities, each bin should
coincide with the corresponding match window. If fixed bins are employed, then the fixed bin that has the largest
frequency among those overlapped by the match window should be used.

Copyright © National Academy of Sciences. All rights reserved.
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Ceiling Principles

The abundance of data in different ethnic groups within the major races and the genetically and statistically sound
methods recommended in this report imply that both the ceiling principle and the interim ceiling principle are unnecessary.

Further Research

The rapid rate of discovery of new markers in connection with human gene-mapping should lead to many new markers
that are highly polymorphic, mutable, and selectively neutral, but which, unlike VNTRs, can be amplified by PCR and for
which individual alleles can usually be distinguished unambiguously with none of the statistical problems associated with
matching and binning. Furthermore, radioactive probes need not be used with many other markers, so identification can be
prompt and problems associated with using radioactive materials can be avoided. It should soon be possible to have systems
so powerful that no statistical and population analyses will be needed, and (except possibly for close relatives) each person in
a population can be uniquely identified.

Recommendation 5.3: Research into the identification and validation of more and better marker systems for
forensic analysis should continue with a view to making each profile unique.

Legal Issues (Chapter 6)

In assimilating scientific developments, the legal system necessarily lags behind the scientific world. Before making use
of evidence derived from scientific advances, courts must scrutinize the proposed testimony to determine its suitability for
use at trial, and controversy within the scientific community often is regarded as grounds for the exclusion of the scientific
evidence. Although some controversies that have come to closure in the scientific literature continue to limit the presentation
of DNA evidence in some jurisdictions, courts are making more use of the ongoing research into the population genetics of
DNA profiles. We hope that our review of the research will contribute to this process.

Our conclusions and recommendations for reducing the risk of laboratory error, for applying human population genetics
to DNA profiles, and for handling uncertainties in estimates of profile frequencies and match probabilities might affect the
application of the rules for the discovery and admission of evidence in court. Many suggestions can be offered to make our
recommendations most effective: for example, that every jurisdiction should make it possible for all defendants to have broad
discovery and independent experts; that accreditation, proficiency testing, and the opportunity for independent testing
(whenever feasible) should be prerequisites to the admission of laboratory findings; that in resolving disputes over the
adequacy or interpretation of DNA tests, the power

Copyright © National Academy of Sciences. All rights reserved.
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of the court to appoint its own experts should be exercised more frequently; and that experts should not be barred from
presenting any scientifically acceptable estimate of a random-match probability. We have chosen, however, to make no
formal recommendations on such matters of legal policy; we do, however, make a recommendation concerning scientific
evidence—namely, the need for behavioral research that will assist legal decision makers in developing standards for
communicating about DNA in the courtroom.

Recommendation 6.1: Behavioral research should be carried out to identify any conditions that might cause a
trier of fact to misinterpret evidence on DNA profiling and to assess how well various ways of presenting expert
testimony on DNA can reduce such misunderstandings.

We trust that our efforts to explain the state of the forensic science and some of the social-science findings that are
pertinent to resolving these issues will contribute to better-informed judgments by courts and legislatures.

ILLUSTRATIVE EXAMPLE

A Typical Case

As an illustration, we have chosen an example that involves VNTR loci. The methods used for the other systems are
very similar, except that they usually do not involve the complications of matching and binning, so the more complicated
situation is better for illustration. We shall analyze the same data in several ways.

Suppose that samples of blood are obtained from a crime scene and DNA from two suspects, 1 and 2. We should like to
know whether the profile of either suspect matches the profile of the evidence DNA.

First we isolate the DNA from the three samples, making sure that all three have been handled separately and that each
step in the chain of custody has been checked and documented. The DNA is first cut into small segments by an enzyme, Hae
III. The fragments from the evidence sample (E) and from the two suspects (S1 and S2) are placed in small wells in the gel,
each sample in a separate lane. Along with these three are a number of controls, as illustrated in Figure 0.4, each with its own
lane. The laboratory has been careful not to put any of the three DNA samples into adjacent lanes to prevent possible leakage
of DNA into the wrong lane.

After being placed in an electric field for a carefully determined time, the DNA in all the lanes is transferred by blotting
to a nylon membrane (stronger and easier to handle than the gel). Then a radioactive probe that is specific for locus D2S44 is
flooded onto the membrane. The probe adheres to the corresponding region in the DNA sample, and any nonadhering probes
are washed off. The membrane is then placed in contact with a photographic film to prepare an autorad. Figure 0.7 illustrates
the result in this case.

Copyright © National Academy of Sciences. All rights reserved.
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The rough size of the fragment can be determined from the scale in the figure. In practice, the scale is a ladder, a group
of DNA fragments that differ from each other in increments of approximately 1,000 base pairs (the ladder can be seen in
Figure 0.4) It is immediately apparent (Figure 0.7) that E and S1 match as far as the eye can tell, but that S2 is clearly
different. That alone is sufficient to exclude S2 as a suspect. The sizes of the six bands are determined by comparison with
the ladder. This operation is ordinarily done by a computer programmed to scan the autorad and measure the sizes of the
bands.

2000 3000

2000 -— - 2000

1000 1000

Figure 0.7
Diagram of a hypothetical autorad for evidence DNA (E) and two suspects (S1 and S2). Note that E and S1 appear
to match, whereas S2 is clearly not the source of the evidence DNA. The numbers at the two sides are numbers of
base pairs.
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TABLE 0.2 The Uncertainty Windows for a VNTR Marker (Probe D2S44) in an Illustrative Example

Source Band Size 2.5% Uncertainty
Window
E Larger 1,901 48 1,853-1,949
Smaller 1.137 28 1,109-1,165
S1 Larger 1,876 47 1,829-1,923
Smaller 1,125 28 1,097-1,153
S2 Larger 3,455 86 3,369-3,541
Smaller 1,505 38 1,467-1.543

The calculations (or computer output) are shown in Table 0.2. The measured value of each band is given, along with
upper and lower limits of the uncertainty window, which spans the range from 2.5% below to 2.5% above the measured
value. Comparing the uncertainty window of S1 and E for the smaller band, we see that the windows overlap; the upper limit
of SI, 1,153, is within the range, 1,109 to 1,165, of E. Likewise, the uncertainty windows of the larger bands also overlap. In
contrast, the uncertainty windows for the two bands from S2 do not overlap any of the evidence bands. So our visual
impression is confirmed by the measurements. S2 is cleared, whereas S1 remains as a possible source of the evidence DNA.

The next step is to compute the size of the match window (Table 0.3), which will be used to find the frequency of this
marker in a relevant database of DNA marker frequencies. This is the measurement E plus and minus 5% of

TABLE 0.3 Match Windows and Frequencies for Several VNTR Markers in an Illustrative Example

Locus Band Size 5% Match Window Bin(s) Freq.
D2S44 Larger 1,901 95 1,806-1,996 11,12 0.083
Smaller 1,137 57 1,080-1,194 6 0.024
D17S79 Larger 1,685 84 1,601-1,769 9,10 0.263
Smaller 1,120 56 1,064-1,176 4,6 0.015
D1S7 Single 14 0.068
D4S139 Larger 10 0.072
Smaller 13 0.131
D10S28 Larger 9 0.047
Smaller 16 0.065

Probability of a random-match, 5 loci:
P =2(0.083)(0.024) x 2(0.263)(0.015) x 2(0.068) x 2(0.072)(0.131) x 2(0.047)(0.065) = 1/(2 billion)
Uncertainty range: 1/(200 million) to 1/(20 billion)
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its value. So for the larger band the limits are 1,901-95 and 1,901 + 95, or 1,806 to 1,996. We then look at a bin-frequency
table, shown in Table 0.1 (p 20). The table shows that the lower limit, 1,806, lies in bin 11, and the upper limit, 1,996, is in
bin 12. Notice that the frequency of the alleles in bin 11 is 0.083 and that in bin 12 is 0.050, so we take the larger value,
0.083. This is shown as the frequency in the rightmost column of Table 0.3.

Continuing, we find the size of the smaller band of E is 1,137, and its lower and upper limits are 1,080 and 1,194. Both
of these values are within bin 6 in Table 0.1. Its frequency is 0.024, shown in the right column of Table 0.3.

Now the membrane is "stripped,” meaning that the probes are washed off. Then the membrane is flooded with a new set
of probes, this time specific for locus D17S79. Assume that the measurements of E are 1,685 and 1,120, and that the
uncertainty windows of E and S1 again overlap. The +5% match window for the larger band is 1,601 to 1,769, and comparing
this with Table 0.1 shows that the match window overlaps bins 9 and 10, of which 9 has the higher frequency, 0.263. In the
same way, the match window for the smaller band overlaps bands 4 and 6, and the larger frequency is 0.015.

Again, the membrane is stripped and a new probe specific for DI S7 is added. This time, there is only one band. The
individual is either homozygous, or heterozygous and the second band did not appear on the gel. So we apply the 2p rule,
doubling the frequency from 0.068 to 0.136. Now the process is continued through two more probes, D4S139 and D10S28,
with the frequencies shown in the Table 0.3. (If you wish, you may verify these numbers from Table 4.5, p 101, which also
shows frequencies for black and Southeastern Hispanic databases.)

The next step is to compute the probability that a randomly chosen person has the same profile as the evidence sample,
E. For this, we use the product rule with the 2p rule for the single band. For each double band, we compute twice the product
of the two frequencies. For the single band, we use twice the allele frequency. Thus, going down through the table, the
probability is

HOO083p 024y > 2002630000 5) = 200,068 ) = 200007200131 ) = 20,0470 0.065)
= 4.9 x 10", or about | in 2 billion.

The maximum uncertainty of this estimate is about 10-fold in either direction, so the true value is estimated to lie
between 1 in 200 million and 1 in 20 billion.

Suspect Found by Searching a Database

In the example above, we assumed that the suspect was found through an eyewitness, circumstantial evidence, or from
some other information linking him to the crime. Now assume that the suspect was found by searching a database. If the
database consists of 10,000 profiles, we follow the rule of multiplying the calculated probability by that number. Thus, the
match probability, instead of one in 2 billion, is 10,000 times greater, or one in 200,000.

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/5141.html

[}
]
3
E
[0
o
©
]
X
®
[}
o
0
()
(o))
©
o
@
o
©=
()]
£
&=
=
(O]
[72]
[}
Q.
>
Z
T
£
=
2
(@]
[}
z
£
IS
o
=
=
(]
C
~
o
o
0
.
[0}
Q
®©
o
T
£
=2
2
o
(]
ey
£
IS
(]
o
£
©
]
o
®
[
o
o
2]
O
=
—
s
<
IS
(]
o
£
©
(]
[72]
o
Q.
€
(]
[&]
[}
o
[
[}
[0}
Keo]
2]
©
°
-
=
o
2
T
£
=2
2
(@]
(]
ey
=
Z
]
C
S
2
©
o
C
(]
(2]
]
o
Q.
[}
Qo
I
=
=2
©
2
[]
[
@
Ny
'_
o)
=
L.
a
o
@
ey
=
=
>
o
Q
<

and other typesetting-specific formatting, however, cannot be retained, and some typographic errors may have been accidentally inserted. Please

to the original; line lengths, word breaks, heading styles

use the print version of this publication as the authoritative version for attribution.

OVERVIEW 46

Suspect and Evidence from the Same Subpopulation

It might be that the crime took place in a very small, isolated village, and the source of the evidence and suspect are both
known to be from that village. In that case, we use the modified Equation 0.2b.

Consider first D2S44, in which p; = 0.083 and p, = 0.024. Suppose that the village is very small and that we wish to be
very conservative, so we take fi = (L3, The probability from Equation 0.2b is

2 [0.03 +(0.97 X 0.083)] X [0.03 +(0.97 X 0.024)]

= 0010786,
1.03 % 1.06

Continuing in the same way through the other four loci, using Equation 0.2a for D1S7, and multiplying the results gives
about 1/(600 million).

A PCR-Based System

We shall not give a specific example for a PCR-based system. The reason is that the situation is simpler, since there is
usually no matching and binning. The detailed procedures are specific for each system and will not be repeated here. The
techniques in general (e.g., for STRs) are the same as for VNTRs. They involve positions of bands in gels and photographs of
the bands. The methods often use chemical stains rather than radioactive probes; that saves time. The allele frequency is
determined directly from the database, and the calculations of match probabilities and likelihood ratios are exactly the same
as those just illustrated.

Copyright © National Academy of Sciences. All rights reserved.
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1

Introduction

Whether the practical results to be derived from his researches will repay the pains he has bestowed upon them we must
take leave to doubt. It will be long before a British jury will consent to convict a man upon the evidence of his finger prints;
and however perfect in theory the identification may be, it will not be easy to submit it in a form that will amount to legal
evidence.

—From an 1892 review in The Athenaeum of Finger Prints, by Sir Francis Galton

DNA technology makes possible the study of human variability at the most basic level—the level of genetic material,
DNA. Previous methods using blood groups and proteins have analyzed gene products, rather than DNA itself. In addition to
providing more direct genetic information, DNA can withstand environmental conditions that destroy proteins, so old, badly
degraded samples of bodily fluids still can provide abundant information. If the array of DNA segments (markers) used for
comparison is large enough, the probability that two unrelated persons (or even close relatives, except identical twins) will
share all of them is vanishingly small. The techniques for analyzing DNA are already very powerful; they will become more
SO.

DNA analysis is only one of a group of techniques that make use of new and increasingly sophisticated advances in
science and technology. Some of the subjects involved are epidemiology, survey research, economics, and toxicology.
Increasingly, the methods are technical and statistical, as with forensic DNA analysis. The issues are at the interface of
science and law, and involve the difficult problem of accommodating the different traditions in the two areas. For

Copyright © National Academy of Sciences. All rights reserved.
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a discussion of scientific and legal issues involved in the use of scientific evidence in the courts, see Federal Judicial Center
(1994).

THE 1992 NATIONAL RESEARCH COUNCIL REPORT

DNA techniques began to be used in criminal cases in the United States in 1988. The emergence of numerous scientific
and legal issues led to the formation in 1989 of the National Research Council Committee on DNA Technology in Forensic
Science. That committee's report, issued in 1992 (NRC 1992), affirmed the value of DNA typing for forensic analysis and
hailed it as a major advance in the field of criminal investigation. In an introductory statement, the committee wrote:

We recommend that the use of DNA analysis for forensic purposes, including the resolution of both criminal and
civil cases, be continued while improvements and changes suggested in this report are being made. There is no need
for a general moratorium on the use of the results of DNA typing either in investigation or in the courts.

To improve the quality of DNA-typing information and its presentation in court, the report recommended various
policies and practices, including

* Completion of adequate research into the properties of typing methods to determine the circumstances under which they
yield reliable and valid results (p 8, 61-63).!

» Formulation and adherence to rigorous protocols (p 8, 97ff).

* Creation of a national committee on forensic DNA typing to evaluate scientific and technical issues arising in the
development and refinement of DNA-typing technology (p 8, 70-72).

* Studies of the relative frequencies of distinct DNA alleles in 15-20 relatively homogeneous subpopulations (p 14, 90, 94).
* A ceiling principle using, as a basis of calculation, the highest allele frequency in any subgroup or 5%, whichever is
higher (p 14, 95).

* A more conservative "interim ceiling principle" with a 10% minimum until the ceiling principle can be implemented (p
14, 91-93).

* Proficiency testing to measure error rates and to help interpret test results (p 15, 88-89).

* Quality-assurance and quality control programs (p 16, 97-109).

* Mechanisms for accreditation of laboratories (p 17, 23, 100-101).

* Increased funding for research, education, and development (p 17, 153).

Judicial notice of the scientific underpinnings of DNA typing (p 23, 133).

* Financial support for expert witnesses (p 23, 148-149).

» Databases and records freely available to all parties (p 23, 26, 93-95).

! Page references indicate where the topics are discussed in the 1992 NRC report.
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* An end to occasional expert testimony that DNA typing is infallible and that the DNA genotypes detected by examining
a small number of loci are unique (p 26, 92).

Many of the recommendations of the 1992 NRC report have been implemented. Some of the perceived difficulties at the
time, such as insufficient information on the differences among various population subgroups, have been largely remedied.
Studies of different subgroups, although not done exactly in the manner advocated by the report, have been extensive. New
techniques and improvements in old ones have increased the power and reliability of DNA data.

Nevertheless, controversy over the forensic applications of DNA has continued, and the report has been strongly
criticized (Balazs 1993; Devlin, Risch, and Roeder 1993, 1994; Kaye 1993; Morton, Collins, and Balazs 1993; Collins and
Morton 1994). The most contentious issues have involved statistics, population genetics, and possible laboratory errors in
DNA profiling. In 1994, the National Research Council established the present committee to update the 1992 report.

THE COMMITTEE'S TASK

The committee's task statement reads:

The committee will perform a study updating the previous NRC report, DNA Technology in Forensic Science. The
study will emphasize statistical and population genetics issues in the use of DNA evidence. The committee will
review relevant studies and data, especially those that have accumulated since the previous report. It will seek input
from appropriate experts, including those in the legal and forensics communities, and will encourage the
submission of cases from the courts. Among the issues examined will be the extent of population subdivision and
the degree to which this information can or should be taken into account in the calculation of probabilities or
likelihood ratios. The committee will review and explain the major alternative approaches to statistical evaluation
of DNA evidence, along with their assumptions, merits, and limitations. It will also specifically rectify those
statements regarding statistical and population genetics issues in the previous report that have been seriously
misinterpreted or led to unintended procedures.

Thus, a number of issues addressed by the 1992 report are outside our province. Such issues as confidentiality and
security, storage of samples for possible future use, legal aspects of data banks on convicted felons, non-DNA information in
data banks, availability and costs of experts, economic and ethical aspects of new DNA information, accountability and
public scrutiny, and international exchange of information are not in our charge.

The major issues addressed in this report are in three groups:

* The accuracy of laboratory determinations. How reliable is genetic typing? What are the sources of error? How can
errors be detected and corrected? Can

Copyright © National Academy of Sciences. All rights reserved.
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their rates be determined? How can the incidence of errors be reduced? Should calculation of the probability that an
uninvolved person has the same profile as the evidence DNA include an estimate of the laboratory error rate?

» The accuracy of calculations based on population-genetics theory and the available databases. How representative are
the databases, which originate from convenience samples rather than random samples? How is variability among the
various groups in the US population best taken into account in estimating the population frequency of a DNA profile?

» Statistical assessments of similarities in DNA profiles. What quantities should be used to assess the forensic significance
of a profile match between two samples? How accurate are these assessments? Are the calculations best presented as
frequencies, probabilities, or likelihood ratios?

Those three sets of questions are related. All fall within the committee's task of analyzing "statistical and population
genetics issues in the use of DNA evidence," and of reviewing "major alternative approaches to statistical evaluation of DNA
evidence." To help answer the questions, we discuss the current state of scientific knowledge of forensic DNA-typing
methods (Chapter 2), ways of ensuring high standards of laboratory performance (Chapter 3), population-genetics theory and
applications (Chapter 4), statistical analysis (Chapter 5), and legal considerations (Chapter 6).

In the remainder of this chapter, we elaborate on some of the developments that have occurred since the 1992 NRC
report and on the scope of our review and recommendations. In addition, we attempt to clarify various preliminary points
about forensic DNA typing before undertaking a more detailed analysis of the methodological and statistical issues in later
chapters.

As will be seen in this report, we agree with many of the findings and recommendations of the 1992 report but disagree
with others. Statements and recommendations on which we do not comment are neither endorsed nor rejected.

THE VALIDITY OF DNA TYPING

The techniques of DNA typing outlined in Chapter 2 are fully recognized by the scientific community. To the extent that
there are disagreements over the use of these techniques to produce evidence in court, the differences in scientific opinions
usually arise when the DNA profile of an evidence sample (as from a crime scene) and that of a sample from a particular
person (such as a suspect) appear to be the same. (Although much of DNA analysis involves comparing a sample from a
crime scene with one from a suspect, useful comparisons can also be made with DNA from other sources, for example, a
victim or a third party who happened to be present at the scene of a crime.) In general, there are three explanations for a
finding that two profiles are indistinguishable: the samples came from the same person, the samples came from different
persons who happen

Copyright © National Academy of Sciences. All rights reserved.
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to have the same DNA profile, and the samples came from different persons but were handled or analyzed erroneously by the
investigators or the laboratory.

At the time of the 1992 NRC report, there were various approaches to assessing the first and second possibilities.
Although current information is much more extensive, opinions still differ as to how best to make probability calculations
that take advantage of the great power of DNA analysis while being scrupulously careful to protect an innocent person from
conviction. We hope in this report to narrow the differences.

THE USE OF DNA FOR EXCLUSION

The use of DNA techniques to exclude a suspect as the source of DNA has not been a subject of controversy. In a sense,
exclusion and failure to exclude are two sides of the same coin, because the laboratory procedures are the same. But there are
two important differences:

* Exclusion—declaring that two DNA samples do not match and therefore did not come from the same person—does not
require any information about frequencies of DNA types in the population. Therefore, issues of population genetics are
not of concern for exclusion. However, in a failure to exclude, these issues complicate the calculation of chance matches
of DNA from different persons.

* Technical and human errors will occur no matter how reliable the procedures and how careful the operators. Although
there are more ways of making errors that produce false exclusions than false matches, courts regard the latter. which
could lead to a false conviction, as much more serious than the former, which could lead to a false acquittal.

There have been various estimates of the proportion of innocent prime suspects in major crimes. FBI (1993a) reports
that in one-third of the rape cases that were examined, the named suspect was eliminated by DNA tests. Undoubtedly the true
proportions differ for different crimes and in different circumstances. Nonetheless, DNA testing provides a great opportunity
for the falsely accused, and for the courts, because it permits a prompt resolution of a case before it comes to court, saving a
great deal of expense and reducing unnecessary anxiety. Furthermore, a number of convicted persons, some of whom have
spent as long as 10 years in prison, have been exculpated by DNA testing.”

Because cases in which a suspect is excluded by nonmatching DNA almost never come to court, experts from testing
laboratories usually testify for the prosecution. In exceptional cases, the prosecution, relying on other evidence,

2 Scores of convicted felons are petitioning courts to allow tests to be performed on preserved samples, and more than
seventeen of those exonerated by post-conviction DNA testing have been released. See Developments . . . (1995).
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INTRODUCTION 52

proceeds in the face of nonmatching DNA profiles, and the laboratory experts testify for the defense.? In all cases, the job of
the laboratory is the same: to analyze the DNA in samples and to interpret the results accurately and without prejudice for or
against either party.

CHANGES SINCE THE 1992 NRC REPORT

Population Data

A major change in the last four years has been in the amount of available population data on DNA frequencies in
different groups and different geographical regions (see Chapters 4 and 5). Although considerable information was available
at the time of the 1992 NRC report, the writers of that report believed that the data were too sparse and the methods for
detection of population subdivision too weak to permit reliable calculations of coincidental-match probabilities. In particular,
they feared that subsets of the population might have unusual allele frequencies that would not be revealed in an overall
population average or not be well represented in the databases used to estimate frequencies. The 1992 report therefore
recommended the use of an ad hoc approach for the calculation of an upper bound on the frequencies that would be found in
any real population; this approach used what was termed the "ceiling principle." The report recommended that population
frequency data be collected on homogeneous populations from 15-20 racial and ethnic groups. The highest frequency of a
marker in any population, or 5%—whichever was higher, was to be used for calculation. Until the highest frequencies were
available, an "interim ceiling principle" was to be used. That would assign to each marker the highest frequency value found
in any population database (adjusted upward to allow for statistical uncertainty) or 10%—whichever was higher. The result
would be a composite profile frequency that did not depend on a specific racial or ethnic database and would practically
always exceed the frequency calculated from the database of the reference populations.

The ceiling principles have been strongly criticized by many statisticians, forensic scientists, and population geneticists
(Cohen 1992; Weir 1992a, 1993a; Balazs 1993; Devlin, Risch, and Roeder 1993, 1994; Morton, Collins, and Balazs 1993;
Collins and Morton 1994; Morton 1994), and supported by others (Lempert 1993; Lander and Budowle 1994). Most courts
that have discussed it have accepted it as a way of providing a "conservative" estimate. Conservative estimates deliberately
undervalue the weight of the evidence against a defendant. Statistically accurate estimates, based as they are on uncertain
assumptions and measurements, can yield results that overvalue the weight of evidence against

3 For example, State v. Himmond, 221 Conn. 264, 604 A.2d 793 (1992).
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the defendant, even though on average they produce values that are closer to the true frequency than those produced by
conservative estimates.

As detailed in Chapters 4 and 5, information is now available from a number of relevant populations, so that experts can
usually base estimates on an appropriate database. Indeed, the 1992 committee might not have intended to preclude such
estimates, at least if accompanied by interim ceiling figures. In this context, Lander (a member of that committee) and
Budowle (1994) state:

Most importantly, the report failed to state clearly enough that the ceiling principle was intended as an ultra-
conservative calculation, which did not bar experts from providing their own "best estimates" based on the product
rule. The failure was responsible for the major misunderstanding of the report. Ironically, it would have been easy
to correct.

Technical Improvements

A second change since 1992 is mainly incremental. Individually small but collectively important procedural
modifications have improved the technical quality of the DNA-testing process. One has only to compare DNA
autoradiographs (see Chapter 2) made five years ago with those of today. Computer analysis and better equipment improve
efficiency and can increase measurement accuracy. Perhaps most important, DNA-laboratory analysts have gained
experience, not just in individual laboratories but collectively across the field. A mistake whose cause is discovered is not
likely to be repeated. Laboratory quality-assurance programs are better developed, and there are now organizations that
provide standards and conduct proficiency tests. These are discussed in Chapter 3.

A common technique of forensic DNA testing uses loci that contain variable-number tandem repeats (VNTRs),
explained in Chapter 2. These are still of primary importance and are the major topic of our discussion, although we discuss
other kinds of genetic markers as well. The standard VNTR system entails data that are subject to imprecision of
measurement, so that very similar DNA patterns cannot be reliably distinguished; we discuss these problems in Chapter 5.
Furthermore, most current VNTR methods require radioactive materials, and the procedures are slow; it can take six weeks or
more for a complete analysis. Chemiluminescent systems can reduce the time, since waiting for sufficient radioactive decay
is unnecessary, and these systems are coming into use. Increasingly, more-rapid methods are being used, and these usually
permit precise identification of genes. Although this change is gradual, we are approaching a time when analysis will be
quicker, cheaper, and less problematic than current methods. We foresee a time when each person can be identified uniquely
(except for identical twins).

PATERNITY TESTING

Paternity testing has traditionally used blood groups and protein markers, but these have been supplemented if not
largely supplanted by the much more

Copyright © National Academy of Sciences. All rights reserved.
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powerful DNA methods. The basic procedures are the same for paternity testing as for crime investigation (Walker 1983;
AABB 1994), and the experience of paternity-testing laboratories can be valuable in the criminal context as well. Indeed,
parentage testing sometimes provides evidence in a criminal proceeding.* The laboratories can provide information of use in
forensic analysis. For example, a discrepancy between mother and child can offer information about error rates or mutation
(see Chapter 2). Many laboratories do both forensic and paternity analysis.

Nevertheless, the two applications are different in important respects. Paternity testing involves analysis of the genetic
relations of child, mother, and putative father; crime investigations usually involve the genetically simpler question of
whether two DNA samples came from the same person. Mutation (see Chapter 2) is a factor to be taken into account in
paternity testing; it is not an issue in identity testing. In cases brought to establish paternity for child support, inheritance,
custody, and other purposes, the law gives the claims of the parties roughly equal weight and uses a civil, rather than the
higher criminal, standard of proof. The 1992 NRC report's recommendations for conservative population and statistical
analyses of data were motivated by the legal requirement of proof beyond a reasonable doubt applied in criminal trials. Those
recommendations are therefore inappropriate for civil cases. In particular, the report did not propose either of the ceiling
principles for paternity testing, and their use in civil parentage disputes is inappropriate. Likewise, the recommendations in
the present report apply to criminal forensic tests and not to civil disputes.

REGULATORY OVERSIGHT

The 1992 NRC report (p 70-72) recommended the formation of a National Committee on Forensic DNA Typing
(NCFDT), to provide advice on scientific and technical issues as they arise. The NCFDT would have consisted "primarily of
molecular geneticists, population geneticists, forensic scientists, and additional members knowledgeable in law and ethics" to
be convened under an appropriate government agency. Two suggested agencies were the National Institutes of Health and the
National Institute of Standards and Technology.

Neither agency has accepted or been given the responsibility and funding. Instead, the DNA Identification Act of 1994
(42 USC §14131, 1995) provides for a DNA advisory board to be appointed by the Federal Bureau of Investigation from
nominations submitted by the National Academy of Sciences and other organizations. The board, which is now in place, will
set standards for DNA testing and provide advice on other DNA-forensic matters. This makes it unlikely that the proposed
NCEFDT will come into being. We expect the new DNA

4 E.g., State v Spann, 130 N.J. 484, 617 A.2d 247 (1993); Commonwealth v Curnin, 409 Mass. 218, 565 N.E.2d 440 (1991).

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/5141.html

[}
]
3
=
[0
o
©
]
X
®
[}
o
0
()
(o))
©
o
@
o
©=
()]
£
&=
=
(O]
[72]
[}
[oN
>
Z
T
£
=
2
(@]
[}
z
£
£
o
=
=
(]
C
~
o
o
0
.
[0}
Q
®©
o
T
£
=2
2
o
(]
ey
£
£
(]
o
=
©
]
2
®
[
o
o
2]
o
=
—
s
<
£
(]
o
=
©
(]
[72]
o
Q.
€
(]
[&]
[}
o
[
[}
[0}
Keo]
2]
©
°
-
=
o
2
T
£
=2
2
(@]
(]
ey
=
Z
]
C
S
2
©
o
C
(]
(2]
]
o
Q.
[}
Qo
I
=
=2
©
2
[]
[
@
Ny
'_
o)
=
L.
a
o
@
ey
=
=
>
o
Q
<

and other typesetting-specific formatting, however, cannot be retained, and some typographic errors may have been accidentally inserted. Please

to the original; line lengths, word breaks, heading styles

use the print version of this publication as the authoritative version for attribution.

INTRODUCTION 55

Advisory Board to issue guidelines for quality-assurance and proficiency tests that testing laboratories will be expected to
follow. Laboratories will not be able to obtain federal laboratory-development funds unless they demonstrate compliance
with the standards set by the advisory board.

SEEMINGLY CONTRADICTORY NUMBERS

The uncertainties of assumptions about population structure and about population databases and a desire to be
conservative have led some experts to produce widely different probability estimates for the same profile. In court one expert
might give an estimate of one in many millions for the probability of a random DNA match and another an estimate of one in
a few thousand—Ilarger by a factor of 1,000, or more (for an example, see Weir and Gaut [1993]; other examples are given in
Chapter 6). Such discrepancies have led some courts to conclude that the data and methods are unreliable. However,
probability estimates, particularly the higher values, are intended to be conservative, sometimes extremely so.

Experts are likely to differ far more in their degree of conservatism than in their best (statistically unbiased) point
estimates. If two experts give conservative estimates that differ widely, they might both be correct; they often differ not in
their expertise, but in their conservatism. For instance, if A says that the distance from Los Angeles to New York is more
than 1,000 miles and B says that it is more than 2,000 miles, both are correct; if C says that it is more than 100 miles, this,
too, is correct, but excessively conservative and, as a result, much less informative. It might also be misleading, for example,
if this gross underestimate led a person to think that he could drive from Los Angeles to New York on one tankful of
gasoline. Extreme differences arise if one expert relies solely on direct counts of genetic types in the database and uses no
population genetics theory whereas the other makes assumptions grounded in theory. The two experts' best estimates, if both
were to use this theory, are likely to be fairly close.

In fact, some have proposed that profile probabilities should be estimated from direct counts of profiles in the database.
One problem is that there are trillions of possible five-locus profiles, the overwhelming majority of which are not found in
any database. How does one interpret all those zero profile frequencies? One suggestion is to assign an arbitrary value
determined by an upper 95% confidence limit. For a database of 100 individuals, this leads to a value of 0.03 for this upper
limit; for a database of 1,000, this upper limit is 0.003. The 1992 NRC report suggests that the upper 95% confidence limit be
used not only for the zero class, but also instead of the face value estimate for other frequencies as well. However, the report
goes on to say that "such estimates do not take advantage of the full potential of the genetic approach." We emphatically
agree with this statement.

Even under the assumption that the database is a random sample, the direct-counting procedure is excessively
conservative, giving values several orders of

Copyright © National Academy of Sciences. All rights reserved.
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INTRODUCTION 56

magnitude greater than even the most conservative estimates based on genetic assumptions. It does not make use of
knowledge of the nature of the markers, of standard population genetic theory, and of population data. It therefore throws out
a great deal of relevant information that should be used. For these and other reasons, we reject the counting method (see
Chapter 5).

VERY SMALL PROBABILITIES

If a testing laboratory uses genetic markers at four or five VNTR loci, the probability that two unrelated persons have
identical DNA profiles might well be calculated to be one in millions, or billions, or even less. The smaller the probability,
the stronger is the argument that the DNA samples came from the same person. Some have argued that such a small
probability—much smaller than could ever be measured directly—lacks validity because it is outside the range of previous
observations. Yet they might accept as meaningful the statement that the probability that two persons get the same bridge
hand in two independent deals from a well-shuffled deck is about one in 600 billion, a number far outside anyone's bridge
experience and 100 times the world population.

The proper concern is not whether the probability is large or small, but how accurate it is. Probabilities are not
untrustworthy simply because they are small. In most cases, given comparable non-DNA evidence, a judge or jury would
probably reach the same conclusion if the probability of a random-match were one in 100,000 or one in 100 million.

Because of the scientific approach of statisticians and population geneticists, treatment of DNA evidence has become a
question of probabilities. But some other kinds of evidence are traditionally treated in absolute terms. The probative value of
DNA evidence is probably greater than that of most scientific evidence that does not rely on statistical presentations, such as
firearms, poisoning, and handwriting analysis. We urge that the offering of statistical evidence with DNA profiles not be
regarded as something unusual and mysterious. In fact, because much of science is quantitative, the DNA precedent might
point the way to more scientific treatment of other kinds of evidence.

FINGERPRINTS AND UNIQUENESS

The history of fingerprints offers some instructive parallels with DNA typing (Stigler 1995). Francis Galton, the first to
put fingerprinting on a sound basis, did an analysis 100 years ago that is remarkably modern in its approach. He worked out a
system for classifying, filing, and retrieving. He showed that a person's fingerprints do not change over time. He invented an
analysis that circumvented the fact that small parts of a fingerprint are not strictly independent. He also found that
fingerprints of relatives were similar, although not identical, and that there were no unique racial patterns.

Copyright © National Academy of Sciences. All rights reserved.
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INTRODUCTION 57

Galton concluded that, given a particular fingerprint pattern on a specified digit, such as the left index finger, the
probability that a second specified person would have a matching pattern on the same digit was less than the reciprocal of 40
times the world population at that time, and hence the probability that a pattern identical to the given one occurred on the
same finger of anyone else in the population of the world would be less than 1/40. When prints from several fingers are
compared, the probability that all will match becomes very small. This means, Galton said, that if two sets of prints are
identical they must have come from the same person.

Although Galton paid careful attention to probabilities, his successors usually have not; but see Stoney and Thornton
(1986). It is now simply accepted that fingerprint patterns are unique.

The 1992 NRC report (p 92) stated that "an expert should—given the relatively small number of loci used and the
available population data—avoid assertions in court that a particular genotype is unique in the population." Yet, what
meaning should be attached to a profile frequency that is considerably less than the reciprocal of the world population? Given
a person with a profile the frequency of which is estimated at only one-tenth the reciprocal of the world population, the
probability that no one else in the world has this profile is about 9/10. Should this person be regarded as unique? If not, how
high should the probability be for the profile to be regarded as unique? That is for society or the courts, not the present
committee, to decide, but we discuss these issues in Chapter 5. Given that such a decision might be made, we show how to do
the requisite calculations.

DESIGNATING POPULATION GROUPS AND SUBGROUPS

There is no generally agreed-on vocabulary for treating human diversity. Major groups are sometimes designated as
races, and at other times as ethnic groups. Ethnic group is also used to designate subgroups of major groups. The 1992 NRC
report used ethnic group both ways. Furthermore, groups are mixed, all the classifications are fuzzy at the borders, and the
criteria for membership are variable. For such reasons, some assert that the word race is meaningless (Brace 1995). But the
word is commonly used and generally understood, and we need a vocabulary.

For convenience, uniformity, and clarity, in this report we designate the major groups in the United States—white
(Caucasian), black (African American), Hispanic, east Asian (Oriental), and American Indian (Native American)—as races
or racial groups. We recognize that most populations are mixed, that the definitions are to some extent arbitrary, and that
they are sometimes more linguistic (e.g., Hispanic) than biological. In fact, people often select their own classification.
Nevertheless, there are reproducible differences among the races in the

Copyright © National Academy of Sciences. All rights reserved.
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frequencies of DNA profiles used in forensic settings, and these must be taken into account if errors are to be minimized.

Groups within the races—such as Finnish and Italian within whites and different tribes among American Indians—will
be designated as subgroups. A subgroup can be small, such as the members of a small community descended from a handful
of ancestors, or large, such as all those whose ancestors came from a large European country. Because it has different
meanings, ethnic group will not be used unless its meaning is clear from context.

Today, there are extensive data on DNA-type frequencies in diverse populations around the United States and in many
parts of the world. The data are divided by race and geography and sometimes by ancestry within a race. The sources are
varied; they include blood banks, paternity-testing laboratories, hospitals, clinics, genetic centers, and law-enforcement
agencies. Although the use of such convenience sampling has been questioned, the degree of similarity between data sets
from different sources and different geographical regions supports their general reliability. Furthermore, the VNTR markers
used for forensics have no known effects, so there is no reason to think that they would be associated with such
characteristics as a person's occupation or criminal behavior.

As emphasized in the 1992 report, the United States is not a homogeneous melting pot. In Chapter 4, we specifically
address the problems arising from the fact that the population is composed of local communities of different ancestries, not
completely mixed. Because it is difficult to find pure local groups in the United States, we rely more on data from ancestral
areas. For example, rather than looking for populations of Danish or Swiss Americans, which are mixed with other
populations, we look at data from Denmark and Switzerland. These will differ more from each other than will their American
relatives, who have to various degrees had their differences reduced by admixture. The study of European groups should lead
to an overestimate of the differences among white ethnic groups in the United States and so permit conservative calculations.

The 1992 report assumed for the sake of discussion that population structure exists. We go further: We are sure that as
population databases increase in numbers, virtually all populations will show some statistically significant departures from
random mating proportions. Although statistically significant, many of the differences will be small enough to be practically
unimportant.

THE NATURE OF OUR RECOMMENDATIONS

To deal with uncertainties about population structure, the 1992 NRC report recommended a ceiling principle and an
interim ceiling principle. We replace those ad hoc recommendations with the explicit assumption that population substructure
exists and recommend formulae that take it into account. We consider special cases, such as relatives of a suspect or instances
in which a suspect and

Copyright © National Academy of Sciences. All rights reserved.
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an evidence sample are known to come from the same subgroup. We also discuss the uncertainties of the various calculations.

We discuss but do not propose rules for addressing laboratory error. Laboratory procedures have become more
standardized since the last report, largely because of the work of the Technical Working Group on DNA Analysis and
Methods (TWGDAM 1991-1995). In addition, DNA-typing and proficiency tests are now common. TWGDAM and the FBI's
new DNA Advisory Board can modify their recommendations as technical changes and experience warrant. Rather than
make specific technical recommendations, and especially rather than try to anticipate changes, we prefer to leave the detailed
recommendations to those groups and trust professional scrutiny and the legal system to call attention to shortcomings.
Laboratories now use a variety of testing procedures; in particular, DNA-amplification methods are common and new
markers are coming into use. We affirm the importance of laboratories' adhering to high standards, of following the
guidelines, and of participating in quality-assurance and accreditation programs.

We make no attempt to prescribe social or legal policy. Such prescriptions inevitably involve considerations beyond
scientific soundness. Nevertheless, we recognize the connection between our scientific assessments and the efforts of the
legal system to develop rules for using forensic DNA analyses; we describe the relationship between our conclusions about
scientific issues and the admissibility and weight of DNA evidence in Chapter 6.

Finally, we recognize that technical advances in this field are very rapid. We can expect in the near future methods that
are more reliable, less expensive, and less time-consuming than those in use today. We also expect more rapid and more
efficient development of population databases that makes use of DNA already in storage. We urge as rapid development of
new systems as is consistent with their validation before they are put into general use.

Copyright © National Academy of Sciences. All rights reserved.
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2
Genetic and Molecular Basis of DNA Typing

This chapter describes the two principal kinds of genetic systems used in forensic DNA typing. Both take advantage of
the great molecular variability in the human population, which makes it very unlikely that two unrelated persons have the
same DNA profile. The first kind involves highly variable chromosomal regions that differ in length; the length measures are
imprecise, so statistical procedures are needed to address the uncertainty. In the second kind, genetic variability is less, but
the gene determination is usually unambiguous. Before describing the systems, we set forth some principles of genetics and
molecular biology necessary for understanding them.

FUNDAMENTALS OF GENETICS1

In higher organisms, the genetic material is organized into microscopic structures called chromosomes. A fertilized
human egg has 46 chromosomes (23 pairs), which, with appropriate staining and microscopic techniques, are visible in the
cell nucleus. The two members of a pair are homologous. One member of each pair comes from the sperm and the other from
the egg. Through the process of chromosomal duplication and separation (mitosis) at the time of cell

! Introductions to genetics and molecular biology are available in various textbooks. Mange and Mange (1994) have
written an easy-to-read, yet quite complete elementary textbook of human genetics. The basics of forensic DNA technology
are given by Kirby (1992). For more details, see Ballantyne et al. (1989), Lee and Gaensslen (1990), Pena et al. (1993),
Saferstein (1993), and Weir (1995b). A clear summary of the general principles and techniques is given in the Summary and
Chapters 1 and 2 of the 1992 report (NRC 1992).

Copyright © National Academy of Sciences. All rights reserved.
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division, the two daughter cells and the parent all are identical in chromosomal content, and, with a few exceptions, all the
cells in the body should have chromosomes identical with those of the fertilized egg. The process sometimes errs: some cells
have too many or too few chromosomes, and some differentiated tissues (such as liver) might have some cells with a different
chromosome number (Therman and Susman 1993). But for the most part, cells throughout the body are identical in
chromosomal composition.> The most important exception occurs in the development of the reproductive cells. During
formation of sperms and eggs, the process of reduction division (meiosis)—a chromosomal duplication followed by two cell
divisions—halves the number of chromosomes from 46 to 23. Thus, sperms and eggs have only one member of each
chromosome pair. The double number, 46, is restored by fertilization. A cell (or organism) with two sets of chromosomes is
diploid. A cell, such as an egg, with one set is haploid.

Chromosomes vary greatly in size, but the two members of a homologous pair (one maternal and one paternal) are
identical in microscopic appearance, except for the sex-chromosome pair, X and Y, in which the male-determining Y is much
smaller than the X. A set of 23 chromosomes with the genetic information they contain is termed the genome.

A chromosome is a very thin thread of DNA, surrounded by other materials, mainly protein. If straightened out, an
average chromosome would be an inch or more long. But it is arranged as coils within coils and so can be packed into a cell
only a thousandth of an inch in diameter. The DNA thread is not visible in an ordinary microscope, and a stained
chromosome is more rod-like than thread-like during the mitotic stages when it is most visible.

The DNA thread is actually double—two strands coiled around each other like a twisted rope ladder with stiff wooden
steps (Figure 2.1). The basic chemical unit of DNA is the nucleotide, consisting of a base (a half-step in the ladder) and a
sugar-phosphate complex (the adjacent section of the rope). There are four kinds of bases, designated A, G, T, and C; A
stands for adenine, G for guanine, T for thymine, and C for cytosine. The nucleotides of one DNA strand pair up in a specific
fashion with those of the other to form the ladder; because of their specific size and complementary shape, T always pairs
with A, and G with C. A DNA strand has a chemical directionality that is defined by the antisymmetry of the chemical
connections between the successive sugars and phosphates in the two strands. In double-stranded DNA, the two strands run in
opposite directions.

Because of the pairing rule just described, if we know the sequence of nucleotides on one strand, we automatically know
the sequence on the other strand. A short segment of double-stranded DNA is shown below; the arrows indicate opposite
directionality of the two strands.

2 More important for our purpose, tissues with different numbers of chromosomes (except for some malignancies) have the
same DNA content as diploid cells.

Copyright © National Academy of Sciences. All rights reserved.
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Chromosome
Figure 2.1
Diagram of the double-helical structure of DNA in the chromosome. From NRC (1992).
TAGCTTACGCC— [€5)
+— ATCGAATGCGG {2)

Note that a T is always opposite an A and a G opposite a C. Because the chemical bonds holding the two bases (half-
steps) together are weak, the two members of a base pair easily come apart; when that happens, the DNA ladder separates
into two single strands. If a short single-strand segment, such as (1), is free in the cell, it will tend to pair with its
complement, (2), even if the complement is part of a much longer piece of DNA. This process, termed hybridization, can
occur in vitro and is one of the key properties that make DNA typing possible. In the laboratory, the two strands of DNA are
easily separated by heat and rejoin at lower temperatures, so the process can be manipulated by such simple procedures as
changing the temperature; chemical treatments can also be used.

The total DNA in a genome amounts to about 3 billion nucleotide pairs; because there are 23 chromosomes per genome,
the average length of a chromosome is about 130 million nucleotide pairs. A gene is a segment of DNA, ranging from a few
thousand to more than a hundred thousand nucleotide pairs, that contains the information for the structure of a functional
product, usually a protein. The specific sequence of nucleotides in a gene acts as an encoded message that is translated into
the specific amino acid sequence of a polypeptide or protein.

Copyright © National Academy of Sciences. All rights reserved.
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The gene product might be detected only chemically or might lead to a visible trait, such as eye pigment. An alteration
(mutation) of the gene might compromise the gene function and result in a disease, such as cystic fibrosis. The position on the
chromosome where a particular gene resides is its locus.

Alternative forms of a gene, such as those producing normal and sickle-cell hemoglobin, are called alleles. If the same
allele is present in both chromosomes of a pair, the person is homozygous; if the two alleles are different, the person is
heterozygous. (The corresponding nouns are homozygote and heterozygote.) A person's genetic makeup is the genotype.
Genotype can refer to a single gene locus with two alleles, A and a, in which case the three possible genotypes are AA, Aa,
and aa; or it can be extended to several loci or even to the entire set of genes. In forensic analysis, the genotype for the group
of analyzed loci is called the DNA profile. (The word fingerprint is sometimes used, but to avoid confusion with dermal
fingerprints we shall use the word profile.)

The number of human genes is thought to be between 50,000 and 100,000; the number is quite uncertain. It is known,
however, that genes make up only a small fraction of all the DNA in the genome. Even functional genes, especially larger
ones, contain noncoding regions (introns) . In fact, the great bulk of DNA has no known function. The chromosomal
segments used most often in forensic analysis are usually in nonfunctional regions.

The sequence of nucleotides in the genome determines the genetic difference between one person and another. But the
DNA of different persons is actually very similar. Corresponding sequences from the same genes in two people differ by an
average of less than one nucleotide in 1,000 (Li and Sadler 1991). Yet the total number of nucleotides in a haploid genome is
so large, about 3 billion, that any two people (unless they are identical twins) differ on the average in several million
nucleotides. Most of the differences are outside the coding regions (genes), so the average number of nucleotide differences
in the functional regions between two unrelated persons is much less. Nevertheless, the number of differences in the
functional regions is large enough to account for the genetic diversity in the human population that is so apparent in such
things as body shape, hair color, and facial appearance.

Before a cell divides, each chromosome is copied. In this process, the two strands of DNA in a short stretch separate,
and each single strand copies its opposite, according to the A-T, G-C rule. The process proceeds, zipper-like, along the
chromosome until there are two double strands where there was one before. (The entire chromosome is not actually copied
sequentially from end to end—this would require more time than the interval between cell divisions; rather, there are multiple
starting points along the chromosome.) When the cell divides, the two identical chromosomes, each half-old and half-new, go
into separate daughter cells and ensure the genetic identity of the two cells.

Genes that are on the same chromosome are linked; that is, they tend to be inherited together. However, during the
formation of a sperm or egg, the two

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/5141.html

[}
>
=
=
[}
o
©
]
X
®
[}
o
0
()
(o))
©
o
»
Qo
C=
()]
£
&=
=
(0]
[72]
[}
[oN
>
Z
T
£
=
2
(@]
[}
<
£
£
o
=
=
o
[
~
(]
o
0
-
[0}
Q
®©
o
©
£
=2
2
o
(]
ey
£
€
(]
o
=
©
]
2
®
[
o
o
2]
o
=
—
s
<
£
(]
o
=
©
(]
[72]
(]
Q.
€
(]
[&]
[}
o
[
[}
(5}
Keo]
2]
©
°
-
=
o
2
T
£
=2
2
(@]
0]
ey
=
Z
]
C
S
2
©
o
C
(]
(2]
(]
o
Q.
[}
o
I
=
=2
©
2
(]
C
@
Ny
'_
o)
=
L.
a
o
@
ey
=
=
>
o
Q
<

and other typesetting-specific formatting, however, cannot be retained, and some typographic errors may have been accidentally inserted. Please

to the original; line lengths, word breaks, heading styles

use the print version of this publication as the authoritative version for attribution.

GENETIC AND MOLECULAR BASIS OF DNA TYPING 64

members of a chromosomal pair line up side by side and randomly exchange parts, a process called crossing over or
recombination. Therefore, genes that were once on the same chromosome might eventually be on a partner chromosome
(Figure 2.2). Genes that are very close to one another on the same chromosome might remain associated for many
generations before they are separated. Genes that are on nonhomologous chromosomes are inherited independently, as are
genes far apart on the same chromosome. The allelic combinations eventually become randomized in the population, quickly
if the loci are on nonhomologous chromosomes or far apart on the same chromosome, more slowly if the loci are closer
together.

The process of DNA copying, although nearly exact, is not perfect, so a gene is sometimes changed to another form.
This mistake, which can also happen in other ways (e.g., because of radiation and some chemicals), is called a mutation.
Ordinarily this occurs very rarely; the probability of a typical gene's mutating is 1/100.000 or less per generation.>

A 8

a b

A 8

a b

A 8
i

8 b

Figure 2.2

The exchange of parts between homologous chromosomes (crossing over).

The chromosomes pair (upper), break at corresponding points (middle), and exchange parts (lower). The result is
that genes that were formerly on the same strand are separated, and vice versa. For example, alleles A and B, which
were formerly on the same chromosome, are now on homologous chromosomes, and A and b, formerly separated,
are now together. (This shows only the two strands that participate in the event. Needless to say, the actual
molecular details of the process are more complicated.)

3 The human body has an enormous number of cells. Rarely, mutations occur in the body cells during development or later,
after the organism has formed. Such so-called somatic mutations play an important role in the causation of cancer, but they
are not a problem in forensic testing because the tiny fraction of mutant cells in a tissue sample are swamped by the much
larger number of nonmutant cells. There is a remote possibility that a mutation might occur so early in embryonic
development that DNA in eggs or sperm might differ from that in blood from the same person. We are not aware of any such
instance in forensic work, although rare occurrences have been observed by researchers. Regardless, when any sample shows
a three allele pattern at one locus but not at others, additional testing should be done to resolve the uncertainty. If it should
occur, it could lead to the conclusion that two samples of DNA from the same person came from two different persons.
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In view of the identical DNA composition in most cells, analysis of DNA from various tissues yields the same results.
This is an important feature of DNA profiling because it means that cells from various parts of the body (such as blood,
semen, skin, hair, and saliva) can be used.

VNTR TYPING

The regions of DNA that have most often been used in forensic analysis have no product and no known function. They
are known as minisatellites or variable-number tandem repeats (VNTRs). VNTR regions are not genes, and our interest in
them is solely related to their use for identifying individuals. We therefore refer to them as markers.

In these regions, usually ranging from 500 to 10,000 nucleotide pairs, a core sequence of some 15-35 base pairs is
repeated many times consecutively along the chromosome. In a VNTR, the number of repeats varies from person to person.
At a given marker locus, sequences with different numbers of repeated units are called alleles, even though the word was
originally applied to functional genes.

Because different alleles consist of different numbers of repeats, VNTR alleles can be identified by their lengths. If
DNA fragments of different lengths are placed on a semisolid medium (gel) in an electric field, they migrate at different
rates; different-sized fragments can therefore be identified by the distance they travel between electrodes in such a gel.

The VNTR loci chosen for forensic use are on different chromosomes, or sometimes very far apart on the same
chromosome, so they are independently inherited. VNTR loci are particularly convenient for identification because they have
a very large number of alleles, often a hundred or more.

One reason for the great variability of VNTRs is their high mutation rate, as much as 1% per generation (Jeffreys and
Pena 1993). The repeated units predispose the chromosomes to mistakes in the process of replication and crossing over, thus
increasing or decreasing the length (Armour and Jeffreys 1992; Olaisen et al. 1993). The large number of alleles means that
the number of possible genotypes is enormous. For example, at a locus with 20 alleles, there are 20 homozygous genotypes,
in addition to (20 x 19)/2 = 190 heterozygous ones, for a total of 210. With four such loci, the number of genotypes is 210* or
about 2 billion. With five loci, this number becomes more than 400 billion. The corresponding number of genotypes at a
locus with 50 alleles is 1,275; the number for four such loci exceeds 2 trillion.

Another advantage of VNTRs for forensic work is that none of the alleles is very common. The different alleles are
much more similar in frequency than multiple alleles of most genes. That is undoubtedly due to the high mutation rate and to
the fact that most mutations increase or decrease the length of a VNTR by only one or a few units.

The essentials of the typing procedure are as follows (FBI 1990). The details

Copyright © National Academy of Sciences. All rights reserved.
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vary somewhat from laboratory to laboratory; in a well-run operation, there are tests and checks at each stage to prevent
errors. The technique is illustrated in Figure 2.3. First, the DNA is extracted from the source material and put into solution;
the procedure differs according to whether the source is blood,* saliva, hair, semen, or other tissue. A portion of the DNA
solution is tested to determine whether the amount and quality of DNA are sufficient for the analysis to be continued.

The next step involves cutting the DNA into small fragments. This is done with a restriction enzyme that recognizes a
specific short DNA sequence and cuts the molecule at that point. For example, the enzyme Hae III, widely used in forensic
work, finds the sequence GGCC (CCGG on the other strand that is paired with it) wherever it exists and cuts both strands of
the DNA between the G and the C. Thus, the DNA is cut into small pieces whose lengths are determined by the distances
between successive GGCC sequences. This four-base sequence occurs millions of times in the genome, so the total DNA is
chopped up into millions of fragments. Of course, the use of this enzyme generally requires that there be no GGCC sequences
within any VNTR marker that will be analyzed; when such sequences are present, there are breaks within the VNTR leading
to fragments of other sizes, and the analysis becomes more complicated.

L}
LR TTE ]

TRCRETRERTRERRNRRrennn |

Anslyce HA
Profites

;

Figure 2.3
An outline of the DNA profiling process. The figure illustrates a procedure for VNTR analysis of DNA extracted
from whole blood. However, nuclei are not usually isolated as a separate step in DNA typing.

4 Because red blood cells have no nuclei, they have no DNA. But white blood cells do have nuclei and are numerous
enough for a small amount of blood usually to be sufficient for an analysis.
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The collection of fragments is then placed into a well on a flat gel, and the gel is placed in an electric field. After an
appropriate length of time, the fragments migrate different distances in the electric field, depending mainly on their sizes, the
smaller ones migrating more rapidly. This process is called electrophoresis. At this stage, the fragments are invisible. They
are then chemically treated to separate the double strands into single ones.

Because the gels are difficult to work with, the single-stranded fragments are then transferred directly to a nylon
membrane, to which they adhere. This process is called Southern blotting, named after its inventor. The fragments are then in
the same positions on the membrane as they were on the gel. The next step is to flood the membrane with a single-stranded
probe, a short segment of single-stranded DNA chosen to be complementary to a specific VNTR. The probe will hybridize
with the DNA fragment that contains the target VNTR sequence and adhere to it. Any probe that does not bind to this specific
DNA sequence is washed off. The probe also contains radioactive atoms. The nylon membrane is then placed on an x-ray
film, and emissions from the probe expose the film at locations along the membrane where the probe has adhered to the
VNTR. The film with its pictures of the radioactive spots is called an autoradiograph, or autorad. The process requires
several days for sufficient radioactive decay to produce a visible band on the film.

Corresponding fragments from different persons differ in the number of repeat units; hence, the sizes of the fragments
vary. That is reflected in their migrating at different rates in the electric field and showing up as bands in different positions
on the autorad.

The number of different repeat units in VNTR markers can be very large. As a consequence, determining the exact
number of repeats is beyond the resolving power of the usual laboratory technology, and analysis must allow for the resulting
imprecision of the measurement. If two bands are visible on an autorad, the person is heterozygous. But if the bands occur in
indistinguishable positions, so that only one is visible, the person is presumed to be homozygous. That causes no difficulty;
treating a group of indistinguishable alleles as a single allele is a standard practice in traditional genetics.

Forensic VNTR DNA analysis involves testing at several loci, usually four or five, but often more. The analyst follows
the procedure described above for one class of radioactive DNA (one probe). After an autoradiograph has been produced for
one radioactive probe, this probe is washed off (stripped), another DNA probe targeting another VNTR locus on another
chromosome is applied, and the procedure is repeated. The whole process is repeated for each of the multiple probes. Because
it takes several days for sufficient radioactivity to be emitted to produce a visible band on the film, the entire process of four
or five probes takes several weeks.

The position of a radioactively labeled band on the membrane is an indication of the size of the VNTR, usually
expressed as the number of nucleotide pairs.

Copyright © National Academy of Sciences. All rights reserved.
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GENETIC AND MOLECULAR BASIS OF DNA TYPING 68

Because of measurement uncertainty, the size of a band is not known exactly, and it is necessary to take this uncertainty
into account in analyzing autorads (see Chapter 5).

Figure 2.4 shows an autorad for one locus (D1S7) in an actual case. (In this notation, the first number, I in this case,
indicates that this locus is on chromosome

S
. References
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Figure 2.4

An autoradiograph from an actual case. This autorad illustrates restriction fragment-length variation at the D1S7
locus. The lanes from left to right are: (1) standard DNA fragment sizing ladder; (2) K562, a standard cell line with
two bands of known molecular weight; (3) within-laboratory blind quality-control sample; (4) standard DNA-
fragment sizing ladder; (5) DNA from the evidence blood stain; (6) standard DNA-fragment sizing ladder; (7)
DNA from the first victim; (8) another sample from the first victim; (9) standard DNA-fragment sizing ladder; (10)
DNA from the second victim; (11) DNA from the first suspect; (12) DNA from the second suspect; (13) standard
DNA-fragment sizing ladder. Courtesy of the State of California Department of Justice DNA Laboratory.
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number one.) Suspects S1 and S2 were charged with having beaten to death two victims, V1 and V2. Blood stains (E blood)
were found on the clothing of S1. K562 is from a human cell line and is a widely used laboratory standard. Lanes 1, 4, 6, 9,
and 13 show standard DNA fragments used as a molecular-weight sizing ladder. Using multiple lanes for the sizing ladder
allows more accurate sizing of the DNA fragments. The quality control lane (QC) is a blood stain given to the analyst at the
beginning of the case, to be processed in parallel with the evidence sample; it is a blind test for the analyst and must meet
laboratory specifications. In this particular case, full testing using 10 loci gave consistent matches between E blood and
Victim 1.

Bands of similar size are often grouped into bins, sets of VNTR alleles of similar size. The usual width of a bin is about
10% of the mean size of the VNTR segment at the center of the bin. The alleles within a bin are treated as though they are a
single allele. The words homozygous and heterozygous then apply to persons whose DNA falls into the same or different bins.

The presence of a single band in a lane might mean that the person is homozygous, but the person could also be
heterozygous and the second band for some reason is not visible. Two bands might be so close together that they appear as
one on the gel, a second band might be too faint to see (sometimes a problem with degraded material), or the second band
might be from an allele so large or small as to fall outside the size range that can be distinguished by electrophoresis. There is
a rule for dealing with this situation, and we discuss it in Chapter 4.

In an effort to avoid the use of radioactivity, some laboratories are beginning to use luminescent molecules as labels on
their probes. An added benefit of this approach is that analysis of each probe can be completed within a single working day.
As these methods are perfected and become more widespread, the time required for an analysis will be greatly reduced and
the problems of disposal of radioactive waste circumvented.

PCR-BASED METHODS

The polymerase chain reaction (PCR) is a laboratory process for copying a chosen short segment of DNA millions of
times. The process is similar to the mechanism by which DNA duplicates itself normally. The PCR process consists of three
steps. First, each double-stranded segment is separated into two strands by heating. Second, these single-stranded segments
are hybridized with primers, short DNA segments (20-30 nucleotides in length) that complement and define the target
sequence to be amplified. Third, in the presence of the enzyme DNA polymerase, and the four nucleotide building blocks (A,
C, G, and T), each primer serves as the starting point for the replication of the target sequence. A copy of the complement of
each of the separated strands is made, so that there are two double-stranded DNA segments. This three-step cycle is repeated,
usually 20-35 times. The two strands produce four copies; the four, eight copies; and so
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on until the number of copies of the original DNA is enormous. The main difference between this procedure and the normal
cellular process is that the PCR process is limited to the amplification of a small DNA region. This region is usually not more
than 1,000 nucleotides in length, so PCR methods cannot, at least at present, be used for large DNA regions, such as most
VNTRs. There is a possibility that this limitation may soon be removed (Barnes 1994).

The PCR process is relatively simple and is easily carried out in the laboratory. Results can be obtained within a short
time, often within 24 hours, in contrast with the several weeks required for a complete VNTR analysis. Because the
amplification is almost unlimited, PCR-based methods make possible the analysis of very tiny amounts of DNA. This
advantage makes the technique particularly useful for forensic analysis, in that the amount of DNA in some forensic samples,
such as single shed hairs or saliva traces on cigarette butts, is minute. The technique extends DNA typing to evidence samples
that at present cannot be typed with other approaches. Moreover, the small amount of DNA required for PCR analysis makes
it easier to set aside portions of samples for repeat testing in the same or another laboratory. Amplification of samples that
contain degraded DNA is also possible; this allows DNA typing of old and decayed samples, remains of fire and accident
victims, decayed bodies, and so on.

There is another advantage of PCR-based methods. They usually permit an exact identification of each allele, in which
case there are no measurement uncertainties. Thus, the calculations and statistical analysis associated with matching and
binning of VNTRs are not needed. Nevertheless, ambiguity can sometimes arise if there are mutations that alter individual
repeats, and binning or some other adjustment may be required.

Given those advantages, it is not surprising that PCR-based typing is widely and increasingly used in forensic DNA
laboratories in this country and abroad. Many forensic laboratories carry out PCR-based typing along with VNTR typing.
Some laboratories, particularly smaller ones, have gone exclusively to PCR techniques.

Once the amount of DNA is amplified by PCR methods, the analysis proceeds in essentially the same way as with
VNTRs. There are minor procedural modifications, but the general procedures are the same—identification of fragments of
different size by their migration in an electric field.

Another class of repeated units is STRs, short tandem repeats of a few nucleotide units. These are very common and are
distributed widely throughout the genome (Edwards et al. 1992; Hammond et al. 1994). Because the total length is short,
STRs can be amplified with PCR. Alleles differing in size can be resolved to the scale of single bases with both manual and
automated sequencing technologies. Moreover, it has proved possible to co-amplify STRs at multiple loci, allowing
significant increases in the speed of test processing (Klimpton et al. 1993; Hammond et al. 1994). They do not have as many
alleles per locus as VNTRs, but that is compensated by the very large number of loci that are

Copyright © National Academy of Sciences. All rights reserved.
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potentially usable. As more STRs are developed and validated, this system is coming into wide use.

Any procedure that uses PCR is susceptible to error caused by contamination leading to amplification of the wrong
DNA. The amplification process is so efficient that a few stray molecules of contaminating DNA can be amplified along with
the intended DNA. Most such mistakes are readily detected after the PCR analysis is completed because the contaminating
DNA yields a weak pattern that differs from the predominant pattern. Most undetected contamination is likely to lead to a
false-negative result; that is, a nonmatch might be declared when a match actually exists. Nevertheless, false-positive results
are also possible, in which the profile from an evidence sample is falsely declared to match the genetic type of another
person. That could happen, for example, if by mistake the same amplified sample were used twice in a given analysis, instead
of two different samples. Procedures for minimizing the occurrence of errors are discussed in Chapter 3.

A second disadvantage of most markers used in PCR-based typing is that they have fewer alleles than VNTRs and the
distribution of allele frequencies is not as flat. Hence, more loci are required to produce the same amount of information
about the likelihood that two persons share a profile. Furthermore, some of these loci are functional (they are genes, not just
markers). Those are more likely to be subject to natural selection and therefore might not conform strictly to some of the
population-genetics assumptions used in evaluating the significance of a match (discussed in Chapter 4). In the future, loci
that are brought on as markers should be chosen so as not to be linked to important disease-producing genes, so that the
markers can more confidently be treated as neutral, and to provide greater assurance of genetic privacy. In fact, some three-
base repeating units are the cause of severe human diseases (Wrogemann et al. 1993; Sutherland and Richards 1995), and
even some VNTRs might have disease associations (Krontiris 1995). These are not used in forensics, however.

One application of PCR in forensic work has used the DQA locus (the gene is called DQA, its product, DQa) (Blake et
al. 1992; Comey et al. 1993). In distinction to VNTRs, the alleles at this locus code for a protein. This locus is part of the
histocompatibility complex, a group of highly variable genes responsible for recognizing foreign tissue. Eight alleles at the
DQA locus have been identified, although only six are commonly used in forensic work. The different alleles can be
distinguished by specific probes. With these six alleles there are 21 possible genotypes; six homozygous and 15 heterozygous.

Analysis of DQA uses the same DNA hybridization technique as VNTR analysis. In this case, probes specific for
individual alleles are placed in designated locations on a membrane (because the probes, rather than the DNA to be typed, are
fixed on the membrane, this is called a reverse blot). The amplified DNA is then added, and the DNA from whatever DQA
alleles are present hybridizes with the appropriate probe. A stain reaction specific for double-stranded DNA

Copyright © National Academy of Sciences. All rights reserved.
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shows up as a colored spot on the membrane wherever specific hybridization occurs. The positions of the colored spots on the
membrane strip indicate which alleles are present.

The DQA system has several advantages. It is quick and reliable, so it is useful as a preliminary test. It can also be used,
with other markers, as part of a more detailed DNA profile. In practice, a substantial fraction of suspects are cleared by DNA
evidence, and prompt exclusion by the DQA test is obviously preferable to waiting months for results of a VNTR test. On the
average, the DQA genotype of a given person is identical with that of about 7% of the population at large, so an innocent
person can expect to be cleared in short order 93% of the time. This high probability might not be achieved if the sample
includes DNA from more than one individual.

Another system that is beginning to be widely used is the Amplitype poly-marker (PM) DNA system. This system
analyzes loci simultaneously: LDLR (low-density-lipoprotein receptor), GYPA (glycophorin A, the MN blood-groups),
HBGG (hemoglobin gamma globin), D7S8 (an anonymous genetic marker on chromosome 7), and GC (group-specific
component). There are two or three distinguishable alleles at each locus. The system has been validated with tests for
robustness with respect to environmental insults (Herrin et al. 1994; Budowle, Lindsay, et al. 1995), and there is substantial
information on population frequencies, which is discussed in Chapter 4.

Other PCR-based techniques have been or are being developed. For example, D1S80 is a VNTR in which the largest
allele is less than 1,000 bp long. Its value for forensic analysis has been validated in a number of tests (Sajantila et al. 1992;
Herrin et al. 1994; Budowle, Baechtel, et al. 1995; Cosso and Reynolds 1995). The locus consists of a 16-base unit that is
repeated a variable number of times. There are more than 30 distinguishable alleles. The size classes are fully discrete, so
usually each allele can be distinguished unambiguously. However, some ambiguous alleles are caused by insertion or deletion
of a single base and these complicate the analysis.

Another class of genetic marker is mitochondrial DNA. Mitochondria are microscopic particles found in the cell, but
outside the nucleus, so they are not associated with the chromosomes. The transmission of mitochondria is from mother to
child; the sperm has very little material other than chromosomes. Ordinarily, all the mitochondrial particles in the cell are
identical. There is no problem distinguishing heterozygotes from homozygotes, since only one kind of DNA is present. Since
mitochondrial DNA is always transmitted through the female, all the children of one woman have identical mitochondrial
DNA. Therefore, siblings, maternal half-siblings, and others related through female lines are as much alike in their
mitochondrial DNA as identical twins. Mitochondrial DNA is particularly useful for associating persons related through their
maternal lineage, for example, for associating skeletal remains to a family.

A highly variable region of mitochondrial DNA is used for forensic analysis.

Copyright © National Academy of Sciences. All rights reserved.
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The techniques have been validated, and there is a growing body of frequency data. For a detailed account of the
methodology and validation, see Wilson et al. (1993). A disadvantage for forensic use is that siblings cannot be distinguished,
nor can other maternally related relatives, such as cousins related through sisters. Since mitochondria are inherited
independently of the chromosomes, mitochondrial information can be combined with nuclear data to yield probabilities of a
random-match (see Chapter 4).

A promising technique is minisatellite repeat mapping, or digital typing, which, apart from length variation, detects
sequence differences within the base sequences repeated in VNTRs (Jeffreys et al. 1991; Armour and Jeffreys 1992;
Monckton et al. 1993). Although technical limitations still need to be overcome before this system can be used in forensic
analysis, it could have a particular advantage, in that it uses the same loci that have already been extensively studied in
various populations and subpopulations.

Table 2.1 summarizes the most widely used systems.

CONCLUSIONS

DNA analysis is one of the greatest technical achievements for criminal investigation since the discovery of fingerprints.
Methods of DNA profiling are firmly grounded in molecular technology. When profiling is done with appropriate care, the
results are highly reproducible. In particular, the methods are almost certain to exclude an innocent suspect.

One of the most widely used techniques today involves VNTRs. These loci are extremely variable, but individual alleles
cannot be distinguished, because of intrinsic measurement variability, and the analysis requires statistical procedures. It
involves radioactivity and requires a month or more for full analysis. PCR-based methods are prompt, require only a small
amount of material, and can yield unambiguous identification of individual alleles. Various PCR methods, particularly STRs,
are increasingly being used.

The state of the profiling technology and the methods for estimating frequencies and related statistics have progressed to
the point where the admissibility of properly collected and analyzed DNA data should not be in doubt. We expect continued
development of new and better methods and hope for prompt validation so that they can quickly be brought into use.

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/5141.html

GENETIC AND MOLECULAR BASIS OF DNA TYPING 74

TABLE 2.1 Genetic Markers Used in Forensic Identification
Nature of Variation at Locus

Locus Example Method of Detection Number of Alleles Diversity?

Variable Number Tandem Repeat (VNTR)®

D2S44 (core repeat 31 bp) Intact DNA digested with At least 75 (size range ca. 95% in all
restriction enzyme, producing 700-8500 bp); allele size populations studied
fragments that are separated by distribution continuous

gel electrophoresis; alleles
detected by Southern blotting
followed by probing with locus-
specific radioactive or
chemiluminescent probe

DIS80 (core repeat 16 bp) Amplification of allelic ca. 30 (size range 80-90%, depending on
sequences by PCR; discrete 350-1000 bp); alleles can population
allelic products separated by be discretely distinguished
electrophoresis and visualized
directly
Short Tandem Repeat (STR)¢
HUMTHO 1 (tetranucleotide Amplification of allelic 8 (size range 179-203 bp); 70-85%, depending on
repeat) sequences by PCR; discrete alleles can be discretely population
allelic products separated by distinguished

electrophoresis on sequencing

gels and visualized directly
Simple Sequence Variation®
DQA (an expressed gene in the Amplification of allelic 8 (6 used in DQA kit) 85-95%, depending on
histocompatibility complex) sequences by PCR; discrete population

alleles detected by sequence-

specific probes

Polymarker (a set of 5 loci) Amplification of allelic Loci are bi- or triallelic; 37-65%, depending on
sequences by PCR; discrete 972 genotypic locus and population
alleles detected by sequence- combinations
specific probes

Mitochondrial DNA Control Amplification of control-region Hundreds of sequence Greater than 95%

Region (Dloop) sequence and sequence variants known
determination

2 In a randomly mating diploid population, diversity is the same as heterozygosity. In general, including haploid mitochondria, the value
is 1 -Zp;2 (for explanation, see Chapter 4).

Y VNTR loci contain repeated core sequence elements, typically 15-35 bp in length. Alleles differ in number of repeats and are
differentiated on the basis of size.

¢ STR loci are like VNTR loci except that the repeated core sequence elements are 2-6 bp in length. Alleles differ in number of repeats
and are differentiated on the basis of size.

4 Nucleotide substitution in a defined segment of a sequence.
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3

Ensuring High Standards of Laboratory Performance

If DNA from an evidence sample and DNA from a suspect or victim share a profile that has a low frequency in the
population, this suggests that the two DNA samples came from the same person; the lower the frequency, the stronger the
evidence. But the possibility remains that the match is only apparent—that an error has occurred and the true profile of one
of the sources differs from that reported by the laboratory. We describe here ways that laboratory errors, particularly errors
that might falsely incriminate a suspect, can arise, how their occurrence might be minimized, and how to take into account
the fact that the error rate can never be reduced to zero.

Although this report focuses mainly on methods for computing the frequencies of profiles in various populations and the
uncertainty in estimates of such quantities (Chapters 4 and 5), it is important to understand that those estimates will be of
little value if there has been an error in determining that the two DNA profiles match. A reported match in DNA samples that
is the result of error in the handling or analysis of the samples could lead to the conviction of an innocent person, and an
erroneously reported exclusion could also have serious consequences. Although there are more ways for an error to lead to a
false exclusion than a false match, the US system of justice is more concerned with the latter, since it regards false conviction
as worse than false acquittal.

We recognize that some risk of error is inevitable, as in any human endeavor, whatever efforts a laboratory takes to
eliminate mistakes. Nonetheless, safeguards can be built into the system to prevent both types of errors and to identify and
correct them. It is important that forensic laboratories use strict quality control standards to minimize the risk of error.

Copyright © National Academy of Sciences. All rights reserved.
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QUALITY CONTROL AND QUALITY ASSURANCE IN THE LABORATORY

The maintenance of high laboratory standards rests on a foundation of sound quality control (QC) and quality assurance
(QA). Quality control and quality assurance refer to related but distinct components of a laboratory's effort to deliver a
quality product (ANSI/ASQC A3-1978). Quality control refers to measures that are taken to ensure that the product, in this
case a DNA-typing result and its interpretation, meets a specified standard of quality. Quality assurance refers to measures
that are taken by a laboratory to monitor, verify, and document its performance. Regular proficiency testing and regular
auditing of laboratory operations are both essential components of QA programs. QA thus serves as a functional check on QC
in a laboratory. Demonstration that a laboratory is meeting its QC objectives provides confidence in the quality of its product.

Current QC and QA Guidelines

The 1992 report (NRC 1992) outlined many features of desirable QC and QA as part of a proposed regulatory program
(p 104-105):

* "Individual analysts have education, training, and experience commensurate with the analysis performed and testimony
provided.

* "Analysts have a thorough understanding of the principles, use, and limitations of methods and procedures applied to the
tests performed.

* "Analysts successfully complete periodic proficiency tests and their equipment and procedures meet specified criteria.

* "Reagents and equipment are properly maintained and monitored.

* "Procedures used are generally accepted in the field and supported by published, reviewed data that were gathered and
recorded in a scientific manner.

» "Appropriate controls are specified in procedures and are used.

* "New technical procedures are thoroughly tested to demonstrate their efficacy and reliability for examining evidence
material before being implemented in casework.

* "Clearly written and well-understood procedures exist for handling and preserving the integrity of evidence, for
laboratory safety, and for laboratory security.

» "Each laboratory participates in a program of external proficiency testing that periodically measures the capability of its
analysts and the reliability of its analytic results.

» "Case records—such as notes, worksheets, autoradiographs, and population data banks—and other data or records that
support examiners' conclusions are prepared, retained by the laboratory, and made available for inspection on court order
after review of the reasonableness of a request."
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Although not QC or QA features, the following are listed as desirable aspects of a regulatory program (NRC 1992, p
105):

* "Redundancy of programs is avoided, so that unnecessary duplication of effort and costs can be eliminated.

* "The program is widely accepted by the forensic-science community.

* "The program is applicable to federal, state, local, and private laboratories.

e "The program is enforceable—i.e., . . . failure to meet its requirements will prevent a laboratory from continuing to
perform DNA typing tests until compliance is demonstrated.

* "The program can be implemented within a relatively short time.

* "The program involves appropriate experts in forensic science, molecular biology, and population genetics."

This list substantially summarizes more-detailed and more-specific guidelines developed by the Technical Working
Group on DNA Analysis Methods (TWGDAM), a group composed of forensic DNA analysts from government and private
laboratories around the United States and Canada. TWGDAM meets several times a year to discuss problems, report on
cooperative studies, and share procedures and experiences. It has published guidelines and reports that address various
aspects of forensic DNA analysis and laboratory procedure (TWGDAM 1989, 1990a,b, 1991, 1994b,c, 1995). The most
recent guidelines define current accepted standards of practice for forensic DNA laboratories in North America.

The crime laboratory accreditation program sponsored by the Laboratory Accreditation Board of the American
Association of Crime Laboratory Directors (ASCLD-LAB) requires extensive documentation of all aspects of laboratory
operations (including the education, training, and experience of personnel; the specification and calibration of equipment and
reagents; the validation and description of analytic methods, the definition of appropriate standards and controls, the
procedures for handling samples, and the guidelines for interpreting and reporting data), proficiency testing, internal and
external audits of laboratory operations, and a plan to address deficiencies with corrective action and weigh their importance
for laboratory competence. The TWGDAM QC and QA guidelines are specifically endorsed by ASCLD-LAB as part of the
foundation for accreditation. Laboratories that seek accreditation must submit all their documentation to an accreditation
review team and must undergo a week-long site inspection by that team. The site inspection includes a critical evaluation of
randomly selected case files to verify that the QC standards as documented are being met. Accredited laboratories must
annually certify to ASCLD-LAB that they continue to meet defined standards; they submit proficiency test results to ASCLD-
LAB for review. The ASCLD-LAB accreditation program began in 1981; by the end of 1994, 128 forensic laboratories in the
United States, one in Canada, and two in Australia had received accreditation. Forensic laboratories in Australia, New
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Zealand, Singapore, and Hong Kong were also preparing for ASCLD-LAB accreditation, as was the FBI laboratory in
Washington, DC.

The College of American Pathologists (CAP) has recently established a program for laboratory accreditation in
molecular pathology, which includes forensic identity-testing and parentage-testing. The program is similar to the ASCLD-
LAB program in its requirements for documentation of procedures and of equipment and facilities, QC, QA, etc., and it
requires proficiency-testing in the form of participation in an approved program for interlaboratory comparison. As with the
ASCLD-LAB program, the accreditation process includes on-site inspection of laboratory operations and records.

The American Society of Crime Laboratory Directors (ASCLD) has published general guidelines for forensic-laboratory
management (ASCLD 1987). (Despite the similarity in their names, ASCLD and ASCLD-LAB are separate entities with
distinct governing bodies.) The guidelines cover all aspects of forensic analysis and affirm the key element of QA: the
responsibility of laboratory managers for all aspects of laboratory operations and performance, including definition and
documentation of standards for personnel training, procedures, equipment and facilities, and performance review.

The DNA Identification Act of 1994 establishes a federal framework for setting national standards on QA and
proficiency-testing. It authorizes grant funding to be made available to state and local jurisdictions to improve the quality and
availability of DNA analysis in forensic laboratories. To be eligible for funding, these jurisdictions must certify that a
laboratory will satisfy or exceed QA standards published by the director of FBI; that DNA samples and analyses will be made
available only to criminal-justice agencies, courts, and defendants; and that each DNA analyst will undergo external
proficiency-testing at intervals not exceeding 180 days. The standards for QA and the standards for testing proficiency of
forensic laboratories are to be developed by the DNA Advisory Board (See Chapter 1).

The Role of Proficiency-Testing and Audits

Proficiency-testing and audits are key assessment mechanisms in any program for critical self-evaluation of laboratory
performance. Proficiency-testing entails the testing of specimens submitted to the laboratory in the same form as evidence
samples. Audits are independent reviews of laboratory operations conducted to determine whether the laboratory is
performing according to a defined standard. Both forms of assessment can be conducted internally or externally, that is, by
people inside or outside the laboratory. Good QA programs have a mixture of regular internal and external assessment.

The most straightforward form of proficiency-testing is open, or declared. The analyst is presented with a set of samples,
typically about five, in a mock case scenario and is asked to determine which samples could have a common
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source. The analyst is aware that the samples are being used in a proficiency test. Open proficiency-testing evaluates
analytical methods and interpretation of results; it identifies systematic problems due to equipment, materials, the laboratory
environment (such as contamination), and analyst misjudgment. A benefit of open proficiency-testing conducted by external
entities is that many laboratories can test the same set of samples, thus allowing interlaboratory comparison of performance
and statistical evaluation of collective results. At present, external proficiency-testing in forensic DNA analysis is offered by
three vendors: Collaborative Testing Services, Cellmark Diagnostics (UK), and the College of American Pathologists. All
provide summary reports on the results of each proficiency test.

Open proficiency-testing is required under TWGDAM guidelines and is a requirement both for laboratory accreditation
by ASCLD-LAB and for board certification of analysts by the American Board of Criminalistics (ABC). TWGDAM
specifies that each analyst take at least two proficiency tests per year; the results, including any corrective action for
discrepancies, are to be documented. The ASCLD-LAB accreditation program follows TWGDAM in requiring at least two
proficiency tests for analysts per year and requires in addition that one of the tests be external. Results are reported by the
proficiency-test vendor to ASCLD-LAB as a condition of continuing accreditation. A committee of ASCLD-LAB reviews
the discrepancies and may invoke sanctions up to and including suspension of accreditation. ABC similarly requires at least
one external proficiency test per year, the results of which are to be reported to ABC.

A second form of proficiency-testing, full-blind proficiency-testing, goes a step beyond open proficiency-testing in that
the analyst does not know that a proficiency test is being conducted. It has been argued that full-blind testing provides a truer
test of functional proficiency because the analysts will not take extra care in analyzing samples. Whether or not that is so, this
form of proficiency-testing evaluates a broader aspect of laboratory operation, from the receipt of the "evidence" at the front
desk through analysis and interpretation to final reporting.

The logistics of full-blind proficiency-tests are formidable. The "evidence" samples have to be submitted through an
investigative agency in the jurisdiction of the laboratory and have to arrive in the laboratory with case documentation and an
identified contact investigator. Without such full cover, a case would likely be recognized as nonroutine, and a blind test
suspected. The TWGDAM guidelines recommend one full-blind proficiency test per laboratory per year if such a program
can be implemented. The DNA Identification Act of 1994 required that the director of the National Institute of Justice (NI1J)
report to Congress on the feasibility of establishing a full-blind proficiency-testing program. The NIJ has reported that,
although several of the large laboratory systems conduct blind testing in-house, there is no blind, external, DNA proficiency-
testing program generally available to public or private laboratories. The report mentioned some potentially serious issues
with blind testing, including the cost of implementation, the risk that DNA data from an innocent donor to the test might end
up in
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criminal DNA databanks, and the chance that the test would impose excessive costs and time demands on law-enforcement
agencies. The NIJ has contracted a study to review current testing programs and to examine alternative ways of performing
blind tests.

Regular audits of laboratory operations complement proficiency-testing in the monitoring of general laboratory
performance. The objective of the audit is to compare a laboratory's performance with its professed quality policies and
objectives. Audits cover all phases of laboratory operations related to performance and accordingly touch on matters not
covered by proficiency-testing, such as equipment-calibration schedules and case-management records. The TWGDAM QA
guidelines recommend audits every two years (TWGDAM 1995) by persons independent of the DNA laboratory operation,
preferably including at least one from another organization (typically a laboratory from a jurisdiction in another state).

The objective of both proficiency-testing and auditing is to improve laboratory performance by identifying problems that
need to be corrected. Neither is designed to measure error rates.

SAFEGUARDING AGAINST ERROR

Every human activity is associated with some risk of error. There are potential sources of error at every stage in the
processing of physical evidence, from collection in the field through laboratory analysis to interpretation of results of
analysis. Not all lapses have deleterious consequences; many have no consequences. Many are readily identified and can be
corrected. The lapses of most concern, however, are the ones that might lead to a false match. False exclusions are important
but are unlikely to lead to false convictions. There is no single solution to the problem of error. To achieve accurate results,
care and attention to detail and independent checks must be used at all stages of the analytical process. This section surveys
potential sources of error, the consequences of errors, and safeguards to prevent them.

Sample Mishandling and Data-Recording Errors

Mixups or mislabelings of samples or results can occur at any point where evidence is handled or data recorded, that is,
from the time of evidence collection in the field to the writing of the final report. The consequences of sample mishandling
depend on which samples are mishandled. There are circumstances in which undetected mishandling can lead to false
matches; the genetic types of the samples might be determined correctly but the inferred connections among the samples can
be incorrect because of sample mixup. Sample mishandling and incorrect recording of data can happen with any kind of
physical evidence and are of great concern in all fields of forensic science. The concern regarding mishandling is
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compounded by the reality that most forensic laboratories have little or no control over the handling of evidence elsewhere.
Accordingly, it is desirable to have safeguards not only to protect against mixups in the laboratory but also to detect mixups
that might have occurred anywhere in the process.

Safeguards against sample mishandling in the field include proper training of personnel involved in sample collection
(such as crime-scene personnel) and submission of complete evidence items (rather than clippings or scrapings) to the
laboratory. Mixups in the laboratory as samples are being removed from evidence items for analysis can be minimized by
sample-handling policies that allow only one evidence item to be handled at a time. Sample mixup or mislabeling in the
analysis stream (for example, transfer of a sample solution to the wrong tube, loading of a sample into the wrong lane on an
electrophoresis gel, and misrecording of data) can be minimized by rigorous adherence to defined procedures for sample-
handling and data entry.

Redundancy in testing provides a check on sample integrity. Testing of multiple items can serve as a check on
consistency of results: inconsistencies among items believed to be of common origin can signal a mixup. For example,
demonstration that bloodstains from different evidence items have the same DNA profile is less likely if a sample mixup
occurred. Gender testing in cases in which both males and females are involved can also serve as a consistency check and has
been used to verify suspected mislabeling. One benefit of the high discriminating power of DNA typing is the detection of
sample-mishandling errors that might not have been recognized with classical blood-group and protein-marker testing.

Because an analyst might fail to notice an inconsistent result or a recording error, it is important to have analytical
results reviewed by a second person, preferably one not familiar with the origin of the samples or issues in question. An
independent reviewer can also catch flaws in analytical reasoning and interpretation. Independent "second reading" is
common in forensic laboratories and is required by the guidelines (TWGDAM 1991, 1995).

The ultimate safeguard against error due to sample mixup is to provide an opportunity for retesting. In most cases, it is
possible to retain portions of the original evidence items and portions of the samples from different stages of the testing.
Sample retention is particularly easy when PCR-based typing methods are used for testing. If samples have been retained,
questions of error due to mishandling can be resolved by retesting. Allegations of sample mishandling lose credibility if those
making the allegation have rejected the opportunity for a retest. Sample retention whenever possible is recommended in the
TWGDAM QA guidelines and is standard in many laboratories. As stated in the Guidelines (TWGDAM 1995), "testing of
evidence and evidence samples should be conducted to provide the maximum information with the least consumption of the
sample. Whenever possible, a portion of the original sample should be retained or returned to the submitting agency, as
established by laboratory policy."

Copyright © National Academy of Sciences. All rights reserved.
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Even the strongest evidence will be worthless—or worse, could lead to a false conviction—if the evidence sample did
not originate in connection with the crime. Given the great individuating potential of DNA evidence and the relative ease
with which it can be mishandled or manipulated by the careless or the unscrupulous, the integrity of the chain of custody is of
paramount importance.

Faulty Reagents, Equipment, Controls, or Technique

Problems with reagents, equipment, controls, or technique usually lead to failed tests (no results) or to ambiguous test
results. Situations in which such problems might lead to a false match or a false exclusion will be uncommon if testing is
accompanied by appropriate controls. In any case, adherence to a standard QC program provides safeguards against these
kinds of laboratory error. Regular monitoring of reagents and equipment is part of any standard QA program. Use of
appropriate QC standards and of positive and negative controls is part of routine testing; failure of the standards and controls
to behave as expected in a test signals a problem with the analytical system and might disqualify test results. Moreover,
regular monitoring of test outcomes with standards and controls allows recognition of gradually emerging problems with
reagents, equipment, controls, standards, and overall procedure that might otherwise be overlooked. For example, almost all
North American forensic laboratories that perform VNTR analysis use DNA from the human cell line K562 as a positive
typing control; correct sizing of restriction fragments from K562 DNA is prerequisite to accepting a typing result as
reportable. Monitoring of K562 fragment-size measurements within a laboratory over time and comparison of measurements
between laboratories allow identification of "drift" due to procedural modification, reagent variation, or equipment
deterioration.

Inevitably, breakdowns in reagent quality, equipment, controls, or technique occur at times. For example, in the loading
of an electrophoresis gel, a sample loaded in one lane might leak into an adjacent lane, which might then appear to contain a
mixed sample. Confusion resulting from lane-leakage problems is typically avoided by leaving alternate lanes empty or by
placing critical samples in nonadjacent lanes, and this should always be done. In this and other situations involving such
lapses, a breakdown is usually readily apparent from the appearance of the results. Review of analytical results by a second
analyst who is unfamiliar with the issues in the case protects against lapses of judgment on the part of the primary analyst.

Evidence Contamination

Contamination has been used as an umbrella term to cover any situation in which a foreign material is mixed with an
evidence sample. Different kinds of contamination have different consequences for analysis. Contamination with
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nonbiological materials (gasoline, grit, etc.) or with nonhuman biological materials (microorganisms, plant materials, etc.)
can result in test failures but not in genetic typing errors. Part of marker validation includes testing to determine whether the
marker can be detected in nonhuman species and if so, whether its presence there might cause confusion in typing. It is
generally found that the markers identified by the single locus probes used in forensic VNTR analysis and by PCR-based
typing are detected in but a few nonprimate species; if such markers are used, that fact should obviously be taken into
account. That is an advantage of DNA typing over enzyme and blood-group testing. Contamination with human material,
however, is a possible source of concern for DNA tests.

Three kinds of sample contamination were described in the 1992 National Research Council report (p 65-67) and are
briefly summarized here. For each, appropriate safeguards and controls can be built into the analytical system to protect
against contamination and to detect it when it does occur.

* Inadvertent contamination can occur in the course of sample-handling by investigative or laboratory personnel or by
others. The background environment from which the evidence is collected can also cause contamination. The concern about
contamination is not peculiar to biological evidence; extraneous evidence (such as a detective's cigarette butt found at the
scene) is always a concern. The important consequences of those sorts of contamination are that samples might appear to be
mixtures of material from several persons and, in the worst case, that only the contaminating type might be detected. The
concern is greater with PCR-based typing methods than with VNTR analysis because PCR can amplify very small amounts
of DNA. A false match could occur if the genetic type of the contaminating materials by chance matched the genetic type of a
principal (such as a suspect) in the case or, worse, if the contaminant itself came from a suspect in the case. The best
safeguard against inadvertent contamination is to have rigorous procedures for sample-handling from field to laboratory.
Particular attention should be given to keeping evidence samples separated from reference samples. In VNTR analysis,
evidence and reference samples can be kept apart up to the time they are loaded onto the analytical gel. With PCR-based
typing, evidence and reference samples can be analyzed separately as well. Contamination from sample-handling or from the
background environment can be detected in several ways. Background control samples—samples collected from areas
adjacent to bloodstains or other evidence sites—can be used to determine whether background contamination is present.
Background control testing is not a new idea; it has long been used in forensic blood-grouping. Knowledge of the genetic
types of people who might contribute contaminating material can be used to assess the possibility of contamination from
those people. Testing for multiple loci increases the chance of differentiating between contaminant and true sources of a
sample. Finally, redundancy in testing provides a consistency check; the chance that multiple samples would all be
contaminated the same way is small.
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* Mixed samples are contaminated by their very nature. Postcoital vaginal swabs, for example, are expected to contain a
mixture of semen and vaginal fluids, and shed blood from different persons might run together. Such samples are part of the
territory of forensic science and must be dealt with whenever feasible. Sperm DNA can be separated from nonsperm DNA
with differential DNA extraction. Detection of sample mixtures of other kinds is generally revealed with genetic typing.
Mixtures show the composite of the individual types present; the proportions of the different types reflect the proportions of
the contributors to the mixture. Testing samples collected from different areas of a mixed stain can sometimes allow the
genetic types of the contributors to be more clearly distinguished.

* Carryover contamination is well recognized in PCR testing, although it is not an issue in VNTR analysis. This kind of
contamination occurs when a PCR amplification product finds its way into a reaction mix before the target template DNA is
added. The carryover product can then be amplified along with the DNA from an evidence sample, and the result can be that
an incorrect genetic type is assigned to the evidence sample. A false match can occur if the genetic type of the contaminant
matches by chance the genetic type of a principal in the case; in the worst case, the contaminant originates from another party
in the case. Primary safeguards against carryover contamination include the use of different work areas for pre-PCR and post-
PCR sample-handling, the use of biological safety hoods, the use of dedicated equipment (such as pipetters), and maintenance
of a one-way flow of material from pre-PCR to post-PCR work areas so that PCR product cannot come into contact with
sample materials. Those safeguards are outlined in the TWGDAM QC and QA guidelines (TWGDAM 1991, 1995). Sterile
precautions similar to those used in handling infectious-disease agents in microbiology laboratories may also protect against
carryover contamination; many of the contamination issues in PCR work and in infectious-disease microbiology are largely
the same. Procedural safeguards can also be used. Genetic typing of evidence samples before the typing of reference samples
protects against contamination of the former with the latter. Standard blank controls can be used to detect reagent and work
area contamination. If there is any question regarding PCR carryover contamination, retained portions of the evidence item
can be tested.

Analyst Bias

An analyst can be biased, consciously or unconsciously, in either direction. Genetic-typing results, however, are usually
unambiguous; one cannot make one genetic type look like another simply by wishing it so. In VNTR analysis, patterns must
meet empirically defined objective match criteria to be said to match. If enough loci are tested, it is extremely unlikely that
two unrelated persons would have indistinguishable VNTR banding patterns.

Bias in forensic science usually leads to sins of omission rather than commis
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sion. Possibly exculpating evidence might be ignored or rejected. Contradictory test results or evidence of sample mixture
may be discounted. Such bias is relatively easy to detect if test results are reviewed critically. Both TWGDAM and ASCLD-
LAB accreditation guidelines stipulate that case files be reviewed internally by a qualified second analyst before a report is
released. That not only reveals bias but also reveals mistakes in recording and oversights. Independent review by a defense
expert provides even stronger protection against the possibility that bias will lead to a false match. This is most effective if
the defense expert is thoroughly familiar with the standard procedures of the testing laboratory so that exceptions from the
standard can be noted.

It has been argued that when the analysis of a test result involves subjective judgment, expectations or other biases can
influence an analyst's interpretation (Nisbett and Ross 1980). For example, it has been suggested that analysts examining
VNTR autoradiographs sometimes interpret faint bands as real or artifactual so as to produce a match with a suspect's profile
(Lander 1989; Thompson and Ford 1991, p 140-141; Thompson 1995). The protocols of the next paragraph should greatly
reduce such bias, if it exists.

Laboratory procedures should be designed with safeguards to detect bias and to identify cases of true ambiguity.
Potential ambiguities should be documented; in particular, any visual overrides of the computer-assisted imaging devices
used for making measurements in VNTR analysis must be noted and explained. Internal review can detect cases of bias and
true ambiguity as well as oversights and mistakes in recording.

SHOULD AN ERROR RATE BE INCLUDED IN CALCULATIONS?

Some commentators have argued that the rate of profile matching due to laboratory error should be estimated and
combined with the random-match probability (calculated with methods described in Chapter 4) to give only a single,
summary statistic. But withholding the components of the summary statistic from the judge or jury would deprive the trier of
fact of the opportunity to evaluate separately the possibility that the profiles match by coincidence as opposed to the
possibility that they are reported to match by reason of laboratory or handling error. We discuss the legal arguments for and
against such an exclusionary rule in Chapter 6. Here, we consider whether statistical analysis can provide a meaningful and
accurate estimate of the probability of a laboratory or handling error that would produce a reported match between samples of
nonmatching DNA.

* The question to be decided is not the general error rate for a laboratory or laboratories over time but rather whether the
laboratory doing DNA testing in this particular case made a critical error. The risk of error in any particular case
depends on many variables (such as number of samples, redundancy in

Copyright © National Academy of Sciences. All rights reserved.
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testing, and analyst proficiency), and there is no simple equation to translate these variables into the probability that a
reported match is spurious.

To estimate accurately, from proficiency test results, the overall rate at which a laboratory declares nonmatching samples
to match, as has been suggested, would require a laboratory to undergo an unrealistically large number of proficiency
trials. Suppose that two laboratories each have under specific conditions a false-positive error rate of 0.10%—one match
per 1,000 nonmatching proficiency trials. To establish that rate accurately, it would be necessary for each laboratory to
undergo many thousands of trials. If one laboratory were to pass 1,000 proficiency tests without error, the 95% upper
confidence limit for the error rate would be 0.30%. If the other laboratory had made one error, the limit would be
0.47%." Those results are not significantly different statistically. Both laboratories could have a true rate of 0.10%, but a
court or jury might regard the laboratory that made no errors in the test as significantly better than the one that made a
single error. To put the numbers in context, only the largest forensic laboratories could have performed DNA testing in
as many as 1,000 cases; no laboratory performs more proficiency tests than case tests, and none should be expected to.
The pooling of proficiency-test results across laboratories has been suggested as a means of estimating an "industry-
wide" error rate (Koehler et al. 1995). But that could penalize the better laboratories; multiple errors on a single test by
one laboratory could substantially affect the overall estimated false-match error rate. Surveys of proficiency test results
in the pre-DNA era show that the preponderance of errors originated in a small proportion of laboratories (Sensabaugh
and Northey 1985; Sensabaugh 1987). Laboratories that made such errors today would have to document corrective
action, which might include suspension of the analysts responsible for the errors (TWGDAM 1991).

Estimating rates at which nonmatching samples are declared to match from historical performance on proficiency tests is
almost certain to yield wrong values. When errors are discovered, they are investigated thoroughly so that corrections
can be made. A laboratory is not likely to make the same error again, so the error probability is correspondingly reduced.
There has been much publicity about proficiency-trial errors made by Cellmark in 1988 and 1989, the first years of its
operation. Two matching errors were made in comparing 125 test samples, for an error rate of 1.6% in that batch. The
causes of the two errors were discovered, and sample-handling procedures were modified to prevent their recurrence.
There have been no errors in 450 additional tests through 1994. Clearly, an estimate of 0.35% (2/575) is inappropriate as
a measure of the chance of error at Cellmark today.

! For the first case, with no errors, the upper 95% confidence limit, L, was calculated from the equation: (1 - L)N = 0.05,

where N is the number of error-free tests. In the case where one error was made in N tests, the equation was (1 - L)N + NL(1 -
L)N-! = 0.05. The interpretation of a confidence limit is discussed in Chapter 5.

Copyright © National Academy of Sciences. All rights reserved.
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For all those reasons, we believe that a calculation that combines error rates with match probabilities is inappropriate.
The risk of error is properly considered case by case, taking into account the record of the laboratory performing the tests, the
extent of redundancy, and the overall quality of the results. However, there is no need to debate differing estimates of false-
match error rates when the question of a possible false match can be put to direct test, as discussed in the next section.

RETESTING

A wrongly accused person's best insurance against the possibility of being falsely incriminated is the opportunity to have
the testing repeated. Such an opportunity should be provided whenever possible. As we have previously noted, retesting
provides an opportunity to identify and correct errors that might have been made during the course of analysis.

Whenever feasible, investigative agencies and testing laboratories should provide for repeat testing. Evidence items
should be divided into two or more parts at the earliest possible time, and one or more parts retained for possible repeat
testing. Ideally, the division should be made before DNA is extracted, and each part should be handled by different personnel.
If division before DNA extraction is not feasible, the division should be made as soon as possible afterward and certainly
before any analytical tests are initiated. Retained samples should be stored separately from analyzed samples under
conditions that inhibit deteriorative loss, that is, at freezer temperatures and, for intact specimens, in the dry state. If retesting
is called for, it should be done by an independent laboratory with different personnel. A defendant who believes that the
match is spurious should welcome the opportunity for an independent repeat test. Legal aspects of retesting are discussed in
Chapter 6.

CONCLUSIONS AND RECOMMENDATIONS

Laboratory Errors

The occurrence of errors can be minimized by scrupulous care in evidence collecting, sample-handling, laboratory
procedures, and case review. Detailed guidelines for QC and QA (quality control and quality assurance), which are updated
regularly, are produced by several organizations, including TWGDAM. ASCLD-LAB is established as an accrediting agency.
The 1992 NRC report recommended that a National Committee on Forensic DNA Typing (NCFDT) be formed to oversee the
setting of DNA-analysis standards. The DNA Identification Act of 1994 gives this responsibility to a DNA Advisory Board
appointed by the FBI. We recognize the need for guidelines and standards and for accreditation by appropriate organizations.

Copyright © National Academy of Sciences. All rights reserved.
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Recommendation 3.1: Laboratories should adhere to high quality standards (such as those defined by TWGDAM
and the DNA Advisory Board) and make every effort to be accredited for DNA work (by such organizations as
ASCLD-LAB).

Proficiency Tests

Regular proficiency tests, both within a laboratory and by external examiners, are one of the best ways of ensuring high
standards. To the extent that it is feasible, some of the tests should be blind.

Recommendation 3.2: Laboratories should participate regularly in proficiency tests, and the results should be
available for court proceedings.

Duplicate Tests

We recognize that no amount of care and proficiency-testing can eliminate the possibility of error. However, duplicate
tests, performed as independently as possible, can reduce the risk of error enormously. The best protection that an innocent
suspect has against an error that could lead to a false conviction is the opportunity for an independent retest.

Recommendation 3.3: Whenever feasible, forensic samples should be divided into two or more parts at the
earliest practicable stage and the unused parts retained to permit additional tests. The used and saved portions should
be stored and handled separately. Any additional tests should be performed independently of the first by personnel
not involved in the first test and preferably in a different laboratory.

Copyright © National Academy of Sciences. All rights reserved.
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4

Population Genetics

Much of the controversy about the forensic use of DNA has involved population genetics. In this chapter, we first
explain the principles that are generally applicable. We then consider the special problem that arises because the population
of the United States includes different population groups and subgroups with different allele frequencies. We develop and
illustrate procedures for taking substructure into account in calculating match probabilities. We then show how those
procedures can be applied to VNTRs and PCR-based systems.

Consider the comparison of DNA from a crime-scene specimen and from a suspect. (Actually, the evidence DNA need
not come from the crime scene, nor the second sample from a suspect, but we use this vocabulary for convenience.) Under
current procedures, if the DNA profile from the crime-scene sample reportedly matches that of the suspect, there are two
possibilities (aside from error): The DNA at the crime scene came from the suspect or the DNA at the crime scene came from
someone else who had the same profile as the suspect. If the DNA profile in question is common in the population, the crime-
scene DNA might well have come from someone other than the suspect. If it is rare, the matching of the two DNA profiles is
unlikely to be a mere coincidence; the rarer the profile, the less likely it is that the two DNA samples came from different
persons.

To assess the probability that DNA from a randomly selected person has the same profile as the evidence DNA, we need
to know the frequency of that profile in the population. That frequency is usually determined by comparison with some
reference data set. A very small proportion of the trillions of possible profiles are found in any database, so it is necessary to
use the frequencies of

Copyright © National Academy of Sciences. All rights reserved.
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POPULATION GENETICS 90

individual alleles to estimate the frequency of a given profile. That approach necessitates some assumptions about the mating
structure of the population, and that is where population genetics comes in. !

ALLELE AND GENOTYPE PROPORTIONS

It is conventional in genetics to designate each gene or marker locus with a letter and each allele at that locus with a
subscript numeral. So, A, designates the tenth allele at locus A, Bj the fifth allele at locus B, and so on. When we want a
statement to apply to any of the alleles of a given locus, we use a literal subscript, such as i or j. We designate the frequencies
(it is customary to use the word frequency for relative frequency, meaning proportion) of alleles with the letter p and a
corresponding subscript. Thus, the frequency of allele Aj is p; and of allele A; is p;. The sum of all the pi values is 1 because
it includes all the possibilities. Symbolically, if 3 stands for summation, Xp; = 1.

At the DQA locus, discussed in Chapter 2, six alleles are customarily used in forensic analysis (Table 4.1). For example,
allele Dy ; (designated as 1.1 in the table), has a proportion of 0.150, or 15.0%, in the black population; this was computed
from the proportions in the right-hand portion of the table. The first six genotypes include the 1.1 allele (the top one has two
copies) and adding their frequencies— 0.036 + (0.076 + 0.009 + 0.036 + 0.027 + 0.080)/2—yields 0.150. The division by 2 is
because in heterozygotes only half the alleles are D ;.

RANDOM MATING AND HARDY-WEINBERG PROPORTIONS

In the simplest population structure, mates are chosen at random. Clearly, the population of the United States does not
mate at random; a person from Oregon is more likely to mate with another from Oregon than with one from Florida.
Furthermore, people often choose mates according to physical and behavioral attributes, such as height and personality. But
they do not choose each other according to the markers used for forensic studies, such as VNTRs and STRs. Rather, the
proportion of matings between people with two marker genotypes is determined by their frequencies in the mating
population. If the allele frequencies in Oregon and Florida are the same as those in the nation as a whole, then the proportions
of genotypes in the two states will be the same as those for the United States, even though the population of the whole
country clearly does not mate at random.

We use random mating to refer to choice of mates independently of genotype at the relevant loci and independently of
ancestry. The expected proportions with

I An elementary exposition of population genetics is found in Hartl and Clark (1989). A more advanced text, with
discussion of many of the formulae used here, is Nei (1987). Practical details of estimation and analysis are given by Weir
(1990). See also Weir (1995a).
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POPULATION GENETICS 91

random mating are called the Hardy-Weinberg (HW) proportions, after GH Hardy, a British mathematician, and Wilhelm
Weinberg, a German physician. For example, suppose that the proportions of alleles A |, A,, and A; are p;, P,, and ps,
respectively. The proportions of the three alleles among the sperm are given along the top of Table 4.2, and among the eggs,
along the left margin. (It is intuitively reasonable and easily demonstrated that random mating is equivalent to combining
gametes at random.) The genotypes and their frequencies are given in the interior of the table. The proportion, or frequency,
of A;A; homozygotes is thus p;2, and the proportion of A,A; (we do not distinguish between A,A; and A;A,) heterozygotes
is pap3 + P3p 2 = 2paps.

TABLE 4.1 Observed and Expected Frequencies of DQA Genotypes Based on 224 Blacks and 413 Whitesa

ALLELES GENOTYPES

Allele Frequency % Observed (Expected) Frequency %

Allele Black White Genotype Black White

1.1 15.0 13.7 1.1/1.1 3.6(2.3) 2.2(1.9)

1.2 26.3 19.7 1.1/1.2 7.6 (7.9) 3.6 (54)

1.3 4.5 8.5 1.1/1.3 0.9 (1.4) 29(2.3)

2 12.1 10.9 1.12 3.6 (3.6) 1.9 (3.0)

3 11.8 20.1 1.1/3 2.7@3.5) 5.3 (5.5)

4 30.3 27.1 1.1/4 8.0(9.1) 9.2(7.4)
1.2/1.2 8.5(6.9) 4.6(3.9)
1.2/1.3 2224) 34(3.4)
1.2/2 4.0 (6.4) 4.6 (4.3)
1.2/3 7.1(6.2) 8.2(7.9)
1.2/4 14.7 (16.0) 10.4 (10.7)
1.3/1.3 0.0 (0.2) 1.2 (0.7)
1.3/2 22(1.1) 1.5(1.9)
1.3/3 1.3 (1.1) 1.7(3.4)
1.3/4 222.7) 5.1(4.6)
2/2 2.2(1.5) 22(1.2)
2/3 1.3(2.9) 4.8 (4.4)
2/4 8.5(7.4) 4.6(5.9)
3/3 0.9 (1.4) 4.4 (4.0
3/4 9.4 (7.2) 11.4 (10.9)
4/4 8.9(9.2) 6.8 (7.3)
Homozygotes 24.1 (21.5) 21.4 (19.0)
Heterozygotes 75.7 (78.9) 78.6 (81.0)

2 Homozygous genotypes in boldface. Data from Maryland State Crime Laboratory (Helmuth, Fildes, et al. 1990).

According to Table 4.1, the proportions of alleles D, and D, in the white population are 0.109 and 0.271. If we assume
HW and treat the sample allele frequencies as if they were the true population frequencies, then the proportion

Copyright © National Academy of Sciences. All rights reserved.
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of genotype D,D, would be (0.109)? = 0.012, or 1.2%; as Table 4.1 shows, the observed fraction in this sample is 2.2%. The
proportion of genotype D,D, would be 2(0.109)(0.271) = 0.059, or 5.9%; the observed value is 4.6%. Neither of those
differences is statistically significant. (Note that genotype D; 3D, 3 was not found in the black database of 224 persons. With
multiple alleles and four or five loci, as with VNTRs, most genotypes are not found in any given database.)

TABLE 4.2 Hardy-Weinberg Proportions for a Locus with Three Alleles

Alleles (and Frequencies) in Eggs Alleles (and Frequencies) in Sperm

Ay (p1) Aj (p2) As (p3)
Ay (py) AA; (pip) ALA; (pip2) AA; (p1p3)
A; (p2) AsA ¢ (pop1) ArA;z (p2P2) AsA;3 (pap3)
Az (p3) AsA; (p3p) AsA; (p3py) A3A; (p3ps)

The HW relationship is easily stated symbolically. Using letter subscripts for generality, we let p; and p; be the
population proportions of two alleles A; and A,;. If capital letters designate the genotypic proportions, the HW expectations are

homozygotes: AA: P, = pl (4. 1a)

heterozygotes: AA;: Py = 2pp. 1#]. (4. 1b)

In words, the simple rule is: The proportion of persons with two copies of the same allele is the square of that allele's
frequency, and the proportion of persons with two different alleles is twice the product of the two frequencies.

If for some reason a population does not exhibit HW proportions, as will be the case if mating in the previous generation
(s) has not been random, only a single generation of random mating is needed to produce HW proportions. This is clear from
Table 4.2, which shows that the proportions of gametes that unite to produce individuals in the next generation depend only
on the allele frequencies, not the parental genotypes of the current generation. That property adds greatly to the usefulness of
Equations 4.1, because it increases the probability that they are accurate. Populations from different parts of the world with
different allele frequencies can be homogenized in a single generation, provided that mating is random. Of course, exactly
random mating is very unlikely, but the equations are accurate enough for many practical purposes. In Chapter 5 we give
estimates of the degree of uncertainty caused by departures from random mating proportions.

Table 4.1 shows how close actual populations come to HW proportions for DQA. The deviations from HW expectations
are not great. In the white population, there is a small but statistically significant excess of homozygotes (P~ .03);

Copyright © National Academy of Sciences. All rights reserved.
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POPULATION GENETICS 93

there is an excess in the black population also, but it is not statistically significant.? It is not unusual to find a slightly higher
proportion of homozygotes than predicted. We consider reasons for that later in the chapter.

In forensic applications, we are often interested in the magnitude of a difference, not just its statistical significance.’ In
the example above, the deficiency in the observed frequency of heterozygotes is greater in the black population than in the
white, but only in the latter is it statistically significant. This is because statistical significance depends strongly on sample
size: In large samples, quite small differences can be statistically significant but may not be biologically meaningful.

HW Proportions in a Large Sample

The data in Table 4.1 show approximate agreement with HW expectations, but there is some discrepancy. In the black
population, the deficiency of heterozygotes is about 4%, and in the white population, it is about 3%. Most of this discrepancy
comes from uncertainty introduced because of the sizes of the databases (224 and 413 persons). With larger samples, we
would expect the agreement to be better.

2 The usual x? procedure is weak as a test for departure from HW proportions. The following test has considerably more
power to detect departures from equilibrium of particular interest in population genetics (Robertson and Hill 1984). In a
database of size N, let Xj; denote the number of persons of genotype AjA;. We assume the model

E.:x,,1 = EN}ilp,H—E:l for 1 #+ 15
EiX,) = Nlp.’ + pd | —pd] fory = §

We want to test the hypothesis that & = o (i.e., HW proportions; see section on subpopulation theory for a discussion of
@). It can be shown that a score test, which can be expected to be particularly powerful in detecting small values of , is
based on the statistic

T = | (XJQ)— NP[NK - 1],

where K is the number of alleles and Q; is the maximum likelihood estimate of pi if @ = O: in this case, Q; is the observed
proportion of A; alleles.

An excess of homozygotes will lead to a positive value of T. Provided that N is large enough, the statistic T has
approximately a standard normal distribution if § = .

In this case, for the white population in Table 4.1, the X;; values are 413(0.022), 413(0.046), . . . : the values of pi are
0.137, 0.197, . .; N = 413; and K = 6. Substituting those values into the equation gives T = 1.88, which from a table of the
normal probability integral gives P ° 0.03. For the black population, T = 0.77, giving P © 0.22, where P refers to the
probability.

3 The homozygote excess in this data set is larger than is usually found for this locus in more extensive recent studies (such
as Rivas et al. 1995). The data in Table 4.1 come from a variety of sources. The data on the black population come mainly
from disease-screening programs in California. The data on whites come from a forensic laboratory and from the CEPH
(Centre d'Etude du Polymorphisme Humain) collection of family data, stored in France and used for genetic linkage studies.

Copyright © National Academy of Sciences. All rights reserved.
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To examine a much larger sample, we consider data on the M-N blood group locus in the New York City white
population for six periods between 1931 and 1969. At this locus, there are two alleles, M and N, and therefore three
genotypes, MM, MN, and NN. The data include 6,001 persons (12,002 genes). We chose this locus for three reasons. First,
there are only two alleles, and all three genotypes are identified. Second, the allele frequencies are close to 1/2, maximizing
the power to detect departures from HW ratios. Finally, the observations are highly reliable technically. They are from A. S.
Wiener, the leading blood-group expert of the time. New York City is certainly not a homogeneous population. The
persistence of two alleles at intermediate frequencies in many populations suggests that these blood groups are subject to
natural selection, but the selection is probably weak, and there are only minor allele-frequency differences among various
European countries (Mourant et al. 1976, p 251-260).

These blood-group data (Table 4.3) show that, even in a population as heterogeneous as that of New York City, HW
ratios are very closely approximated for traits that are not factors in mate selection. The overall heterozygote frequency is
within about 1% of its HW expectation. Agreement with HW expectations should be at least as close for loci, such as most of
those used in forensics, that are thought to be selectively neutral.

In the United States, bin frequencies within a racial group are usually similar in different regions. The top two graphs in
Figure 4.1 show the similar distribution in white populations in Illinois and Georgia. Comparison of the black and the white
populations illustrates a point often made by population geneticists—namely, that differences among individuals within a
race are much larger than the differences between races. Nevertheless, the intergroup differences are large

TABLE 4.3 M-N Blood Group Genotypes in New York City Whitesa

Sample Total MM MN NN PM PN Relative Error
1 236 71 116 49 0.5466 0.4534 0.0083
2 461 132 232 97 0.5380 0.4620 -0.0123
3 582 166 289 127 0.5335 0.4665 0.0024
4 3,268 1,037 1,623 608 0.5656 0.4344 -0.0107
5 954 287 481 186 0.5529 0.4471 -0.0198
6 500 158 249 93 0.5650 0.4350 -0.0131
Total 6,001 1,851 2,990 1,160 0.5576 0.4424 -0.0099

2 The columns show the total number, numbers of the three genotypes, the allele frequencies, and the relative error, computed as follows:
The expected number of heterozygotes is 2PMPN x Total. For sample I this is 2(0.5466)(0.4534)(236) = 116.975; relative error =
(116.975 - 116.0)/116.975 = 0.0083, or 0.83%. The sources of the six convenience samples are (1) parents, (2) mothers, (3) patients and
hospital staff, (4) donors and paternity cases, (5) professional donors, (6) paternity cases. Data from Mourant et al. (1976), p 274.
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Figure 4.1

Fixed VNTR bins with frequencies of each bin in the United States. The locus is D2S44 with the enzyme HAE III:

(A) Ilinois white population, (B) Georgia white population, (C) US black population. From FBI (1993b), p 52, 51,

185.
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POPULATION GENETICS 96

enough that the FBI and other forensic laboratories keep separate databases for whites and blacks, and two separate
databases for Hispanics, one for those from the eastern United States and another for those from the West.

Exclusion Power of a Locus

The data in Table 4.1 can be used for another purpose. As mentioned in Chapter 2, DQA data can distinguish samples
from different individuals 93% of the time, clearing many innocent suspects. The overall probability that two independent
persons will have the same DQA genotype is the sum of the squares of the genotype frequencies, as illustrated in Box 4.1.*

BOX 4.1. CALCULATING THE EXCLUSION POWER OF A LOCUS

We can illustrate the 93% average exclusion power of DQA by reference to the data in Table 4.1. The
probability that two randomly chosen persons have a particular genotype is the square of its frequency in
the population. The probability that two randomly chosen persons have the same unspecified genotype is
the sum of the squares of the frequencies of all the genotypes. Summing the squares of the expected
genotype frequencies (in parentheses) for the black population yields 0.0232 + 0.079% + . . . + 0.0922 =
0.078. We used expected rather than observed genotype frequencies to obtain greater statistic precision.
For the white population, the value is 0.063. The average is about 0.07. The exclusion power is the
probability that the two persons do not have the same genotype, or 1 - 0.07 = 0.93.

If there are n loci, and the sum of squares of the genotype frequencies at locus i is P;, then the
exclusion power is 1 - (P4P». . .P,). Five loci with the power of DQA would give an exclusion power of 1 -
(0.07)% = 0.999998.

4 The concept of exclusion power was initially described by Fisher (1951). The calculation of the exclusion power can be
simplified, especially if the number of alleles is large, by noting that in HW proportions the unconditional probability of
identical genotypes is

Eip'r + Zilppr = Z(Ep:] - Zp'.
: ey T :

Each sum on the right has n terms, where n is the number of alleles, rather than n(n + 1)/2, the number of genotypes. Note
that the sum in parentheses on the right-hand side is the homozygosity, f;.

An approximation to the probability of identical genotypes, due to Wong et al. (1987; see also Brenner and Morris 1990),
is 2f.2 - £3. This gives the maximum value and is quite accurate for small f, or when the allele frequencies are roughly equal.

Copyright © National Academy of Sciences. All rights reserved.
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Table 4.4 shows the frequency of bins (the VNTR equivalent of alleles—See Chapter 2) for two VNTR loci. D2S44 has
an exclusion power of about 99%. The exclusion power of D17S79 is smaller because it has fewer alleles and more varied bin
frequencies; its exclusion power is about 93%.

DEPARTURES FROM HW PROPORTIONS

Clearly, the HW assumption is hardly ever exactly correct. The issue in forensic DNA analysis is whether the departures
are large enough to be important. The earlier report (NRC 1992) recommended that databases be tested for agreement with
HW expectations and that loci that exhibit statistically significant differences from the expectation be discarded. In our view,
that places too much emphasis on formal statistical significance. In practice, statistically significant

TABLE 4.4 Bin (Allele) Frequencies at Two VNTR Loci (D2S44 and D17S79) in US White Populationa

D2S44 D17S79
Bin Size Range N Prop. Bin Size Range N Prop.
3 0-871 8 0.005 1 0-639 16 0.010
4 872-963 5 0.003 2 640-772 5 0.003
5 964-1,077 24 0.015 3 773-871 11 0.007
6 1,078-1,196 38 0.024 4 872-1.077 6 0.004
7 1,197-1.352 73 0.046 6 1,078-1,196 23 0.015
8 1,353-1,507 55 0.035 7 1,197-1,352 348 0.224
9 1,508-1,637 197 0.124 8 1,353-1,507 307 0.198
10 1,638-1,788 170 0.107 9 1,508-1,637 408 0.263
11 1,789-1,924 131 0.083 10 1,638-1,788 309 0.199
12 1,925-2,088 79 0.050 11 1,789-1,924 44 0.028
13 2,089-2,351 131 0.083 12 1,925-2,088 50 0.032
14 2,352-2,522 60 0.038 13 2,089-2,351 16 0.010
15 2,523-2,692 65 0.041 14 2,352 9 0.006
16 2,693-2,862 63 0.040 1,552 0.999
17 2,863-3,033 136 0.086
18 3,034-3,329 141 0.089
19 3,330-3,674 119 0.075
20 3,675-3,979 36 0.023
21 3,980-4,323 27 0.017
22 4,324-5,685 13 0.008

5,686 13 0.008 1,584 1.000

2D2 and D17 indicate that these are on chromosomes 2 and 17. N is the number of genes (twice the number of persons). Each bin
includes a range of sizes (in base pairs) grouped so that no bin has fewer than five genes in the data set; this accounts for nonconsecutive
bin numbers. Data from FBI (1993b), p 439, 530; see Budowle, Monson, et al. (1991).
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departures are more likely to be found in large databases because the larger the sample size, the more likely it is that a small
(and perhaps unimportant) deviation will be detected; in a small database, even a large departure might not be statistically
significant (see Table 4.1 for an example). If the approach recommended in 1992 is followed, the loci with the largest
databases, which are the most reliable, would often not be used. As stated earlier, our approach is different. We explicitly
assume that departures from HW proportions exist and use a theory that takes them into account. But, as can be seen from the
MN data in Table 4.3, we expect the deviations to be small.

Departures from HW proportions in populations can occur for three principal reasons. First, parents might be related,
leading to inbreeding. Inbreeding decreases the proportion of heterozygotes, with a compensatory increase in homozygotes.

Second, the population can be subdivided, as in the United States. There are major racial groups (black, Hispanic,
American Indian, East Asian, white). Allele frequencies are often sufficiently different between racial groups that it is
desirable to have separate databases. Within a race, there is likely to be subdivision. The blending in the melting pot is far
from complete, and in the white population, for example, some groups of people reflect to a greater or lesser extent their
European origins. A consequence of population subdivision is that mates might have a common origin. Translated into
genetic terms, that means that they share some common ancestry—that they are related. Thus, the consequences of population
structure are qualitatively the same as those of inbreeding: a decrease of heterozygotes and an increase of homozygotes.’

Third, persons with different genotypes might survive and reproduce at different rates. That is called selection. We shall
not consider this possibility, however, because the VNTR and other loci traditionally used in forensic analysis are chosen
specifically because they are thought to be selectively neutral or nearly so. Some, such as DQA, are associated with
functional loci that are thought to be selected but show no important departures from HW expectations.

Inbreeding and Kinship

Inbreeding means mating of two persons who are more closely related than if they were chosen at random. The theory of
inbreeding was worked out 75 years ago by Sewall Wright, who defined the inbreeding coefficient, F (explained in Wright
1951). He gave a simple algorithm for computing F for any degree of

> There is a theoretical possibility of an increase in heterozygosity. It can happen in a population of first-generation
children of different ancestral populations. But such populations are usually mixed with second-generation children, in whom
heterozygosity is reduced, and there are other matings. So the effect of population subdivision is to increase homozygosity in
the overwhelming majority, if not all, cases.

Copyright © National Academy of Sciences. All rights reserved.
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relationship of parents. The kinship coefficient, also designated by F and used to measure degree of relationship between two
persons, is the same as the inbreeding coefficient of a (perhaps hypothetical) child.® For parent and child, F = 1/4; for sibs,
1/4; for half sibs, 1/8; for uncle (or aunt) and nephew (or niece), 1/8; for first cousins, 1/16; and for second cousins, 1/64.

With inbreeding, the expected proportion of heterozygotes is reduced by a fraction F; that of homozygotes is
correspondingly increased. Thus, with inbreeding,

AA: P, = p' + pll—pJF, (4.2a)

AAz P, = 2ppil = F). -
(4.2b)

Because F for first cousins is 1/16, a population in which everybody had married a first cousin in the previous generation
would be 1/16 less heterozygous than if marriages occurred without regard to family relationships.

Population Subgroups

The white population of the United States is a mixture of people of various origins, mostly European. The black and
Hispanic populations also have multiple origins. Matings tend to occur between persons who are likely to share some
common ancestry and thus to be somewhat related. Therefore, homozygotes are somewhat more common and heterozygotes
less common than if mating were random.

The related problem of greatest concern in forensic applications is that profile frequencies are computed (under the
assumption of HW proportions) from the population-average allele frequencies. If there is subdivision, that practice will
always lead to an underestimate of homozygous genotype frequencies and usually to an overestimate of heterozygote
frequencies.

To understand that, consider a population divided into subpopulations, each in HW proportions. Let pi denote the
frequency of the allele Ai in the entire population. If that entire population mated at random, the frequencies of the genotypes
AjA; and AjA; (i° j) would be pi2 and 2pip;, respectively. The relationship between those hypothetical genotype frequencies
and the actual frequencies of homozygotes, P j;, and heterozygotes, Py, in the entire population is given by

® Wright's algorithm is given in standard textbooks (Hartl and Clark 1989, p 238ff; see also Wright 1951). One definition
of the inbreeding coefficient is the probability that the two homologous genes in a person are descended from the same gene
in a common ancestor. The kinship coefficient of two persons is the corresponding probability of identity by descent of two
genes, randomly chosen, one from each person. From those definitions, Wright's algorithm can readily be derived. The
algorithm is easily modified for genes on the X-chromosome, but since they constitute such a small fraction of the genome,
this is an unnecessary refinement for our purposes.

Copyright © National Academy of Sciences. All rights reserved.
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Wahlund's principle and its extension to multiple alleles and covariances (Nei 1965). That is,

ij = P12 -+ Vi‘ (43&)

where V; designates the variance of the frequency of A; and C; the covariance of the frequencies of Ai and Aj among the
subpopulations. 7

The variance, being the sum of squared quantities, is always positive. The average covariance is negative, because the
sum of the variances and covariances over all the alleles must equal zero (because the left-hand terms and first terms on the
right, when summed over alleles, must each add to 1). Covariances for specific pairs of alleles, however, might be either
positive or negative. In particular, if the allele frequencies are very low and the population is small, they might become
positive. If the population is strongly subdivided, the likelihood of positive covariances decreases, because the average value
is negative and large.

Thus, to repeat, computing the frequency of a genotype from the population-average allele frequencies, rather than using
the average of the actual subpopulation genotype frequencies, will always underestimate the frequency of homozygotes and
usually overestimate the frequency of heterozygotes.

As an illustrative example, consider the data in Table 4.5. They come from four white populations—three European and
one Canadian. The homozygosities are given in the next-to-bottom line. The weighted average homozygosity for the four
populations,® with weights proportional to the sizes of the databases, is 0.0759. For the pooled populations, assuming that the
total pool mated at random, the homozygosity is 0.0745. As the Wahlund principle states, the average homozy

P = Elm) = %“"'&Ps.k-

Theg

P; = E(w%) = pf + V,
P; = E@mmy) = 2pp, + 2C;,

where
V, = Var(m) = %Wk(pi:k_]_:ﬁ)zr

Cy = Cov(m,m) = Ek:“fk(PLk‘PL)(P_-.k‘_Pj}!-

7 Suppose that the proportion of persons in subpopulation k is wk and the frequency of Ai in that subpopulation is p,. Let
the random variable m;, denote the frequency of A; in each subpopulation. Thus. m; = p;x with probability wy, and the average
value of m; is

8 The weighted average homozygosity of the subpopulations, assuming random mating within subpopulations, is X;; wy
pix2 where wy is the proportion of persons in the k-th subpopulation and p;y is the frequency of allele A; in the k-th
subpopulation. The expected homozygosity if the entire population mated at random is Z;p;?, where p; = Z,wypi .

Copyright © National Academy of Sciences. All rights reserved.
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gosity of the subpopulations is greater and the heterozygosity less than those of the pooled population.

TABLE 4.5 Bin (Allele) Frequencies and Proportions in Four Populations and Their Weighted Averagesa

Canadian Swiss French Spanish Total
Bin 0y Pi nj P 1 Pi 1 Pi 0 Pi
1 0 0.000 0 0.000 O 0.000 0 0.000 0 0.000
2 1 0.001 0 0.000 1 0.002 1 0.002 3 0.001
3 1 0.001 1 0.001 O 0.000 3 0.005 5 0.002
4 5 0.005 1 0.001 3 0.005 2 0.004 11 0.004
5 8 0.009 13 0.016 3 0.005 6 0.004 30 0.011
6 21 0.023 16 0.020 10 0.016 7 0.014 54 0.019
7 35 0.038 48 0.060 26 0.042 23 0.045 132 0.046
8 41 0.045 30 0.037 24 0.039 17 0.033 112 0.039
9 130  0.142 100 0.124 68 0.110 52 0.102 350 0.123
10 78 0.085 73 0.091 67 0.109 43 0.085 261 0.092
11 72 0.079 67 0.083 35 0.057 48 0.094 222 0.078
12 81 0.088 60 0.075 43 0.070 24 0.047 208 0.073
13 81 0.088 59 0.073 56 0.091 50 0.098 246 0.086
14 23 0.025 24 0.030 29 0.047 18 0.035 94 0.033
15 19 0.021 38 0.047 14 0.023 19 0.037 90 0.032
16 44 0.048 40 0.050 27 0.044 22 0.043 133 0.047
17 98 0.107 71 0.088 72 0.117 61 0.120 302 0.106
18 69 0.075 o4 0.080 53 0.086 36 0.071 222 0.078
19 64 0.070 61 0.076 48 0.078 36 0.071 209 0.073
20 18 0.020 12 0.015 10 0.016 18 0.035 58 0.020
21 11 0.012 11 0.014 11 0.018 13 0.026 46 0.016
22 5 0.005 7 0.009 8 0.013 3 0.006 23 0.008
23 0 0.000 2 0.002 0 0.000 0 0.000 2 0.001
24 1 0.001 2 0.002 0 0.000 3 0.006 6 0.002
25 7 0.008 2 0.002 5 0.008 0 0.000 14 0.005
26 3 0.003 2 0.002 3 0.005 2 0.004 10 0.004
27 0 0.000 0 0.000 O 0.000 0 0.000 0 0.000
28 0 0.000 0 0.000 O 0.000 1 0.002 1 0.000
Total (2N) 916 0999 804 0998 616 1.001 508 0.998 2,844  0.999
Hom.=3p?  0.079 0.073 0.077 0.073 0.074
f, =0.0759 fr = 0.0745

f [EELAR]

2 The bins are numbered (see Table 4.3). The number at the bottom is the total number of genes (twice the number of persons). The locus
is D2S44, and the enzyme is Hae III. Data from FBI (1993b), p 461, 464-468. Three French populations were pooled.

The striking feature of the table is not the greater heterozygosity of the pooled population, which is expected, but the
smallness of the difference. The four populations and the composite all differ from HW proportions only very slightly. The
data on M-N blood groups (Table 4.3) suggest that this is not surprising.
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SUBPOPULATION THEORY

We can deal with a structured population by using a theory that is very similar to that of inbreeding. We shall reserve the
symbol F for inbreeding caused by a specified degree of relationship of the parents, such as cousins. The symbol # is
sometimes used in forensic science, so we employ it to designate the effects of population subdivision. The following
formulae, which are analogous to those for inbreeding, define a parameter ;; for each genotype A;A; These formulae do not
require that the subpopulations mate at random or even that they be distinct.

AA; Py = p’ + Pi(l - P8 {4.4a)
Ah; By = 2pp(1—8).1 # j. (4.4b)

I

In general, the parameters 8 may be positive or nesative. However, substituting the inequalities Pj; ¢ p; and P;; < 1 into
equations 4.4a and 4.4b, respectively, demonstrates that % = I for every i and j.

Let f, denote the actual homozygosity in the entire population, and let hy = 1 - f; denote the corresponding
heterozygosity. If the population were divided into distinct subpopulations and mating were random within each
subpopulation, we would designate f, and h, by f, and hg, respectively. If mating were random within the entire population,
these quantities would become fr and hr, respectively.

The average of the parameters il;; over all genotypes is precisely Wright's (1951) fixation index Fyy:

fo—fr _ hr—hy

P . R

- by - (4.5)

For an elementary explanation of Equation 4.5 for equal subpopulation numbers, see Hartl and Clark (1989, p 293); Nei
(1987, p 162) presents a more detailed treatment. We also provide an alternative and more general derivation (Appendix 4A).

It is clear that § is a composite quantity, averaged over all genotypes, whereas Equations 4.4 involve B, and & for
individual genotypes. In general, @ may be positive or negative, but # = |. However, if the local populations are mating at
random or if there is local inbreeding, then the true value of § is positive. In empirical data, if statistical uncertainties are
taken into account, § is almost always positive or very small. For selectively neutral loci, population values of ¥ for
particular genotypes may be negative only temporarily, except in highly unusual situations. Of course, point estimates from
samples, which are quite inaccurate, may be negative even when the true value is positive (Weir and Cockerham 1984; Nei
1987; Chakraborty and Danker-Hopfe 1991).

Most of the forensic literature posits distinct subpopulations in HW proportions. In that case, comparison of Equations
4.4 with Equations 4.3 shows that fi;; and fi;; are given by

8; = Vi/[pll -p)l (4.6a)

Copyright © National Academy of Sciences. All rights reserved.
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POPULATION GENETICS 103

Because variances are always greater than or equal to zero, we now have fi; > 0. However, &; can be either positive or
negative, although its average value is positive, because the average value of the covariance is negative.
Now § becomes
§ = i—f _ bhp—hs F
- - ST9

- ke 4.7)

which must be nonnegative. The symbols FST (Wright 1951), GST (Nei 1973, 1977), and # (Cockerham 1969, 1973;
Weir 1990) have very similar meanings and for our purposes can be regarded as interchangeable (Chakrabortv and Danker-
Hopfe 1991). According to Equation 4.7, if the subpopulations are distinct and in HW proportions, then B = Fq..

Table 4.5 shows that the frequencies in the four populations are quite similar. Furthermore, the values agree well with
those from the United States in Table 4.4. The value of § is about 0.0015, as shown in Box 4.2.

We chose European populations in the example because they are likely to differ more than the US subpopulations
descended from those European countries. The original differences are diminished in the United States by mixing with other
groups, so we would expect § calculated for white populations in the United States to be smaller than & calculated for
European and Canadian populations.

We can use Tables 4.4 and 4.5 for another comparison. Treating the composite European and Canadian populations as
one randomly mating subpopulation and the US population as the other, & turns out to be 0.0004. These are, of course.
estimates for particular databases, and the estimate is subject to random fluctuation.

If mating is random in each subpopulation, then § in Equation 4.7 depends only on the allelic (rather than the genotypic)
frequencies. In that case, § can be

BOX 4.2. CALCULATING AN EXAMPLE

From Equation 4.7, we have @ = (f; - fr)/(1 - f1). Positing local random mating, we obtain the expected
homozygote frequencies by squaring each allele frequency in Table 4.5 for each population. The four
values are then averaged using weights proportional to the sizes of the databases to give fs. Then fT is
calculated as the sum if the squares of the allele. frequencies for the pooled data. We obtain f; = 0.0759
and fr = 0.0745, so § = (0.0759 - 0.0745)/(1 - 0.0745) = 0.0015.

A glance at Equation 4.7 tells us that § cannot be large if f; and f; are small, as they must be for loci
with a large number of alleles, each of low frequency.

Copyright © National Academy of Sciences. All rights reserved.
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POPULATION GENETICS 104

estimated more accurately, because allele frequencies are subject to smaller sampling fluctuations than are genotype
frequencies. There are several statistical methods for estimating @ from sample allele frequencies. They vary with the
assumptions made and the accuracy desired, but the estimates are very close to one another (Weir and Cockerham 1984; Nei
1987; Chakraborty and Danker-Hopfe 1991).

TAKING POPULATION STRUCTURE INTO ACCOUNT

In the early days of DNA population analysis, there appeared to be a clear excess of homozygotes and a deficiency of
heterozygotes (Lander 1989; Cohen 1990). The excess was so large as to suggest a high degree of population stratification;
Lander described it as "spectacular deviations from Hardy-Weinberg equilibrium." The large deviations, however, turned out
to be an artifact, a limitation of the laboratory method (Devlin et al. 1990). As discussed in Chapter 2, a single VNTR band
does not necessarily indicate a homozygous person. It might arise because a second band is obscured for some reason. When
that was taken into account, the excess homozygosity disappeared, and a number of studies have since confirmed that the
database populations are very close to HW proportions (e.g., Chakraborty 1991; Chakraborty et al. 1992; Devlin et al. 1992;
Risch and Devlin 1992; Weir 1992b,c). It is also illustrated by our numerical examples. Yet, the US population is not exactly
in HW proportions. In a large-enough sample, the departure from HW could surely be demonstrated. As emphasized before
(NRC 1992), the power of standard methods to detect a statistically significant deviation is very small; very large samples are
required. But there are stronger methods that test the level of heterozygosity per se, and we have used one earlier (See
Footnote 2).

To restate: Our approach is not to assume HW proportions, but to use procedures that take deviations from HW into
account. To do that, we return to discussions of population structure as measured by §.

If we assume the population to be subdivided, there are two options. One is to use § empirically. The second is to
estimate neither § nor the individual values of %; j» but to take advantage of the fact that for practical purposes they can be
assumed to be positive.

The first option is to measure § empirically and substitute it for #; in Equations 4.4. For US white, black, and Hispanic
populations in the FBI databases, the value of @ is usually less than 0.01—often considerably less (Weir 1994). We
illustrated that for D2S44 earlier in this chapter. In particular, the value for whites is estimated (from data obtained from
Lifecodes, a commercial DNA laboratory) as 0.002, for blacks 0.007, and for Hispanics 0.009 (Roeder et al. 1995). So
deviations of individual subpopulations from HW are likely to be minor.

However, for VNTRs we recommend that instead of estimating f;; and applying Equations 4.4, no adjustment be made
for heterozygotes and that the

Copyright © National Academy of Sciences. All rights reserved.
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more conservative "2p rule" be used for homozygotes. This rule is explained and justified as follows.

We assume only that @ is positive for all pairs of alleles. We know that for heterozygotes the HW calculation is
generally an overestimate, because from Equation 4.4b the true value includes {1 = #;}. The assumption of HW proportions
always gives overestimates of heterozygotes when B, = O Therefore, even if we do not know the actual value of each 8, we
can obtain conservative estimates of match probabilities for all heterozygotes by assuming HW proportions. Negative
estimates of #;; are observed for some data, but these are usually very close to zero and are almost certainly the consequence
of sampling errors. In any case, they are usually so small (and thus 1 =8 is so close to one) as to have little effect on the
calculations.

That is not the case with homozygotes, as is clear from Equation 4.4a, because with small allele frequencies, a small
value of #, can introduce a large change in the genotype frequency. However, we can obtain conservative estimates of match
probabilities for homozygotes by using the 2p rule. Single bands can be from either homozygotes or heterozygotes in which
the second allele has been missed. It has been suggested that a single band at allele Ai be assigned a frequency of 2p;
(Budowle, Giusti, et al. 1991; Chakraborty et al. 1992; NRC 1992). That has been criticized for being too conservative
because it includes in the frequency estimate several heterozygotes that can usually be ruled out. But an exact correction is
not feasible in most cases, because the nature of the missing band is uncertain.

We can make a virtue of the suggested procedure. It can be shown® that if 2p; is assigned to the frequency of a single
band at the position of allele A;, then this simple formula gives an estimate that is necessarily larger than the true frequency.
The upper bound always holds, but it is necessary only if some single bands represent heterozygotes. We emphasize that the
2p rule is intended only for loci, such as VNTRs, in which alleles are rare and single bands may be ambiguous.

9 Let X and Y stand for the maternal and paternal alleles at the A locus. A single band at the position of allele A; can be
either an A;A;, homozygote or a heterozygote with one of the alleles being A;. Thus, we want the probability that at least one
allele is A;:

PIX = Aar¥ = Al =PN=A)+ PY = A)-PX = Aand ¥ = A)

= Ip—P, = Ip.

For an alternative proof, using standard population genetics methods, note that the probability on the left-hand side of the
first equation is equal to

P+ X P = z[|-1.+l1 zp.,) R

as above. Clearly, the rule is very conservative because the summation includes a large number of heterozygotes that
would be detected as double bands.

Copyright © National Academy of Sciences. All rights reserved.
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We arrive at a simple procedure for obtaining a conservative estimate, that is, one that generally underestimates the
weight of the evidence against a defendant: Assign the frequency 2p; to each single band and 2pip; to each double band. In
arriving at this important conclusion we have made only one assumption: that % {1 # j} is positive. Then the HW rule is
conservative, because in a structured population, heterozygote frequencies are overestimated and, with this adjustment, so are
homozygote frequencies.

Empirical data show that with VNTRs departures from HW proportions are small enough for the HW assumption to be
sufficiently accurate for forensic purposes. For example, a #§ -value of 0.01, larger than most estimates, would lead to an error
in genotype estimates of about 1%. Nevertheless, to be conservative, we recommend that the HW principle, with the value
2p;, for a single band at allele A;, be used.

MULTIPLE LOCI AND LINKAGE EQUILIBRIUM

With random mating (and in the absence of selection), the population approaches a state in which the frequency of a
multilocus genotype is the product of the genotype frequencies at the separate loci. When the population has arrived at such a
state, it is said to be in linkage equilibrium (LE). That is a misnomer, in that the principle applies also to loci that are
unlinked, as on nonhomologous chromosomes, but we shall adhere to this time-honored convention.

There is, however, an important difference between HW proportions and LE. Whereas, as mentioned earlier, HW
proportions are attained in a single generation of random mating, LE is attained only gradually. For pairs of unlinked loci, the
departure from LE is halved each generation. Thus, the departure from LE is reduced to 1/2, 1/4, 1/8, . . . of its original value
in successive generations. For sets of three or more unlinked loci, the asymptotic rate of approach to LE is still 50% per
generation (Nagylaki 1993, p 634 and references therein), so a few generations of random mating bring the population very
close to LE, but it does not happen in a single generation.

Loci need not be on nonhomologous chromosomes to attain LE, although loci on the same chromosome approach LE
more slowly than those on different chromosomes. For a pair of loci, the departure from LE is reduced to (1-r), (1 -r)%, (I-r)
3, ... of its initial value in successive generations, where r is the rate of recombination between the two loci. For example,
DIS80 and D1S7 are both in the same chromosome arm, yet they do not exhibit a statistically significant departure from LE
between them (Budowle, Baechtel, et al. 1995). Most forensic applications, however, use loci that are on nonhomologous
chromosomes (for which r = 0.5).

The consequence of the gradual approach to equilibrium is that allele combinations that were together in an ancestral
population might carry over into contemporary descendants. The mixing process that takes place because of migration

Copyright © National Academy of Sciences. All rights reserved.
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and intermarriage generally reduces deviations from linkage equilibrium more slowly than it does deviations from HW
proportions.'?

Another important difference between HW and LE is that whereas a population broken into subgroups has a systematic
bias in favor of homozygosity, departures from LE increase some associations and decrease others in about equal degrees.
Although there might be linkage disequilibrium, we would expect some canceling of opposite effects.!! The important point,
however, is not the canceling but the small amount of linkage disequilibrium (see below). In this case, multiplying together
the frequencies at the several loci will yield roughly the correct answer. An estimated frequency of a composite genotype
based on the product of conservative estimates at the several loci is expected to be conservative for the multilocus genotypes.

How Much Departure from LE is Expected?

The main cause of linkage disequilibrium for forensic markers is incomplete mixing of different ancestral populations.
We can get an idea of the extent of this in the US white population by asking what would happen in a mixed population
derived from two different European countries. There are abundant VNTR data from Switzerland and Spain, so we shall use
them for illustration (FBI 1993b).

We shall illustrate this with a particular pair of alleles, one at each of two loci. In each European population, let Pj¢ stand
for the frequency of bin 16 at locus D10S28, q;5 for that of bin 13 at locus D2S44, and P for that of the 16-13 gamete. In each
European population, under the assumption of LE, the proportion of gametes with alleles 16 and 13 is pi¢q;3 = P. In the first-
generation mixed population, under the assumption of an equal number of migrants from each parent population, the values
of pis> qi3, and P will be the average of the corresponding parental values. i i and P. The linkage disequilibrium, the
difference between P and Pis Qu3, is halved each generation, and finally P = Pis{i1. Although P changes each generation,
Pie Qs does not, since the allele frequencies remain constant. The numerical values are shown in Table 4.6.

The initial linkage disequilibrium is such that P is about 4% greater than its value at LE, but this is reduced to less than
1% by the third generation. These alleles are typical of those in the data set. A more extreme difference is found between bin
25 in D10S38 and Bin 20 in D2S44. In this case, the initial value of P is about 25% less than expected, and the difference is
reduced to about 3%

10 With partial mixing, the rate of approach to HW depends on the rate of mixing; for LE. it depends on both the mixing
and crossover rates (Nei and Li 1973). For loose linkage, the two rates might be about the same.

I With two or more loci and linkage, multiple homozygotes might be slightly increased in frequency (Haldane 1949).
However, the increase is very slight.

Copyright © National Academy of Sciences. All rights reserved.
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POPULATION GENETICS 108

by the fourth generation. Four is probably not far from the average number of generations since ancestral migration from
Europe.

TABLE 4.6 The Approach to LE in a Mixed Populationa

Pi6 913 Pied13 p Difference”

Swiss 0.030 0.073 0.00219 0.00219 0

Spanish 0.051 0.098 0.00500 0.00500 0
Generation - _ o — Difference

Pie q Pos Qs F

1 0.0405 0.0855 0.00346 0.00360 0.000140
2 . . . 0.00353 0.000070
3 0.00350 0.000035
4 0.00348 0.000018
5 . . . 0.00347 0.000009
Equilibrium _ 0.0405 0.0855 0.00346 0.00346 0

2 The population starts with an equal mixture of persons from Spain and Switzerland and mates at random thereafter. The fraction p16 is
the frequency of bin 16 at locus D10S28 and q3 is that of bin 13 at locus D2S44. Data from FBI (1993b, p 467, 468, 526, 527).
b Difference = P - pigqi3

Many more examples could be chosen, but the general conclusion is that departures from LE are not likely to be large, a
few percent at most. The cause of uncertainty in using population averages as a substitute for local data is mainly allele-
frequency differences between subpopulations, not departures from HW and LE in each subpopulation.

What Do the VNTR Data Show?

Several authors report agreement with LE or only slight departures from it (Chakraborty and Kidd 1991; Weir 1992a,b,
1993b; Chakraborty 1993). An early study of multiple loci (Risch and Devlin 1992) made use of databases from the FBI and
Lifecodes. Risch and Devlin calculated the expected proportion of two-locus matches as the product of the match
probabilities at the component loci. From 2,701,834 pairs of profiles in the FBI data involving blacks, whites, eastern
Hispanics, and western Hispanics, they calculated an expected total of 95.3 two-locus matches, whereas 104 were observed—
not a statistically significant difference.'?> Only one three-locus match was found among 7,628,360 pairs of

12 The number 2,701,834 was obtained as follows. In the black database, there were 342 persons in whom alleles at the D1
and D2 loci were recorded; the number of pairs is (342)(341)/2 = 58.31 . There were 350 in whom D1 and D4 were recorded,
yielding (350)(349)/2 = 61,075. Continuing through five loci within each of the four groups, the totals are 2,701,834 and 104
two-locus matches, for a rate of 3.8 x 10 5. When persons from different groups were chosen, there were 7,064,26

Copyright © National Academy of Sciences. All rights reserved.
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profiles; curiously, it was between a white and an eastern Hispanic. There were no four- or five-locus matches (see also
Herrin 1993).

If there is no important departure from independence for two loci, it is unlikely that there will be any for larger numbers
of loci, but let us nonetheless look at it empirically. To test beyond two loci, it is necessary to use a system in which matches
are much more frequent. Lifecodes uses a different enzyme (Pst I) that produces larger fragments, which leads to higher allele
frequencies. That made possible a test of three-locus matches in the white population. Whereas 404 were expected, 416 were
observed (Risch and Devlin 1992). We conclude that in the large databases of the major races, the populations are quite close
to HW and LE."

That assertion has been questioned by some geneticists. The questions have often not been accompanied by data, but in
one exception, a paper that has been frequently quoted in the literature and in court cases, Krane et al. (1992) reported a
statistically significant difference in allele frequency between persons of Finnish and Italian ancestry. Subsequent analysis
has removed much, but not all, of the discrepancy. '4

Geisser and Johnson (1992, 1993) analyzed their data in a way that is different from the usual one, dividing the alleles
into quantiles of equal frequency. Their analysis showed statistically significant departures from random proportions. Others
fail to find this from comparable data sets (Devlin and Risch 1992; Weir 1993b). The cause of this difference might be the
identification of single bands

pairs and 176 matches, for a rate of 2.5 x 103. As expected, the matching frequency is higher within groups, but it is not
much higher; the allele frequencies do not differ greatly, even between groups. As has often been emphasized by population
geneticists, most of the variability is between persons within groups, not between groups.

13 Tt has been suggested more than once (e.g., Sullivan 1992) that the FBI sample has been edited and that five-locus
matches have been removed. The explanation lies in the inadvertent inclusion of the same person in more than one sample.
Almost all such cases were accounted for either by examination of the record or by testing additional loci. Furthermore, the
fact that there was only one three-locus match and no four-locus match argues against the reality of any seeming five-locus
matches. In a larger study of the TWGDAM database (see below), there were no five-locus matches and only two four-locus
matches when six loci were compared. Another example that has been mentioned as evidence of multilocus matches is a
highly inbred group, the Karitiana, in the Amazon. See Kidd et al. (1993) for a discussion of the lack of relevance of this
example to populations in the United States.

14 Part of the difference lay in simple errors in transcribing data, and another part is attributable to resampling the same
persons from small populations (Devlin, Krontiris, et al. 1993). Krane et al. (1992) also emphasized a greater frequency of
three-locus matches than that given by the FBI data. But that is to be expected, as it was in the Lifecodes data set; so,
although there remains evidence of substructure, the amount is considerably smaller than originally reported. A later study of
Finnish and Italian populations showed no such differences (Budowle, Monson, and Giusti 1994), and agreed with data from
other populations in various parts of the world (Herrin 1993). But we should note that there are differences among subgroups
that would be statistically significant in large samples, but which might be too small to be important.

Copyright © National Academy of Sciences. All rights reserved.
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with homozygotes, and we are persuaded by the careful analyses of large data sets by others that the departures are not large
enough to invalidate the product rule (with the 2p rule—see below). It has also been argued that there should be a separate
database for each region of the United States. The failure to find important departures make that less important than it would
have seemed before the large amounts of data were acquired. Unless local variability is much larger than the data indicate, the
loss of information from statistical uncertainties in small samples is likely to outweigh any gain from having local databases.

Regardless of whether the population is exactly in LE, the rarity of multilocus matches is evident even in large data
bases. As mentioned earlier, Risch and Devlin (1992) found no four- or five-locus matches among 7,628,360 pairs of profiles.
The much larger composite database recorded by TWGDAM (Chakraborty, personal communication) comprises 7,201
whites, 4,378 blacks, and 1,243 Hispanics. Among 58 million pairwise comparisons with four, five, or six loci within racial
groups, two matches were found for four loci and none for five or six. The matching pairs did not match for the other two loci
tested, so this is not a case of DNA from the same person appearing twice in the database. These pairs were necessarily run
on different gels, so the precision may have been less than if they had been run on the same gel, and there might have been
close relatives in the databases. Nevertheless, the general conclusion is that four-locus matches are extremely rare and five-
and six-locus matches have not been seen in these very large databases.

Finally, we can examine conformity to LE in this very large data set accumulated by TWGDAM (Chakraborty, personal
communication). The numbers, especially in the white population, are large enough to provide a sensitive test for departure
from LE. The data are shown in Table 4.7. The expected number of two- and three-locus matches were calculated from the
observed proportion of single-locus matches, assuming LE. As can be seen, when the numbers are large enough for statistical
errors to be small, the departures are very small.

TABLE 4.7 Observed and Expected Numbers of 2- and 3-Locus Matches in the TWGDAM Data Set.a

Two Loci Three Loci

Expected Observed Expected Observed
White 33,013 33,131 321 291
Black 5,137 5,246 35 39
Hispanic 1,568 1,609 18 25
Indian 1,964 2,320 32 66
East Asian 830 864 6 13

2 The calculations were made from data supplied by R. Chakraborty.

Copyright © National Academy of Sciences. All rights reserved.
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The deviation from expected is 0.4% in whites and 2.1% in blacks. These results reinforce the conclusions of Risch and
Devlin that VNTR loci are very close to LE. Only in the American Indian population is there an appreciable departure from
randomness. That is expected because of the heterogeneous tribal structure.

With LE, we can proceed as follows. If the proportions of alleles A; and A; at the A locus are p; and p; and the
proportions of By, and By at the B locus are gy and gy, the proportion of the composite genotype A;A; BBy is (2pip;)(2qnqy)
and of AjA; BBy is(2p;pj)(qx 2), or (2pip;)(2qy) with the 2p rule, and so on for more than two loci.

Table 4.4 gives examples of VNTR allele (bin) frequencies (Budowle et al. 1991). If A stands for locus D2S44 and B for
D17S79 and subscripted bin numbers designate alleles, the probability of genotype A;A;; B;B, is [2(0.046)(0.083)][2(0.224)
(0.032)] = 0.00011, or 1/9,135. If the A locus had a single band at A5, the probability would be calculated conservatively with
the 2p rule as [2(0.046)][2(0.224)(0.032)] = 0.00132, or 1/758. It is not surprising that, even with the 2p rule, the calculated
probabilities become very small when four or five loci are tested.

Recently, more VNTR loci have been added. The FBI now has a total of seven and some states use eight. If, at each
locus, every allele frequency in the profile equaled 0.1 and eight loci were heterozygous, the probability of the profile would
be [2(0.1)(0.1)]® = 2.6 X 10-'*, about equal to the reciprocal of 7,700 times the world population. If the population consisted
of cousins, with F = 1/16, the probability (see Equation 4.8b) would be 6.6 x 10°'2, about the reciprocal of 30 times the world
population.

Calculations like those, assuming HW within each locus and LE between loci, illustrate what is called the product rule
(NRC 1992). As just stated, when the 2p rule is used for a single band at locus A; and 2p;p; for a double band at alleles A; and
A, the calculation is conservative (that is, it generally overestimates the true probability) within loci. Because there is no
systematic effect of population structure on the direction of departure from LE and the empirical data show only small
departures, we believe it reasonable to regard the product rule with the 2p rule as conservative.

Here is an illustration. Consider the white population frequencies in Table 4.8. Suppose that we have an evidence
genotype Ag-BgB4C o Ci3 DoDg, the dash indicating a single band at allele A4. The calculation is

[2(0.035)][2(0.029)(0.068)]1[2(0.072)(0.131)][2(0.047)(0.065)] = 3.182 x 108 1/31 million.

With four or more loci, match probabilities for VNTR loci are usually quite small, as this example illustrates.

How much do racial groups differ? Table 4.8 gives bin frequencies for white, black, and Hispanic populations in the
United States for four VNTR loci. Suppose that we have an evidence genotype as above. The probability that a randomly
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chosen person from the white population matches this genotype is one in 31 million, in the black population one in 17
million, and in the Hispanic population one in 12 million. The three estimates are within about a factor of 3. Of course, other
examples might differ more or less than this one.

TABLE 4.8 Bin (Allele) Frequencies of Two VNTR Alleles for Four Loci in Three US Populationsa

Locus Bin White Black Hispanic
A.D2S44 6 0.035 0.092 0.105
11 0.083 0.047 0.018
Number (2N) 1,584 950 600
B.D1S7 8 0.029 0.035 0.031
14 0.068 0.063 0.056
Number (2N) 1,190 718 610
C. D4S139 10 0.072 0.066 0.106
13 0.131 0.103 0.101
Number (2N) 1,188 896 622
D. D10S28 9 0.047 0.076 0.046
16 0.065 0.036 0.059
Number (2N) 858 576 460

2 The bins are designated by number (see Table 4.3). N is the number of persons, and 2N is the number of genes in the database. Data
from Budowle et al. (1991). The Hispanic sample is from the southeastern United States.

We emphasize that, although the product rule with the 2p rule provides a good, if conservative, average estimate, there is
uncertainty about individual calculations. That can arise from uncertainties about allele frequencies in the database and from
the inappropriateness of the product rule in individual cases. We need some estimate of how far off the calculations in a given
case might be. Although small amounts of linkage disequilibrium do not introduce an important systematic bias, they can
increase the variability, and therefore the uncertainty, of the estimate. More importantly, however, allele frequencies can
differ among subpopulations; although these largely cancel out in the average, the calculations might be inaccurate for a
particular person who belongs to a subgroup with frequencies differing from the population average.

Our approach to dealing with such uncertainty is to look at empirical data, as we do in Chapter 5. But, to anticipate the
results of the analysis in Chapter 5, the profile frequencies calculated from adequate databases (at least several hundred
persons) by our procedures are, we believe, correct within a factor of about 10-fold in either direction.
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RELATIVES

It is possible that one or more near-relatives of a suspect are included in the pool of possible perpetrators. That has been
discussed by several writers (Lempert 1991, 1993; Evett 1992; Balding and Donnelly 1994a; Balding, Donnelly, and Nichols
1994). The most likely possibility of a relative unknown to the suspect is a paternal half-sibling—a person with the same
father and a different mother. Because one or a few relatives in a large population will have only a very slight effect on match
probability, we believe that the importance of unknown relatives has been exaggerated. However, there might be other, good
reasons to suspect a relative, known or unknown.

If there is evidence against one or more relatives of a suspect, the DNA profiles of such relatives should be obtained
whenever feasible. Furthermore. when the pool of possible suspects includes known relatives, determining their profiles
might well eliminate them from consideration.

If a suspected relative cannot be profiled, we would want to know the conditional probability that the relative has a
particular genotype, given that the suspect is of this type (Weir and Hill 1993). For noninbred unilineal relatives (relatives
who have at most one gene identical by descent at a locus), the formulae can be expressed in terms of the kinship coefficient,
F. They are as follows:

Genotype of suspect Probability of same genotype in a relative
Homozygote: AjA; pi2 + 4pi(1 - p)F, (4.8a)
Heterozygote: A;A; 2p; + p; + 2(p; + pi - 4pipF. (4.8b)

For parent and offspring, F = 1/4; for half-siblings, 1/8; for uncle and nephew, 1/8; for first cousins, 1/16. Other values
are easily calculated from Wright's (1951) algorithm.
Full siblings, being bilineal rather than unilineal, require different formulae:

AA (1 + 2p + plid, (4.9a)

AA: (1 +p +p + 2ppia (4.9b)

A few other bilineal relatives occur, such as double first cousins, but they are not common. Equations 4.8 and 4.9
depend on the assumption that the population is in HW proportions.

Since VNTR and other forensic loci are unlinked and appear to be close to LE, the conditional probability of a
multilocus genotype in a relative is the product of the pertinent single-locus conditional probabilities.

PERSONS FROM THE SAME SUBPOPULATION

In the great majority of cases, very little is known about the person who left the DNA evidence, and the procedures so
far discussed are appropriate. It might
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be known that the DNA came from a white person, in which case the white database is appropriate. If the race is not known
or if the population is of racially mixed ancestry, the calculations can be made with each of the appropriate databases and
these presented to the court. Alternatively, if a single number is preferred, one might present the calculations for the major
racial group that gives the largest probability of a match. Similar procedures can be used for persons of mixed ancestry.

If it is known that the contributor of the evidence DNA and the suspect are from the same subpopulation and there are
data for that subpopulation, this is clearly the set of frequencies to use to obtain the most accurate estimate of the genotype
frequency in the set of possible perpetrators of the crime. Of course, the database should be large enough to be statistically
reliable (at least several hundred persons), and rare alleles should be rebinned (see Chapter 5) so that no allele has a
frequency less than five. The product rule is appropriate, in that departures from random mating within a subgroup are not
likely to be important (and, as mentioned above, this is supported empirically). The use of the 2p rule makes the product rule
conservative.

Some have argued that even if there is no direct evidence, it should be assumed for calculation purposes that the person
contributing the evidence and the suspect are from the same subgroup (Balding and Nichols 1994). Even though it is not
known to which subpopulation both persons belong, Balding and Nichols assume that the two are likely to be more similar
than if they were chosen randomly from the population at large. In our view, that is unnecessarily conservative, and we prefer
to make this assumption only when there is good reason to think it appropriate—for example, if the suspect and all the
possible perpetrators are from the same small, isolated town. Most of the time, we believe, the subgroup of the suspect is
irrelevant.

To continue with the assumption that the person contributing the evidence and the suspect are from the same subgroup,
an appropriate procedure is to write the conditional probability of the suspect genotype, given that of the perpetrator. As
before, we measure the degree of population subdivision by @, although a single parameter f is not sufficient to describe the
situation exactly. A number of formulae have been proposed to deal with this (Morton 1992; Crow and Denniston 1993;
Balding and Nichols 1994, 1995; Roeder 1994; Weir 1994). They depend on different assumptions and methods of derivation
but agree very closely for realistic values of § and p.!> The simplest of the more accurate formulae is due to Balding and
Nichols (1994, 1995):

[28+ (1 —Bp )38+ (1 —fip) (4.10 a)

Homozygote: PIAA|AA) = T80 +20)

15 Deriving a formula for these conditional probabilities requires some assumption about the population structure. Some
models that have been used are a pure random-drift model, a mutation-drift, infinite-allele model, or a mathematically
identical migration-drift infinite-allele model; or
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2[6+ (1 —f)p i+l =fpl
(1+80 +28) '

Heterozygote: PIAAJAA) = (4.10b)

Nothing in population-genetics theory tells us that #; should be independent of genotype. In fact, there is likely to be a
different B for each pair of alleles A; and A;. Since individual genotypes are usually rare, these values are inaccurately
measured and ordinarily unknown. The best procedure is to use a conservative value of § in Equations 4.10, knowing that the
true individual values are likely to be smaller. Balding and Nichols (1994) extend Equations 4.10 to account for undetected
bands. They also give an upper limit for homozygotes, analogous to the 2p rule. Their upper bound on the conditional
probability is 2(8 + (1 —8ip,). We believe, however, that because Equation 4.10a is already conservative, this rule is
usually unnecessary.

The value of @ has been estimated for several populations. As mentioned above, typical values for white and black
populations are less than 0.01, usually about 0.002. Values for Hispanics are slightly higher, as expected because of the
greater heterogeneity of this group, defined as it is mainly by linguistic criteria.

Table 4.9 gives numerical examples of calculations for three racial groups. using the data of Table 4.8. Two alternative
assumptions are made: that the evidence profile is heterozygous (there are two clear bands) at all four loci, and that locus A
has a single band at allele Ag. In this example, the three racial groups are very similar; if all are heterozygous or if the 2p rule
is used for homozygotes, they are within a factor of 3. That will not always be true. If one locus is single-banded, the 2p rule
makes a substantial difference in the calculation. With four multiallelic loci, such as VNTRs, most four-locus profiles will be
heterozygous at all loci. (For example, if the heterozygosity per locus is 0.93, as it is for D2S44, the probability that all four
loci will be heterozygous is about 0.75.)

If all loci are heterozygous, then assuming that the evidence DNA and the DNA from the suspect came from the same
subpopulation, using Equations 4.10 has a fairly small effect on the calculations when § = {.{}]. However, using a value of
f = (.03 decreases the likelihood ratio (increases the match probability—see Chapter 5) by a factor of 10. If the A locus is
homozygous, then Equation 4.1 a with the 2p rule is more conservative than Equation 4.10a with & = .01 and very close to
Formula 4.10a with § = 0.03.

various statistical assumptions concerning the distribution of allele frequencies among the subpopulations. A more
appropriate model would be a stepwise-mutation theory because VNTR lengths tend to change by small steps, but that has
not been worked out. Even that would not be completely satisfactory unless one also takes migration, which may be more
important than mutation, into account. When § is small (< 0.02), the formulae derived from different models agree closely.
Although the specific models are highly idealized, when different assumptions lead to similar results, it increases our
confidence in the final formulae. The formulae given are from Balding and Nichols (1994), and were chosen because they are
both simple to evaluate and accurate.

Copyright © National Academy of Sciences. All rights reserved.
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TABLE 4.9 Likelihood Ratio (Reciprocal of Match Probability) for Four-Locus Profiles in Three Populations Calculated by
Various Formulae a

White Black Hispanic
Equations 4.1
All loci heterozygous 3.79x 108 352x10%8 6.56x 108
A-locus homozygous 1.80x 10° 3.60x 108 2.25x 108
A-locus single band, 2p rule 3.14x 107 1.66x107 1.18x 107
Equations 4.10,
B =001
All loci heterozygous 1.20x 108 1.16x10®8  1.74x 108
A-locus homozygous 2.80x 108  987x107 6.63x107
Equations 4.10,
=003
All loci heterozygous 204x107  2.06x107 2.53x 107
A locus homozygous 248x 107 1.39x 107  1.02x 107
All Races
Interim Ceiling Principle
All loci heterozygous 2.68 x 109
A-locus single-band, 2p rule 2.68 x 10°

2 The data are from Table 4.8. The evidence profile is either (1) all loci heterozygous, AgA;; BgB14 C1oCi3 DDy, or (2) A-locus single-
banded, Ag-. All calculations use the product rule.

For urban populations, 0.01 is a conservative value. A higher value—say, 0.03—could be used for isolated villages.!®

The table also gives calculations based on the interim ceiling principle (using 1.645 instead of the value 1.96 cited in
NRC 1992—see Chapter 5 ). As will be explained in Chapter 5, we believe that the ceiling principles are unnecessary. We
give the calculation for illustration only.

PCR-BASED SYSTEMS

As described in Chapter 2, other systems are coming into greater use. Most of them are based on PCR, require much
smaller amounts of DNA, and have the additional advantage that the exact allele can usually be determined, so the

16 Empirical estimates of f, essentially the same as Fgr and Ggr, are found throughout the population-genetics literature.
An extensive compilation is given by Cavalli-Sforza et al. (1994). The values in the compilation are sometimes considerably
higher than the values that we use. There are two reasons: The Cavalli-Sforza comparisons are often between major groups,
and many of the comparisons are for blood groups and similar polymorphisms, which have much lower mutation rates than
VNTRs and are often subject to selection. Selection can differ in different populations; for example, selection for malaria-
resistance genes is strong in hot, wet areas. We regard the empirical estimates of @ from VNTRs, made either from
comparison of homozygote and heterozygote frequencies (when the interpretation of single bands is not a substantial
problem) or directly by comparisons among groups, as being a much better guide for forensic calculations.

Copyright © National Academy of Sciences. All rights reserved.
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POPULATION GENETICS 117

complications of matching and binning are eliminated. That is true for mitochondrial DNA, DQA, and other markers such as
STRs.

The newer systems have not had the large amount of population study that VNTRs have had. The databases are smaller,
but the studies that have been done show the same agreement with HW and LE that VNTRs do (Herrin et al. 1994; Budowle,
Baechtel, et al. 1995; Budowle, Lindsay, et al. 1995). STRs and some of the other loci share the property of VNTRs of not
producing a protein product or having any known selectable function. Their chromosomal positions are known, and they can
be chosen so that no two are linked. It should be relatively easy to get more population data, because it is not necessary to
find the people; DNA samples for large populations already exist.

The previously mentioned advantages of STRs and other new methods (exact genotype determination, fast turnaround,
lower cost, and small DNA-sample requirements) are such that the use of these methods will continue to increase. We also
expect that population data will continue to accumulate and that tests, particularly of HW and LE, will continue to be carried
out; and thus, the new methods will soon be on the same solid footing as VNTRs. Meanwhile, the similarity of some of these
loci to VNTR loci and results of studies already done offer evidence that the methods given here will provide to the degree of
accuracy required for forensic use.

A locus that is being increasingly used is D1S80. It is also a length variant, but unlike VNTRs, the size of the DNA
fragment is small enough to permit PCR analysis. The locus consists of 16-base units, each of which is repeated from 14 to
41 times. It has been validated, both for robustness to environmental insults and for agreement with HW proportions
(Sajantila et al. 1992; Budowle, Baechtel, et al. 1995; Cosso and Reynolds 1995).

STR loci appear to be particularly appropriate for forensic use. Like VNTRs, they can be chosen to be in noncoding
regions and therefore can be expected to be selectively neutral. Also, they have many alleles, and there are potentially a very
large number of loci. Unlike VNTRs, they can be amplified with PCR, and the individual alleles are identifiable.

Table 4.10 compares VNTR loci with two PCR-based systems, STR and Polymarker.!” The total gene diversity is the
proportion of heterozygotes that would exist if the entire population were in random-mating proportions. In the table, the
gene diversity within subpopulations is given as a fraction of this total

17 The six STR loci represent seven populations from three races, grouped as follows (subgroups within races are in
parentheses: east Asians (Chinese, Japanese, Houston Asians), whites (German. Houston), and blacks (Nigeria, Houston).
The Polymarker data come from 12 populations from five races: Eskimos (Barrow, Bethel), whites (two US samples, Swiss),
blacks (two US samples), Hispanics (three US samples), and east Asians (Chinese, Japanese). Polymarker designations are:
DQA (part of the HLA region); LDLR (low density lipoprotein receptor); GYPA (glycophorin A, the MN blood group),
HBGG (hemoglobin G gamma globin), D7S8 (a marker of unknown function on chromosome seven), and GC (group specific
component).

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/5141.html

POPULATION GENETICS 118

(a), as are the increments added by subpopulation differences (b) and racial differences (c). As these figures emphasize, for
VNTRs, almost all the variability is between individuals within subgroups. Although these proportions, based on limited data
sets, suggest that (b) and (c) are approximately the same, in general the divergence between races is larger than that between
subgroups within a race (Latter 1980; Chakraborty and Kidd 1991; Devlin and Risch 1992; Devlin, Risch and Roeder 1993,
1994).

TABLE 4.10 Comparison of VNTR, STR, and Polymarker Systemsa

Gene Diversity

Proportion

Locus No. of Repeat Total (a) (b) (c)

Alleles Size
VNTR loci <31 bins
D1S7 9 0.9470 0.995 0.005 0.001
D2S44 31 0.9342 0.985 0.007 0.009
D4S139 32 0.9103 0.989 0.005 0.006
D10S28 33 0.9489 0.990 0.005 0.005
D17S79 38 0.8366 0.971 0.011 0.018
Mean 0.9154 0.986 0.006 0.008
STR loci
CSFIR 10 4 0.751 0.987 0.005 0.008
THO1 8 4 0.781 0.905 0.011 0.084
PLA2A 9 3 0.814 0.945 0.004 0.051
F13A1 14 4 0.798 0.902 0.006 0.092
CYPI19 10 4 0.723 0.947 0.007 0.046
LPL 7 4 0.656 0.956 0.006 0.038
Mean 0.708 0.939 0.007 0.054
Polymarker loci plus DQA
DQAI 6 0.788 0.948 0.009 0.043
LDLR 2 0.483 0.914 0.004 0.082
GYPA 2 0.478 0.971 0.012 0.017
HBGG 3 0.539 0.876 0.003 0.121
D7S8 2 0.475 0.995 0.002 0.003
GC 3 0.654 0.909 0.003 0.088
Mean 0.571 0.934 0.006 0.060

2 (a) Proportion of gene diversity accounted for by between-individual variability within subpopulations; (b) proportion within races
between subpopulations; (c) proportion between races (Chakraborty, Jin, et al. 1995).

The population genetics of the Polymarker loci make these loci less advantageous than VNTRs, for three reasons. First,
the number of alleles is small, and that is reflected in the lower gene diversity; several more loci are required than for
VNTRs. Second, the variability between races is greater. That is particularly
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POPULATION GENETICS 119

true for the loci LDLR, HBGG, and GC, which are all associated with functional genes (Chapter 2). Third, Polymarker loci
have lower mutation rates and are less likely to be selectively neutral than VNTRs and STRs. These factors might cause the
differences between groups.

STRs are intermediate in diversity between VNTRs and Polymarkers, as expected given that they have an intermediate
number of alleles. The allocation of gene diversity to individual versus group and subgroup differences is also intermediate.
Additional data from different STRs in different racial populations are in substantial agreement with the findings presented in
the table (e.g., Bever and Creacy 1995; Meyer et al. 1995). An extensive study of blacks, whites, and Hispanics in Houston
involving 12 STR loci found a mean heterozygosity (diversity) of about 75%, and 97.6% of the genetic diversity was within
racial groups (Edwards et al. 1992; Hammond et al. 1994), in good agreement with the data in Table 4.10.

Compared with VNTRs, STRs have less exclusion power per locus, and Polymarker loci have less than STRs. The
power of exclusion depends strongly on the heterozygosity (see footnote 4). Assuming HW proportions and LE and using the
data in Table 4.10, the probability that two randomly selected individuals would have the same profile is about 10°1? for the
five VNTR loci, about 10" for the six STR loci (using the 12 STRs mentioned in the paragraph above would lower the
probability to about 10712), and about 10 for the six Polymarker loci.

Whereas the total database for VNTRs now numbers in the tens of thousands, the number for the newer systems is still
in the hundreds, but the numbers are increasing rapidly, and the studies are being extended to different populations.

It is quite proper to combine different systems (e.g., VNTRs and STRs) in the product rule, provided, of course, that the
loci are close to LE.

What do we conclude about PCR-based systems? We believe that they are ready to be used along with VNTRs. Newer
data (Chakraborty et al. 1995; Gill and Evett 1995; Promega 1995; Evett, Gill et al. 1996) show low values of . comparable
to those for VNTRs. Within the limitations of the data, there is good agreement with HW and LE. Graphs such as those in
Figures 5.3 and 5.4 show about the same degree of uncertainty as VNTRs. Most STRs are at neutral loci. PCR-based systems
have fewer alleles and hence higher allele frequencies than VNTRs. This means that the value of @ has less influence (see
Equation 4.4a). Yet, mutation rates for PCR loci are generally lower than those for VNTRs, and this might lead one to expect
greater values of .

We conclude that PCR-based systems should be used. A value of 0.01 for f§ would be appropriate. However, in view of
the greater uncertainty of PCR-based markers because of less extensive data than for VNTRs, a more conservative value of
0.03 may be chosen.

A Conservative Rule for PCR Loci

For VNTRs, we used the 2p rule and showed that it was conservative for populations in which the values of 8 are
positive. The rule was originally

Copyright © National Academy of Sciences. All rights reserved.
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POPULATION GENETICS 120

introduced to adjust for uncertainty as to whether a single band is a homozygote or heterozygote. That problem does not arise
with loci at which there is no ambiguity about allele identification. Is there a conservative adjustment for subdivided
populations for such loci that corresponds to the 2p rule? It is simple to choose one:'8 Assign to each homozygote a frequency
p; (rather than p;?). This, however, is unnecessarily conservative.'?

A more accurate but still conservative procedure, and one that we recommend, is to use Equation 4.4a with a
conservative value of f. Since observed values of @ are usually less than 0.01, this value would be appropriate. (In view of
the greater uncertainty of PCR calculations because of less extensive population data than for VNTRs, a more conservative
value of 0.03 might be chosen.) For small, isolated populations, a value of 0.03 is appropriate. This value is intermediate
between those that would be found in populations of first- and of second-cousin matings and is a reasonable upper limit for
what might be expected.

The 2p rule for VNTRs was introduced because single bands may actually come from heterozygotes. If the techniques
are or become good enough that this ambiguity does not exist, then VNTRs should be treated like the PCR-based systems,
and the procedure of the previous paragraph should be applied. Conversely, even in PCR-based systems, it may be desirable
to use the 2p rule if there is uncertainty caused by null alleles. In a well-characterized system, the frequency of null alleles
can often be estimated, and a more accurate correction can then be applied.

DEVELOPMENT OF NEW SYSTEMS

PCR-based systems have several advantages, the most important being that they can be used when source material is
sparse or degraded and a second being that there need not be uncertainties of measurement. But there are also

18 Here are two proofs in the style and notation of Footnote 9. First, we have

P,=PX = AandY = A)= PiX = A) = p,.

Second, note that

1.
p=P+7EP =Pk
as above.
19 The error involved in assuming HW ratios and ignoring subpopulations makes little difference for heterozygotes. From
Equation 4.4b, we see that the frequency is overestimated by a factor /il —#}, or approximately 1 + @& when fi is small.

Furthermore, the error is in the desired direction of conservatism. In contrast, from Equation 4.4a it is seen that the error for
homozygotes can be considerable, and in the wrong direction. For example, if p; = 0.03 and # = (103, assuming HW gives an
estimate of 0.0009. whereas Equation 4.4a gives 0.0018, a two-fold error. But note that this "p rule" is excessively
conservative in assigning a value of 0.03 instead of 0.0018, a 17-fold difference—too conservative, we believe.

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/5141.html

[}
]
3
=
[0
o
©
]
X
®
[}
o
0
()
(o))
©
o
@
o
©=
()]
£
&=
=
(O]
[72]
[}
[oN
>
Z
T
£
=
2
(@]
[}
z
£
£
o
=
=
(]
C
~
o
o
0
.
[0}
Q
®©
o
T
£
=2
2
o
(]
ey
£
£
(]
o
=
©
]
2
®
[
o
o
2]
o
=
—
s
<
£
(]
o
=
©
(]
[72]
o
Q.
€
(]
[&]
[}
o
[
[}
[0}
Keo]
2]
©
°
-
=
o
2
T
£
=2
2
(@]
(]
ey
=
Z
]
C
S
2
©
o
C
(]
(2]
]
o
Q.
[}
Qo
I
=
=2
©
2
[]
[
@
Ny
'_
o)
=
L.
a
o
@
ey
=
=
>
o
Q
<

and other typesetting-specific formatting, however, cannot be retained, and some typographic errors may have been accidentally inserted. Please

to the original; line lengths, word breaks, heading styles

use the print version of this publication as the authoritative version for attribution.

POPULATION GENETICS 121

disadvantages. VNTRs have many alleles, none of which is at a high frequency. Presumably, the high mutation rate accounts
for that and for the small differences in frequencies among subgroups.?’ The VNTRs used for forensics also occur at loci that
have no function and therefore are probably not affected by natural selection. Some of the loci used in PCR-based systems
have only a small number of alleles, and the loci are at functional genes, which means that there is less assurance of HW and
LE. Many more loci are required to produce the same probability levels than are required for VNTRs.

Yet, the statistical uncertainties with VNTRs (discussed in more detail in Chapter 5) make it desirable to bring new loci
into the system. The extensive activity in mapping human genes is leading to the rapid discovery of many more possible
markers, some of which are expected to have the kinds of properties that are desirable for forensic use: high mutation rate,
multiple alleles, lack of function (which increases the probability of neutrality), speed of analysis, low cost, and unambiguous
identification of alleles. We encourage the development and validation of such systems.

INADEQUATE DATABASES

There are situations in which the database is inadequate. The population of possible suspects might be so structured that
no reasonable average allele frequency can be determined, or there might be no basis for estimating fi. Such a situation may
be found among some American Indian tribes, Inuits, or isolated immigrant groups. As databases become more extensive and
varied, such gaps should be filled.

If an inadequate database is encountered, one procedure is to use allele frequencies from other groups. These should be
groups for which the databases are large enough to be reliable, and they should be as closely related to the group in question
as possible. We emphasize that they be closely related to discourage the use of a population, possibly unrelated, solely
because it has a set of frequencies favorable to the position being argued. For the same reason, we believe that the number of
groups examined should be limited. The calculations based on each of the groups, or some sort of average—or if the desire is
for the most conservative estimate, the one that is most favorable to the defendant—can be presented to the court.

20 VNTR systems have a high mutation rate, and mutations usually consist of small changes in the length of the VNTR
segment. These two factors are largely responsible for the large number of alleles, none of which is very common, in VNTR
systems. The resulting high diversity between individuals and small diversity between groups make VNTRs particularly
useful as forensic evidence. Although the mutation rates for STRs are not as high as those for VNTRs, the rates are still much
higher for STRs than for classical loci. A high mutation rate is desirable for forensic identification (although not for paternity
testing).

Copyright © National Academy of Sciences. All rights reserved.
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CONCLUSIONS AND RECOMMENDATIONS

Sufficient data now exist for various groups and subgroups within the United States that analysts should present the best
estimates for profile frequencies. For VNTRs, using the 2p rule for single bands and HW for double bands is generally
conservative for an individual locus. For multiple loci, departures from LE are not great enough to cause errors comparable to
those from uncertainty of allele frequencies estimated from databases.

With appropriate consideration of the data, the principles in this report can be applied to PCR-based systems. For those
in which exact genotypes can be determined, the 2p rule should not be used. A conservative estimate is given by using the
HW relation for heterozygotes and a conservative value of § in place of fi;; in Equation 4.4a for homozygotes.

Recommendation 4.1: In general, the calculation of a profile frequency should be made with the product rule. If
the race of the person who left the evidence-sample DNA is known, the database for the person's race should be used;
if the race is not known, calculations for all racial groups to which possible suspects belong should be made. For
systems such as VNTRs, in which a heterozygous locus can be mistaken for a homozygous one, if an upper bound on
the genotypic frequency at an apparently homozygous locus (single band) is desired, then twice the allele (bin)
freanencv. 2n._should be used instead of p 2. For systems in which exact genotypes can be determined,
p' + pll—- P]'E should be used for the frequency at such a locus instead of p>. A conservative value of § for the US
population is 0.01; for some small, isolated populations, a value of 0.03 may be more appropriate. For both kinds of
systems, 2p;p; should be used for heterozygotes.

A more conservative value of # = .03 might be chosen for PCR-based systems in view of the greater uncertainty of
calculations for such systems because of less extensive and less varied population data than for VNTRs.

Evidence DNA and Suspect from the Same Subgroup

Sometimes there is evidence that the suspect and other possible sources of the sample belong to the same subgroup. That
can happen, e.g., if they are all members of an isolated village. In this case, a modification of the procedure is desirable.

Recommendation 4.2: If the particular subpopulation from which the evidence sample came is known, the allele
frequencies for the specific subgroup should be used as described in Recommendation 4.1. If allele frequencies for the
subgroup are not available, although data for the full population are, then the calculations should use the population-
structure Equations 4.10 for each locus, and the resulting values should then be multiplied.

Copyright © National Academy of Sciences. All rights reserved.
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Insufficient Data

For some groups—and several American Indian and Inuit tribes are in this category—there are insufficient data to
estimate frequencies reliably, and even the overall average might be unreliable. In this case, data from other, related groups
provide the best information. The groups chosen should be the most closely related for which adequate databases exist. These
might be chosen because of geographical proximity, or a physical anthropologist might be consulted. There should be a limit
on the number of such subgroups analyzed to prevent inclusion of more remote groups less relevant to the case.

Recommendation 4.3: If the person who contributed the evidence sample is from a group or tribe for which no
adequate database exists, data from several other groups or tribes thought to be closely related to it should be used.
The profile frequency should be calculated as described in Recommendation 4.1 for each group or tribe.

Dealing with Relatives

In some instances, there is evidence that one or more relatives of the suspect are possible perpetrators.

Recommendation 4.4: If the possible contributors of the evidence sample include relatives of the suspect, DNA
profiles of those relatives should be obtained. If these profiles cannot be obtained, the probability of finding the
evidentiary profile in those relatives should be calculated with Formulae 4.8 or 4.9.

APPENDIX 4A

Here, we derive the relation (Equation 4.5) between the average §of the parameters B; and Wright's (1951) fixation
index, Fir (Nei 1977, 1987, p 159-164; Chakraborty and Danker-Hopfe 1991; Chakraborty 1993). We begin with an arbitrary
mating pattern; in particular, we do not assume that random mating occurs within subpopulations, or even that distinct
subpopulations occur. Later, we posit distinct subpopulations and random mating in each of them.

The homozygosity, f,, and heterozygosity, hy, in the substructured population are

f, =3P, h=1-f= P,
[ LY |

>

where P;; is the frequency of genotype AjA;. If the entire population mated at random, these quantities would become

fr = Ipd hy = 1-f;

Copyright © National Academy of Sciences. All rights reserved.
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where the allele frequencies p; satisfy

Zp, = L

We can rewrite hy as

hy = Zpil-p) = E) 2pp;

First, we express the homozygote parameters f;, in terms of the heterozygote parameters B {1 # ). Substituting
Equations 4.4 into the equation

I
)
£
]

P |

p.

=

and noting that p; ~ 0 leads to
- = %
{ I Pl]ﬂll _I_.I-:I p|H|]
Multiplying that by p; and summing over i enables us to define the mean
| I
= —=Zpil-p = — I 2pph.
n, TPUP ). By PR

Thus, the weighted means of the homozygote and heterozygote parameters are equal.
We insert Equation 4.4b to deduce that

. h]’ - hu
5 = = —_—
z i2pp,— Py by

E = h_‘l Lit=

If the subpopulations are distinct and mating is random in each subpopulation, then Fip = Fgy , and hence f = Fy.
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5

Statistical Issues

In Chapter 4, we presented ways to estimate the frequencies of genotypes and profiles in the population. In this chapter,
we consider how to interpret frequencies as probabilities and likelihood ratios and how to make adjustments when a suspect
is found through a database search. We also discuss the degree of uncertainty of such estimates according to statistical
theory and empirical tests that use different databases. Finally, we ask how many loci would be needed to establish a profile
as unique. The chapter includes a discussion of the statistics of matching and binning of VNTRs.!

Two major issues regarding uncertainty must be addressed in the statistical evaluation of DNA evidence. One is
associated with the characteristics of a database, such as its size and whether it is representative of the appropriate population.
The other might be called the subpopulation problem. In the first instance, inferences based on values in a database might be
uncertain because the database is not compiled from a sample of the most relevant population or the sample is not
representative. If the database is small, the values derived from it can be uncertain even if it is compiled from a scientifically
drawn sample; this can be addressed by providing confidence intervals on the estimates. The second issue, 