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Declaration of Marcus W. Feldman

I, Marcus W. Feldman, declare under penalty of perjury that the following is true:

1. I am the Burnet C. And Mildred Finley Wohlford Professor of Biological Sciences,
Director of the Morrison Institute for Population and Resource Studies, and Co-Director of the
Center for Computational, Evolutionary and Human Genetics, at Stanford University. My
principal interest and work lie in the field of human genetics. My curricum vitae, which
accurately states my education and professional background, can be found on the Stanford
website at

<https://cap.stanford.edu/profiles/viewCV ?facultyld=6220&name=Marcus Feldman>. [ have

published widely in the field of human genetics. An up-to-date list of my publications is
appended to my curriculum vitae and a shortened list can also be found at

<https://profiles.stanford.edu/marcus-feldman?tab=publications>.

2. I have been requested by attorney Victor M. Glasberg to opine on the utility or
disutility of racial classifications with specific reference to geneticresearch and categorization
bearing upon medical matters. My opinions on this subject stated and referred to here are
presented to a reasonable degree of professional probability.

3. In general, racial assignment, which largely parallels and reflects categories developed
several hundred years ago by Linnaeus and Blumenbach, lacks any general biological interest.
For the human species, racial assignment of individuals does not carry any general implications
about genetic differentiation. This is true for medical research as well as any other research

addressing human genetics.

Exhibit D
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4. Attached hereto is a copy of an article I co-authored with my colleague Richard
Lewontin, Alexander Aggasiz Professor of Zoology and Professor of Biology at Harvard
University, “Race, Ancestry and Medicine,” published in Koenig, et al., eds., Revisiting Race in
a Genomic Age (Rutgers Univ. Press 2008). This article succinctly presents my views as to why
conventional racial classification is not merely not useful, but a distraction, in the effort to
expand our knowledge of genetically based disease in humans, being both over-inclusive and
under-inclusive. I summarize the salient conclusion in the next paragraph.

5. In general, the assignment of racial classification to individuals hides the biological
information that is needed for intelligent therapeutic and diagnostic decisions. If we have a
serious interest in making diagnostic and therapeutic decisions based on genotype, then it is not
typological race assignment that is relevant but the various contributions to a person’s ancestry
that are informative. The identification of persons by conventionally recognized races may be of
use medically because it provides information about social circumstances and lifestyle
conditions of patients, particularly consequences of discrimination or disparity in access to and
quality of health care. But these socially defined categories should not be confounded with
genetically defined races. Lines of ancestry, rather than genetically arbitrary racial categories,
can provide much accurate, biologically interesting, and potentially medically useful
information. For diagnosis and treatment, however, individual genotypes will, in the long run,
provide the most useful information.

6. During the last four years I have not testified as an expert witness.

7. T have received no compensation for providing this declaration. My hourly rate for

being deposed by the defense is $500. I also require reimbursement of portal-to-portal costs.
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Dated: June & ,2019 //é»w/ ZJZM

Marcus W. Feldman
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MARCUS WILLIAM FELDMAN

Personal

Born: November 14, 1942, Perth, Australia

Married: 3 children

Citizenship: U.S. (Naturalized, San Jose, CA, June 1994)

Education

1959:  Matriculation, University of Western Australia

1964: B.Sc. (honors), University of Western Australia, Perth, Australia
Majors: Mathematics and Statistics
Degree completed 1963, awarded 1964.

1966: M.Sc., Department of Mathematics, Monash University, Victoria,
Australia Degree completed 1965, awarded 1966.

1969:  Ph.D., Stanford University, Stanford, California

Graduate Division Special Program, Mathematical Biology
Committee: Professors S. Karlin, W. Bodmer, J. McGregor, D. Regnery.
Dissertation: Some Topics in Theoretical Population Genetics

Honors and Prizes

el

Government Exhibition (1959)

Commonwealth (of Australia) Scholarship (1959)

Colonial Sugar Refining Company Scholarship (1959)

Monash University Research Scholarship (1964)

Research Development Fund Grant, Stanford University (1973)

Mellon Junior Faculty Leave (1973-74)

J.S. Guggenheim Fellowship (1976-77)

Fellow, Center for Advanced Study in the Behavioral Sciences, Stanford, 1983-84
Elected Fellow, American Association for the Advancement of Science, 1986
Elected Fellow, American Academy of Arts and Sciences, 1987

. Elected Fellow, California Academy of Sciences, 1996—

. Jacob Marschak Lecturer, UCLA, November 1998, May 2002

. China Population Study Award, 1998: Best paper previous four years
. First Gifford Lecturer in Population Studies, Stanford 2000

. Burrows Wellcome Lecturer, Princeton University, April 2002

Honorary Professor, Beijing Normal University, 2002-2007

. “Paper of the Year 2002/2003,” The Lancet (bibliography number 294)

Doctor Philosophiae Honoris Causa, Hebrew University Jerusalem, June 2005
Honorary Professor, Xi’an Jiaotong University, 2005—

. S. Ulam Lecturer, Santa Fe, 2005

. Doctor Philosophiae Honoris Causa, Tel-Aviv University, Tel Aviv, May 2010
. Dan David laureate, 2011

. Elected member, American Philosophical Society, 2011
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24. Elected member, National Academy of Sciences, 2013
25. Kimura Motoo Award in Human Evolution, 2016

26. Alumni lifetime achievement award, University of Western Australia, Faculty of
Engineering, Computer Science and Mathematics, 2016

Positions Held

1960-1963  Assistant Chemical Analyst and Operations Researcher, Colonial Sugar
Refining Company, Australia (vacation)

1963-1964  Programmer-Analyst, IBM Australia

1964-1965  Tutor in Mathematics and Statistics, Monash University, Australia

1965-1967  Teaching Assistant, courses in Mathematical Biology, Stanford University

1965-1969  Research Assistant for Professor S. Karlin, Department of Mathematics,
Stanford University

Fall 1968 Visiting Research Assistant, Mathematics Research Center, U.S. Army,
University of Wisconsin

1969-1970  Acting Assistant Professor, Department of Biology, Stanford University

1970-1971  Lecturer, Department of Mathematics, La Trobe University, Bundoora,
Victoria, Australia

1971 January, February. Visiting Research Scientist, Weizmann Institute of
Science, Rehovot, Israel

1971-1974  Assistant Professor, Department of Biological Sciences, Stanford
University

1973 April, May. Visiting Senior Fellow, Department of Biology, University of
Chicago

1974-1977  Associate Professor, Department of Biological Sciences, Stanford
University

1976-1977  J.S. Guggenheim Fellow

1977- Professor, Department of Biological Sciences, Stanford University

1978-1982  Associate Chairman, Department of Biological Sciences, Stanford
University

1983 February-June. Visiting Professor of Statistics, Tel Aviv University

1983-1984  Fellow, Center for Advanced Studies in the Behavioral Sciences

1986-1993  Clifford G. Morrison Professor in Population and Resource Studies,
Stanford

1986— Director, Morrison Institute for Population and Resource Studies, Stanford

1993— Burnet C. and Mildred Finley Wohlford Professor of Biological Sciences

1997-2003  Co-director, Center for Computational Genetics and Biological Modeling,
Stanford

1998-1999  Sackler Scholar, Mortimer and Raymond Sackler Institute for Advanced
Studies, Tel Aviv, Israel

1999-2000  Lady Davis Scholar, Hebrew University School of Agriculture, Rehovoth,
Israel

2005—- Director, Center for Complexity Studies, Xi’an Jiaotong University, Xi’an,

China
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Co-director, Stanford Center for Computation, Evolutionary and Human
Genomics

Other Professional Activities

19712012

1975-1976
1976-1979
1980-1982
1984-1990
1984-2006
1985-1989

1987-2010
1988-1989
1989-1993
1989-2004
1989-1993
1989-1995

1990-1995
1990-1997
1992-

1993-

1993-2003
1994-1998

1995-1998
1995-

1996-1998,
2010-2013

1996-2001
1997-2005

1998-

1998-
1998-2001

Managing Editor, THEORETICAL POPULATION BIOLOGY
(Academic Press)

Member NIH Genetics Study Section (ad hoc)
Member NIH Genetics Study Section
Chairman, NIH Genetics Study Section
Editor, AMERICAN NATURALIST
Member, Board of Trustees, Santa Fe Institute

Member, Appointments and Promotions Committee, School of
Humanities and Sciences, Stanford University

Member, Science Board and Science Steering Committee, Santa Fe
Institute

Member, External Review Committee for Biology Departments,
University of Chicago

Member, Overseers’ Committee, Department of Organismic and
Evolutionary Biology, Harvard University

Member, Advisory Committee on Evolutionary Biology, Canadian
Institute for Advanced Research

Member, Executive Committee, Institute for International Studies,
Stanford

Member, NSF Advisory Committees on Mathematical and Computational
Biology

Committee on Mathematics in the Life Sciences (Amer. Math. Society)
Member, Editorial Board, Biomathematics Series (Springer-Verlag)

Member, International Executive Committee, Human Genome Diversity
Project

Member, North American Committee, Human Genome Diversity Project

Member, Executive Committee, Board of Trustees, Santa Fe Institute
Member, Advisory Board, MIT Consortium on Global Environment and
Sustainable Development

Elected Council Delegate, AAAS Section on Biological Sciences
Associate Editor, COMPLEXITY

Co-Chair, Science Steering Committee, Santa Fe Institute

Member, Advisory Board, Mountain View Research Incorporated

Member, International Board, Institute of Evolution at the University of
Haifa, Israel

Associate Editor, Wiley Series in Mathematical and Computational
Biology (John Wiley, Publisher)

Associate Editor, GENETICS

Section Editor, Genetics, Behavior and Society. International
Encyclopedia of the Social and Behavioral Sciences
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1998-2001

1998-
2000-2004

2001-
2002-
2003-2009
2004-2009

2007-
2007-

2008-2009
2009-
2010-
2010-

Section Co-editor, Evolutionary Sciences. International Encyclopedia of
the Social and Behavioral Sciences

Member, Scientific Board, Institute for Medical Biomathematics, Israel

Member, National Research Council Committee: Frontiers at the Interface
of Computing and Biology

Editorial Board, ANNALS OF HUMAN BIOLOGY
Editorial Board, HUMAN GENOMICS
Editorial Board, ANNALS OF HUMAN GENETICS

Academic Director, Bridging the Rift Foundation (promoting and
organizing scientific collaborations between Israelis and Jordanians).

Member, Scientific Advisory Board, 23andMe

Member, Selection Committee, Rothschild Foundation Isareli Postdoctoral
Fellowships

Chair, Yeshaya Horowitz Foundation review committee, Israel
Member, Human Genetics Foundation advisory board, Italy
Co-Chair, Science Board, Santa Fe Institute

NAS Committee on Science, Technology and Law

Research and Publications

1966

1. Feldman, M.W. On the offspring number distribution in a genetic population. J.
Appl. Prob. 3: 129-141.

1968

2. Karlin, S. and M.W. Feldman. Analysis of models with homozygote x
heterozygote matings. Genetics 39: 105-116.

3. Karlin, S. and M.W. Feldman. Further analysis of negative assortative mating.
Genetics 39: 117-136.

4. Feldman, M.W., M. Nabholz, and W .F. Bodmer. Evolution of the Rh

1970

polymorphism: A model for the interaction of incompatibility, reproductive
compensation, and heterozygote advantage. American Journal of Human Genetics
21: 171-193.

Feldman, M.W. Some topics on theoretical population genetics. Ph.D. Thesis,
Stanford University.

Karlin, S. and M.W. Feldman. Linkage and selection: New equilibrium properties
of the two-locus symmetric viability model. Proc. Natl. Acad. Sci. USA 62: 70—
74.

. Karlin, S. and M.W. Feldman. Linkage and selection: Two locus symmetric

viability model. Theor. Pop. Biol. 1: 39-71.
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10.

1.

1971

12.

13.

1972

14.

15.

16.

17.

1973

18.

19.

20.

21.

22.

23.

24.

25.

Karlin, S. and M.W. Feldman. Convergence to equilibrium of the two locus
additive viability model. J. Appl. Prob.T: 262-271.

Feldman, M.W. and J.F. Crow. On quasilinkage equilibrium and the fundamental
theorem of natural selection. Theor. Pop. Biol. 1: 371-391.

Eshel, I. and M.W. Feldman. On the evolutionary effect of recombination. Theor.
Pop. Biol. 1: 88—100.

Feldman, M. W. Book Review: Into the Ecology Breach: “An Introduction to
Mathematical Ecology” by E. C. Pielou. Science 169: 43—44.

Feldman, M.W. Equilibrium studies of two locus haploid populations with
recombination. Theor. Pop. Biol. 2: 299-317.

Feldman, M.W. and S. Karlin. The evolution of dominance: A direct approach
through the theory of linkage and selection. Theor. Pop. Biol. 2: 482—-492.

Karlin, S. and M.W. Feldman. Mathematical genetics: A hybrid seed for
educators to sow. Int. J. Math. Educ. Sci. Technol. 3: 169-189.

Feldman, M.W. Selection for linkage modification: I. Random mating
populations. Theor. Pop. Biol. 3: 324-346.

Nei, M. and M.W. Feldman. Identity of genes by descent within and between
populations under mutation and migration pressures. Theor. Pop. Biol. 3: 460—
465.

Feldman, M.W. and B. Balkau. Some results in the theory of three gene loci. pp.
357-384.In T.N.E. Greville (ed.) Population Dynamics. Academic Press, New
York.

Hillel, J., M.W. Feldman, and G. Simchen. Mating systems and population
structure in two closely related species of the wheat group. I. Variation between
and within populations. Heredity 30: 141-167.

Hillel, J., G. Simchen and M.W. Feldman. Mating systems and population
structure in two closely related species of the wheat group. II. Environmental
factors and population structure. Heredity 30: 73-83.

Hillel, J., M.W. Feldman, and G. Simchen. Mating systems and population

structure in two closely related species of the wheat group. III. Chiasma frequency
and population structure. Heredity 31: 1-9.

Cavalli-Sforza, L. and M.W. Feldman. Models for cultural inheritance. I. Group
mean and within group variation. Theor. Pop. Biol. 4: 42-55.

Sved, J.A. and M.W. Feldman. Correlation and probability methods for one and
two loci. Theor. Pop. Biol. 4: 129—-132.

Johnson, G.B. and M.W. Feldman. On the hypothesis that polymorphic enzyme
alleles are selectively neutral. I. The evenness of allele frequency distribution.
Theor. Pop. Biol. 4: 209-221.

Balkau, B.J. and M.W. Feldman. Selection for migration modification. Genetics
74: 171-174.

Feldman, M.W. and B. Balkau. Selection for linkage modification II. A
recombination balance for neutral modifiers. Genetics 74: 713-726.
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26. Cavalli-Sforza, L.L. and M.W. Feldman. Cultural versus biological inheritance:
Phenotypic transmission from parents to children (A theory of the effect of
parental phenotypes on children’s phenotypes). Am. J. Hum. Genet. 25: 618-637.

1974

27. Feldman, M.W. Basic principles of genetics. In Ehrlich, P.R., R.W. Holm, and
P.C. Hanawalt (eds.) Biocore Unit VII. McGraw-Hill.
28. Thomson, G.J. and M.W. Feldman. Population genetics of modifiers of meiotic

drive. II. Linkage modification in the segregation distortion system. Theor. Pop.
Biol. 5: 155-162.

29. Feldman, M.W_, I. Franklin, and G.J. Thomson. Selection in complex genetic
systems. [. The symmetric equilibria of the three-locus symmetric viability model.
Genetics 76: 135-162.

30. Ewens, W.J. and M.W. Feldman. Analysis of neutrality in protein polymorphism.
Science 183: 446-448.

31. Ammerman, A.J. and M.W. Feldman. On the “making” of an assemblage of stone
tools. American Antiquity 39: 610-616.

1975

32. Feldman, M.W., R.C. Lewontin, I.R. Franklin, and F.B. Christiansen. Selection in
complex genetics systems. III. An effect of allele multiplicity with two loci.
Genetics 719: 333-347.

33. Roughgarden, J. and M.W. Feldman. Species packing and predation pressure.
Ecology 56: 489-492.

34. Feldman, M.W. and F.B. Christiansen. The effect of population subdivision on
two loci without selection. Genet. Res. Camb. 24: 151-162.

35. Feldman, M.W. and J. Roughgarden. A population stationary distribution and
chance of extinction in a stochastic environment with remarks on the theory of
species packing. Theor. Pop. Biol.7: 197-207.

36. Christiansen, F.B. and M.W. Feldman. Subdivided populations: A review of the
one- and two-locus deterministic theory. Theor. Pop. Biol. 7: 13-38.

37. Christiansen, F.B. and M.W. Feldman. Selection in complex genetic systems. [V.
Multiple alleles and interactions between two loci. J. Math. Biol. 2: 179-204.

38. Feldman, M.W. and L.L. Cavalli-Sforza. Models for cultural inheritance: a
general linear model. Ann. Hum. Biol. 2: 215-226.

39. Payne, R., R. Radvany, F.C. Grumet, M.W. Feldman, and H. Cann. Two third
series antigens transmitted together — A possible fourth SD locus? Proc. VIth
Inter. Histocompatibility Workshop, MUNKSGARD, Copenhagen. pp. 343-347.

40. Thomson, G.J. and M.W. Feldman. Population genetics of modifiers of meiotic
drive: IV. On the evolution of sex-ratio distortion. Theor. Pop. Biol. 8: 202-211.

41. Feldman, M.W. Heritability and genetic differences. Stanford Review, Spring, pp.
3-7.

42. Feldman, M.W. and R.C. Lewontin. The heritability hang-up. Science 190: 1163—
1168.

43. Feldman, M.W. Inside evolutionary genetics. (Lead book review), The Quart.
Rev. Biol. 50: 293-295.
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1976

44.

45

46.

47.
48.

49.

50.

51.

1977

52.

53.

54.

55.

56.

57.

38.

Ewens, W.J. and M.W. Feldman. The theoretical assessment of selective
neutrality. pp. 303-337. In S. Karlin and E. Nevo (eds.) Population Genetics and
Ecology, Academic Press.

Feldman, M.W. and J. Krakauer. Genetic modification and modifier
polymorphism. pp. 547-582. In S. Karlin and E. Nevo (eds.) Population Genetics
and Ecology. Academic Press, New York.

Feldman, M.W. and L.L. Cavalli-Sforza. Cultural and biological evolutionary
processes, selection for a trait under complex transmission. Theor. Pop. Biol. 9:
239-259.

Feldman, M.W. and R.C. Lewontin. Heritability of 1Q. Science 194: 12—14.

Thomson, G.J. and M.W. Feldman. Population genetics of modifiers of meiotic
drive. III. Equilibrium analysis of a general model for the genetic control of
segregation distortion. Theor. Pop. Biol. 10: 10-25.

Cavalli-Sforza, L.L. and M.W. Feldman. Evolution of continuous variation:
Direct approach through joint distribution of genotypes and phenotypes. Proc.
Natl. Acad. Sci. USA 73: 1689-1692.

Brown, T.H., D.H. Perkel, and M.W. Feldman. Evoked neurotransmitter release
statistical effects of nonuniformity and nonstationarity. Proc. Natl. Acad. Sci.
USA 73: 2913-2917.

Feldman, M.W. and M.A. Asmussen. Density dependent selection. I. A stable
feasible equilibrium may not be attainable. J. Theor. Biol. 64: 603-618.

Feldman, M.W. and L.L. Cavalli-Sforza. The evolution of continuous variation.
II. Complex transmission and assortative mating. Theor. Pop. Biol. 11: 161-181.

Feldman, M.W. and L.L. Cavalli-Sforza. Selection and non-Mendelian variability.
pp. 519-530. In F.B. Christiansen and T.M. Fenchel (eds.) Measuring Selection in
Natural Populations. Springer-Verlag, Berlin.

Feldman, M.W. and L.L. Cavalli-Sforza. Quantitative inheritance, stabilizing
selection and cultural evolution. pp. 761-777 in E. Pollack, O. Kempthorne and
T.B. Bailey Jr (eds.), Proc. Int. Conf. on Quant. Genet. lowa State University
Press, Ames.

Payne, R., M. Feldman, H. Cann, and J.G. Bodmer. A comparison of HLA data of
the North American black with African black and North American caucasoid
populations. Tissue Antigens 9: 135-147.

Franklin, [.LR. and M.W. Feldman. Two loci with two alleles: Linkage equilibrium
and linkage disequilibrium can be simultaneously stable. Theor. Pop. Biol. 12:
95-113.

Payne, R., F.C. Grumet, H. Perkins, H. Cann, B. Colombe, E. Engleman, M.W.
Feldman, and K. Cochrum. Segregation of genes for B lymphocyte antigens with
other chromosome 6 markers in man. Histocompatibility Testing,
MUNKSGAARD, Copenhagen, pp. 549-557.

Feldman, M.W. and L.L. Cavalli-Sforza. Random sampling drift under non-
Mendelian transmission. Proc. of the 41st Session of the Int. Statistical Inst., New
Delhi, pp. 151-164.



Case 1:19-cv-01149-RDA-IDD Document 9-4 Filed 09/05/19 Page 11 of 58 PagelD# 146

1978

59.

60.

61.

62.

63.

64.

65.

66.

1979

67.

68.

69.

70.

71.

72.

1980

73.

74.

75.

76.

Cavalli-Sforza, L.L. and M.W. Feldman. Phenotypes, Genotypes and Cultural
Evolution. (In Italian), Ricerche di Psicologia, May, pp. 33—46.

Cavalli-Sforza, L.L.. and M.W. Feldman. Towards a theory of cultural evolution.
Interdisciplinary Science Reviews 3: 99-107.

Cavalli-Sforza, L.L. and M.W. Feldman. The evolution of continuous variation.
III. Joint transmission of genotype, phenotype and environment. Genetics 90:
391-425.

Ammerman, A.J. and M.W. Feldman. Replicated collection of site surfaces.
Amer. Antiquity 43: 734-740.

Cavalli-Sforza, L.L. and M.W. Feldman. Dynamics and statistics of traits under
the influence of cultural transmission. pp. 133—143. In Morton, N.E. and C.S.
Chung (Eds.) Epidemiology. Academic Press, New York.

Cavalli-Sforza, L.L. and M.W. Feldman. Darwinian selection and “altruism”.
Theor. Pop. Biol. 14: 268-280.

Uyenoyama, M K. and M.W. Feldman. The genetics of sex ratio distribution by
cytoplasmic infection under maternal and contagious transmission: An
epidemiological study. Theor. Pop. Biol. 14: 471-497.

Karlin, S. and M.W. Feldman. Simultaneous stability of D=0 and D#0 for
multiplicative viabilities at two loci. Genetics 90: 813-825.

Perkel, D .H. and M.W. Feldman. Neurotransmitter release statistics: Moment
estimates for inhomogeneous Bernoulli trials. J. Math. Biol. 7: 31-40.

Feldman, M.W. and L.L. Cavalli-Sforza. On hereditary transmission in diseases
of complex etiology. pp. 203-228. In C. Sing and M. Skolnick (eds.) Genet.
Analy. of Common Diseases.

Feldman, M.W. and L.L. Cavalli-Sforza. Aspects of variance and covariance
analysis with cultural inheritance. Theor. Pop. Biol. 15: 276-307.

Uyenoyama, M., M.W. Feldman, and L.L. Cavalli-Sforza. Evolutionary effects of
contagious and familial transmission. Proc. Natl. Acad. Sci. USA 76: 420—-424.

Burton, R.S., M.W. Feldman, and J.W. Curtsinger. Population genetics of
Tigriopus californicus (Copepoda: Harpacticoida): 1. Population structure along
the central California coast. Mar. Ecol. Prog. Ser.1: 29-39.

Feldman, M.W. and U. Liberman. On the number of stable equilibria and the

simultaneous stability of fixation and polymorphism in two-locus models.
Genetics 92: 1355-1360.

Uyenoyama, M. and M.W. Feldman. Theories of kin and group selection: A
population genetics perspective. Theor. Pop. Biol. 17: 380—414.

Curtsinger, J.W. and M.W. Feldman. Experimental and theoretical analysis of the
“sex-ratio” polymorphism in Drosophila pseudoobscura. Genetics 94: 445-466.

Liberman, U. and M.W. Feldman. On the evolutionary significance of Mendel’s
ratios. Theor. Pop. Biol. 17: 1-15.

Feldman, M.W., F.B. Christiansen, and L.D. Brooks. Evolution of recombination
in a constant environment. Proc. Natl. Acad. Sci. USA 77: 4838—-4841.
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77

78

1981
79

80

81.

82.

83.

84.

85.

86.

&7.

88.

9.

90.

91.

92.

93.

1982

94.

Brown, A H.D., M.W. Feldman, and E. Nevo. Multilocus structure of natural
populations of Hordeum spontaneum. Genetics 96: 523-536.

Feldman, M.W., F.J. Ayala, B. Bengtsson, D. Bruckner, R.H. Crozier, C. Vogel,
G.C. Williams, and R.W. Wrangham. Genetics and social behavior. pp. 221-232.
In Markl, H. (ed.) Evolution of Social Behavior: Hypothesis and Empirical Tests.
Verlag Chemie, Weinheim.

Uyenoyama, M. and M.W. Feldman. On relatedness and adaptive topography in
kin selection. Theor. Pop. Biol. 19: 87-123.

Feldman, M.W. and L.L. Cavalli-Sforza. Further remarks on Darwinian selection
and “altruism”. Theor. Pop. Biol. 19: 251-260.

Clark, A.G. and M.W. Feldman. Disequilibrium between linked inversions: An
alternative hypothesis. Heredity 46: 379-390.

Clark, A.G., M.W. Feldman, and F.B. Christiansen. The estimation of epistasis in
components of fitness in experimental populations of Drosophila melanogaster 1.
A two-stage maximum likelihood model. Heredity 46: 321-346.

Clark, A.G. and M.W. Feldman. The estimation of epistasis in components of
fitness in experimental populations of Drosophila melanogaster 11. Assessment of
meiotic drive, viability, fecundity and sexual selection. Heredity 46: 347-377.

Karlin, S. and M.W. Feldman. A theoretical and numerical assessment of genetic
viability. Genetics 97: 475-493.

Brown, A.-H.D. and M.W. Feldman. Population structure of multilocus
associations. Proc. Natl. Acad. Sci. USA 78: 5913-5916.

Feldman, M.W. and L.L. Cavalli-Sforza. Assortative mating, selection and

mutation models for continuous variation: A reply to Felsenstein. Theor. Pop.
Biol. 19: 370-376.

Holsinger, K.E. and M.W. Feldman. A single locus model of selection in
permanent translocation heterozygotes. Theor. Pop. Biol. 20: 218-240.

Burton, R.S. and M.W. Feldman. Population genetics of Tigriopus californicus.
II. Differentiation among neighboring populations. Evolution 35: 1192—-1205.

Clark, A.G. and M.W. Feldman. Density-dependent fertility selection in
experimental populations of Drosophila melanogaster. Genetics 98: 849—869.

Uyenoyama, M., M.W. Feldman, and L..D. Mueller. Population genetic theory of
kin selection: Multiple alleles at one locus. Proc. Natl. Acad. Sci. USA 78: 5036—
5040.

Burton, R.S., M.W. Feldman, and S.G. Swisher. Linkage relationships among five
enzyme-coding gene loci in the copepod Tigriopus californicus: A genetic
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Evolutionary Theory. Princeton University Press.

Feldman, M.W. and Cavalli-Sforza, L.L. On the theory of evolution under genetic
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Race, Ancestry, and Medicine

MARCUS W. FELDMAN AND RICHARD C. LEWONTIN

The cost of assessing DNA-level variation in large numbers of people has
steadily declined. There are now large sets of data on variation of different
kinds of DNA markers among geographically diverse people. Several techni-
cal methods of studying human genetic variation are used, including analy-
sis of single nucleotide polymorphisms (SNPs) (e.g., Voight, Kudaravalli,
Wen, & Pritchard, 2006); short tandem repeats (STRs or microsatellites)
(Rosenberg et al, 2002; Rosenberg et al., 2005); and Alu sequences (Bamshad
et al., 2003). There are now many millions of polymorphic sites revealed in
hundreds (and soon, perhaps thousands) of people available for analysis.
At the same time, statistical tools for describing and interpreting observed
patterns of variation have increased in sophistication.

Recent analyses of hundreds of microsatellite' DNA markers and a few
thousand SNPs from human populations have shown that it is possible with a
high degree of accuracy to assign the major geographical region (or regions)
of origin of individual human beings by using a combination of a number
of these polymorphic genes (Rosenberg et al., 2002; Rosenberg et al., 2005;
Conrad et al., 2006). In addition, using more markers, it is possible in some
cases to narrow down the population of origin to local national populations
within major geographic regions. The greatly increased facility with which
human genetic variation can be studied and the suggestion that this varia-
tion may be exploited to individualize medicine have fueled a growing con-
troversy about whether race is indeed a biologically useful and meaningful
concept when applied to humans, especially in a medical and pharmacologi-
cal context. Four commentaries in the New England Journal of Medicine (Bur-
chard et al., 2003; Cooper, Kaufman, & Ward, 2003; Phimister, 2003; Wood,
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race,” 2001) and commentary (Calafell, 2003) in Nature Genetics, and four
reports in the New York Times (Satel, 2002; Wade, 2002a, 2002b, 2003) all
raised the issue of the status of racial categorization as a biological concept.
In particular it is claimed that these recent data are in contradiction to the
widely accepted and confirmed observations that a very large proportion of
human genetic diversity lies within geographical regions, observations that
have led biologists and anthropologists to abandon the notion of human
races over the last 30 years. What we wish to do is to explain that there is no
contradiction between these two well-substantiated bodies of data because
they speak to two quite different questions that have been confused.

The microsatellite data and data on other DNA polymorphisms (Bam-
shad et al., 2003) are relevant, among other things, to the problem of the
assignment of individuals to lines of geographical ancestry. The question
asked is whether it is possible to find genes that are polymorphic in the
human species and whose frequencies of alternate alleles are sufficiently
different in the different major geographical regions to allow a correct
assignment of geographical origin with high probability. The answer to this
question is “yes,” and that answer has been known for 50 years from studies
of genetic polymorphisms. This is a problem in biological systematics.

The data on general genetic polymorphism for proteins and nucleotide
substitutions, also addressed by the study of microsatellites and SNPs, can
also be employed to ask a quite different question, which is, What fraction
of all human genetic variation, whether based on protein coding genes,
microsatellites, or any other polymorphic DNA sequences, lies within geo-
graphically separated populations and what fraction lies between these pop-
ulations? This is not an assignment problem, but a question of the average
amount of genetic diversification between and within geographical groups.
The two problems can be related to each other by posing the question,
Are the genes that are geographically highly differentiated in their allelic
frequencies typical of the human genome in general? The answer to that
question turns out to be “no.” While there are indeed genes whose allelic fre-
quencies differ markedly between geographical regions and can be used for
taxonomic purposes, these are not typical of the human genome in general.

The Problem of Ancestry

It has long been known that some loci are highly differentiated between
geographical populations. Indeed, one does not need to be a geneticist to
solve the taxonomic problem at first sight. Using skin color, facial shape,
and hair form, all obviously largely genetically determined (although the
genes influencing these characters have only begun to be localized), no one
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West Africa, from China, from Norway, and from the tropical rainforest of
the Orinoco basin. With only a little more subtlety one can differentiate
Ambharic-speaking natives of Ethiopia from Zulus, Chinese from Japanese,
and villagers of Andhra Pradesh from Afghanis by external morphology.
Some classic blood-group polymorphisms are highly differentiated geo-
graphically, although most are not (Cavalli-Sforza, Menozzi, & Piazza, 1994).
Thus, it is not surprising that DNA sequences such as microsatellite markers
can be used to infer the major region of origin of individuals. In the case of
the microsatellites, the differences in allelic frequencies between groups are,
in fact, small so that data from a very large number of markers had to be
subjected to a sophisticated statistical clustering technique to make reliable
inferences about geographical origin.

Let us first make clear what has been discovered about ancestry from
two recent studies of microsatellites and insertion-deletion polymorphisms
from the Human Genome Diversity Cell Line Panel (HGDP-CEPH) collection.
In the first study (Rosenberg et al., 2002), 377 microsatellite markers were
studied in 1,056 individuals from 52 sites representing native populations
from all continents. The second study (Rosenberg et al., 2005) included 783
microsatellite markers and 210 insertion-deletion polymorphisms. There
was a slight difference between the samples of individuals used in the two
studies, with 1,048 individuals representing 53 populations in the second
study. The reasons for this difference have to do with possible duplication
of a small number of samples and the inclusion of a small group of Bantu
samples into a single group.

For the two studies, the conclusions about continental ancestry are
remarkably similar despite the difference in the size of the data sets. The
essential finding is that these highly variable markers can be used to form
affinity clusters on the basis of similarities between individuals in their gen-
otypes. The statistical technique used (Pritchard, Stevens, & Donnelly, 2000)
finds the most probable assignment of individuals to clusters, and this is
done blind to knowledge of the actual geographic origin of the individuals.?
After these clusters are formed, they can then be compared to the actual
geographic origins of all individuals. For one of the clustering schemes, with
five clusters the result was a close fit of the clusters to continents or sub-
continents. Many individuals had ancestry from two or more of the clusters,
and some clusters showed a great deal of multiple ancestry, a signature of
past migrations or conquests or of the continuity of genetic variation in
space (King & Motulsky, 2002). Almost all of the sample of Mozabites from
Algeria, for example, belonged both to clusters that corresponded to Eurasia
and Africa. And the Altaic-speaking Uygurs of northwestern China showed
strong ancestry from East Asia and Eurasia. Europe, West Asia, and South/
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groups in these areas are difficult to separate genetically, even with 783
markers.

The continental clustering in these large sets of data derives mainly
from small differences in allele frequencies at large numbers of markers,
not from diagnostic genotypes. This clustering reflects the history of human
migrations that began when modern humans left Africa 50,000-100,000
years ago (King & Motulsky, 2002; Excoffier, 2003; Cavalli-Sforza & Feldman,
2003). For those geographical regions such as Europe, West Asia, and South/
Central Asia that have a long history of migration and colonization, finer
resolution of the clusters is very difficult and will probably require more
samples and many more polymorphic markers.

It takes a lot of polymorphic microsatellite markers to produce reliable
genetic clusters, 50-150 polymorphisms for reliable assignment of continen-
tal ancestry. Even with 993 polymorphisms, it remains difficult to resolve
finer subdivisions within continents, especially in Europe and Asia. We can
conclude, however, that in most cases, self-reported ancestry coincides with
the broad continental clustering seen from the genetic markers that were
used.

It has been claimed (Serre & Pddbo, 2004) that the geographical clus-
tering seen in the studies referred to above (Rosenberg et al., 2002; Rosen-
berg et al., 2005) is an artifact of the geographic pattern of samples in the
particular data set studied, the HGDP-CEPH (CEPH, n.d.). We had remarked
on the existence of “continuous gradients across regions or admixture of
neighboring groups” (Rosenberg et al., 2002, p. 2382). In fact, geographic
clustering and spatial gradients are both features of these large data sets
(Rosenberg et al., 2005). For population pairs from the same cluster, as geo-
graphic distance increases, genetic distance increases linearly, consistent
with a clinal3 structure. But for pairs of populations from different clusters,
genetic distance is generally larger than between pairs of populations from
the same clusters that have the same genetic distance. This suggests that the
clusters are formed by the small discontinuous jumps in genetic distance
caused by major geographic barriers: oceans, mountain ranges, or deserts.
Indeed, the history of migration is important (Ramachandran et al., 2005),
but migration is not geographically uniform.

While the great majority of the DNA markers used to define these
continental clusters show only small allelic frequency differences between
populations, some genes do have greater frequency differences among popu-
lations or continents (Bamshad & Wooding, 2003). Duffy and Rh, two of the
genes in the original survey of within- and between-population diversity
(Lewontin, 1972), show more variation among populations than most blood
group or protein genes, microsatellites, or SNPs.”“The presence of hemoglo-
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markedly increases the likelihood that that person has ancestors from a
geographic region where malaria was present, while an individual carrying
the Tay-Sachs allele is most likely to have Ashkenazi Jewish or French Cana-
dian ancestry. These are cases where populational rather than continental
ancestry is the relevant dimension for the allelic differences.

Finally, it must be borne in mind that the taxonomic problem cannot
be inverted. That is, while clustering methods are capable of assigning an
individual to a geographic population with a high degree of certainty, given
that individual’s genotype, it is not possible to predict accurately the geno-
type of an individual given his or her geographical origin. Thus, knowing
an individual’s ancestry only slightly improves the ability to predict his or
her genotype. The more polymorphic the markers, the more difficult this
is. This is illustrated in figure 5-1. There are gene alleles that appear only in
one group, as for example the Fyb which is present only in individuals with
some European ancestry, but there does not exist any gene for which one
major geographical cluster includes 100% of one genotype while another
major geographical cluster has 100% of another genotype. Even when the
explicit purpose of studies has been to identify markers that show strong dif-
ferentiation between groups, none that show a complete difference between
major groups has been found. In the microsatellite study mentioned earlier
(Rosenberg et al., 2002), the most geographically informative loci in the
data set have some striking differences, as shown in figure 5-1, but nowhere
near 100%. In figure 5-1, the size of the pie slice with a given degree of gray-
ness represents its frequency in the region specified by the column. In some
regions, some alleles are rare and do not occupy enough area to be seen.
The top marker (D12S2070) shows very different allele frequencies in the
different regions, the middle one (D10S1425) shows moderate frequency dif-
ferences, and the bottom marker (D6S474) shows very small differences. All
three loci have eight alleles, which are shown in increasing order of allele
size (i.e., number of species) in a counterclockwise manner, starting from
the top of each circle (for each locus, the smallest allele is shown in white,
the largest is shown in black).

The Problem of Allocation of Variation

When we turn from the problem of finding genes that will discriminate
ancestry to the problem of the relative amount of human genetic diversity
that lies within and between populations, there is no controversy. The first
survey, in 1972, of genetic diversity over a very large sample of local human
populations from major geographical regions used all the available data for
blood groups and enzyme proteins for every local human population that
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of all human genetic diversity, measured by the Shannon-Weaver informa-
tion measure (or its close equivalent, heterozygosity) is present within local
national groups, that is, averaging within Swedes, within Kikkuyu, within
Japanese, etc. An additional 8% is present between local groups within what
were designated classically as races, between Swedes, Italians, and Greeks,
or between Kikkuyu, Zulu, and Hutu. The remaining 7% lies between the
classical major races, between sub-Saharan Africans, East Asians, Austra-
lian Aborigines, Europeans, etc. Several similar studies were subsequently
carried out on smaller geographical samples with similar results for the
within-population variation, but with roughly 5% of the variation between
local populations and 10% among the major “races.” When these studies
were repeated using a limited amount of DNA sequence variation (Barbu-
jani, Magagni, Minch, & Cavalli-Sforza, 1997), again 85% of the variation
was found within local populations, with about 5% between local popula-
tions and 10% among major classical races. The studies of the DNA markers
discussed in the previous section (Rosenberg et al., 2002; Rosenberg et al.,
2005) in the context of the taxonomic problem also partitioned total varia-
tion using a different measure of diversity. With this measure, 86% to 95%
of the diversity was assigned within local populations, between 2% and 6%
among populations within major geographical regions and between 3% and
10% among major regions (classical races).

The higher than usual estimate of between 93% and 95% for the within-
population component of genetic variation arises from several sources.
The previous studies used samples from isolated and geographically well-
separated populations. On restriction of the microsatellite analysis to
populations chosen to mimic the pattern in these previous studies, the
within-population component in the microsatellite study was reduced to
89.8%. A further contribution to the difference is from the greater heterozy-
gosity of microsatellites, of which only 30 were included in the 109 genes
studied by Barbujani et al. Differential selection on protein variants across
geographical regions might also augment the between-population compo-
nent as compared to the microsatellite study. The different studies differ on
the exact partition of variance. Nevertheless, the strong overall conclusion
is that although it is possible to use genetic divergences to assign indi-
viduals to regions of origin with high confidence, there is very little average
genetic difference among geographical regions as compared to the variation
observed within any local population.

The Problem of Race

Race as a biological concept has had a variety of disparate meanings, even
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distinguishable type within a species, as, for example, dark-bellied and light-
bellied races of small mammals. While such races sometimes corresponded
to geographically separated populations, phenotypic differences on which
racial classifications were based were often a consequence of single gene
differences, so that two siblings could be of different “race.” In reaction
against this typological notion of race, Dobzhansky introduced the notion
of “geographical races” which were defined as “populations of species that
differ in the frequencies of one or more genetic variants, gene alleles or
chromosomal structures” (1937, p. 138). The problem with this definition is
that every geographical population of every species in the world is a “geo-
graphical race” because no two populations have identical allelic frequen-
cies for polymorphic genes, so geographical race becomes synonymous with
population.

The typological and the geographic notions of race are combined in
the classical division of human races because it is observed that the native
inhabitants of different major regions of the world are characterized by
clear phenotypic differences of color, facial features, and hair form. Varia-
tion in these phenotypes is also observed among individuals within races to
the extent that even categorization according to such traits can be difficult ¢
(Brown & Armelagos, 2001). An underlying assumption of human race clas-
sification, a classification based on a small number of obvious phenotypic
differences, was that these differences were characteristic of the genome
in general. Just as there were large differences in genes for color, so there
would be large differences in genes influencing cognitive and most physi-
ological traits. Indeed, in the absence of any evidence to the contrary, this
is not an absurd assumption, but it turns out to be wrong. The repeated and
consistent results on the apportionment of genetic diversity reviewed in the
previous section show that the genes underlying the phenotypic differences
used to assign race categories are atypical of the genome in general and are
not a reliable index to the amount of genetic differentiation between groups.
Thus, racial assignment loses any general biological interest. For the human
species, race assignment of individuals does not carry with it any general
implication about genetic differentiation.

With the advent of large movements of populations between continents,
especially with European colonial expansion and the commercial slave trade,
new populations have arisen which are mixtures of the major continental
groups, especially in the Western Hemisphere and Oceania. Large numbers
of people, then, have ancestry from more than one major geogr‘aphical region
so that the association of phenotype and geography breaks down and race
again becomes a typology with even less power to distinguish the genomes
of those involved. What is the race of a dark-skinned person, half of whose
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origin? Social practice in the United States makes an asymmetrical nominal
assignment of race such that any detectable African ancestry makes a person
“black” or “African American,” but this obfuscates the biological reality.

What do the clusters constructed, for example, from the data in the
microsateliite studies have to do with our common understanding of race?
We must remember that the clusters are defined by markers that have no
influence on obvious phenotypes. Nevertheless, there are some phenotypes
that correlate well with continental origin, usually those that we can see. But
even here we can be misled—dark skin is a feature of sub-Saharan Africans
but also of southern Indians and Australian aborigines. Thus, if we were to
use skin color alone, continental clustering, i.e., common racial classifica-
tion, fails.

The Use of Race and Ancestry in Medicine

It is often claimed that racial categorization is of considerable importance in
medicine because there are a number of loci of medical relevance that are
highly differentiated between geographical populations.

A focus of recent studies on the medical relevance of race and/or eth-
nicity concerns variation in drug metabolizing enzymes, DMEs (Yancy et al.,
200r; Exner, Dries, Domanski, & Cohen, 2001; Xie, Kim, Wood, & Stein, 2001;
Schwartz, 2001; Wilson et al., 2001; Risch, Burchard, Ziv, & Tang, 2002). Some
of these enzymes appear to differ in allele frequencies among Americans of
different ethno-cultural backgrounds (Yancy et al., 2001; Exner et al., 2001;
Xie et al., 2001). Wilson and his group compared differences in DME frequen-
cies among genetically estimated clusters obtained using 39 microsatellites
assayed on individuals from eight populations with corresponding differ-
ences among the same individuals classified by ethnicity. They claim that
the ethnic labels are “insufficient and inaccurate” surrogates for the genetic
clusters and are less valuable than the latter in resolving group-specific
profiles of DMEs. This finding is contested by Risch and colleagues (2002),
who go further to claim that the use of genetic clusters instead of a racial
classification may cause the effects of socioeconomic, environmental, and
lifestyle variation on a disease to be underestimated.

For DMEs, as we know for blood groups and other enzymes, it is reason-
able to predict that variation within will far outweigh that between con-
tinental groups. For these genes, too, only variation at a much finer level
than continents or races may provide information about ancestry that is
phenotypically relevant.

The situation is even more complicated when we examine diseases that
appear to aggregate in the classically defined races. Sickle cell disease is
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Mediterranean and Indian populations as well. Sickle cell is not a marker of
skin color or race, but more properly a marker of ancestry in a geographic
location where malaria is or was prevalent. And, of course, not all Africans or
Sardinians carry the gene responsible for sickle cell disease. Thus, classical
race is not diagnostic of the disease, and the disease is not diagnostic of race.
Rosenberg et al.’s clusters (Rosenberg et al., 2002; Rosenberg et al., 2005)
don’t tell us very much about traits that are determined by genes that have
been under selection. It is nevertheless the case that a knowledge of ancestry
can play an important role in medical diagnosis and drug therapy. Thus, we
might make a classification based only on the sickle cell phenotype, or the
Tay-Sachs phenotype, or lactose intolerance. From a medical point of view,
a breakdown of humans into the hundreds if not thousands of such groups
might say more about the biology of disease than mere continental ancestry.
Knowledge of ancestry with respect to these subpopulations may then be
informative about the risks of disease.

Both the regional heterogeneity within major geographical regions and
the widespread mixture of formerly relatively isolated populations result in a
confusion between race and ancestry that is critical and must be accounted
for in medical practice. The assignment of racial classification to an indi-
vidual hides the biological information that is needed for intelligent thera-
peutic and diagnostic decisions (see also Tate & Goldstein, this volume). A
person classified as “black” or “Hispanic” by social convention may have
any mixture of European, African, Native American, and, more rarely, Asian
ancestry. Moreover, there is genetic heterogeneity among regions within
these major geographical groups. If we have a serious interest in making
diagnostic and therapeutic decisions based on genotype, then it is not typo-
logical race assignment that is relevant but the various contributions to a
person’s ancestry that are informative. The kind of questions to be asked are
these: Do you have any African ancestors? If so, do you know from what part
of Africa they came? Do you have any European ancestry? If so, from what
part of Europe did they come? Were there any Ashkenazi Jews among your
ancestors? And so on. The detailed information about local geographical
origins will often be unavailable, but categorical racial assignments are not

- a substitute for some kind of more informative ancestry history.

We agree entirely with Risch et al. (2002) that conventional socially
defined race which, for example, classifies all persons with visually detect-
able African ancestry as “black” or “African American” is of use in a medical
context to the extent that it provides information about, social circum-
stances and lifestyle conditions of patients, particularly discrimination. But
these socially defined categories should not be confounded with genetically
defined races. The actual distribution of human genetic variation. includ-
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and treatment of disease, is such that race is not a useful biological concept
when applied to humans. It is nevertheless true that data about the various
lines of ancestry of an individual can provide information on the likelihood
that the person carries certain gene alleles. Lines of ancestry, rather than
genetically arbitrary racial categories, can provide much accurate, biologi-
cally interesting, and potentially medically useful information. For diagnosis
and treatment, however, individual genotypes will, in the long run, provide
the most useful information.

NOTES

1. A microsatellite is any of numerous short segments of DNA that are distributed
throughout the genome, that consist of repeated sequences of usually two to five
nucleotides, and that tend to vary from one individual to another.

2. See Bolnick (this volume) for a discussion of Pritchard’s computer program,
structure.

3. Clinal genetic variation refers to a gradient of change in a group of related organ-
isms, usually along a line of environmental or geographic transition.
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