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Estimating Kinship in Admixed Populations

Timothy Thornton,'* Hua Tang,?2 Thomas ]J. Hoffmann,34 Heather M. Ochs-Balcom,> Bette ]J. Caan,®
and Neil Risch34.6.*

Genome-wide association studies (GWASs) are commonly used for the mapping of genetic loci that influence complex traits. A problem
that is often encountered in both population-based and family-based GWASs is that of identifying cryptic relatedness and population
stratification because it is well known that failure to appropriately account for both pedigree and population structure can lead to
spurious association. A number of methods have been proposed for identifying relatives in samples from homogeneous populations.
A strong assumption of population homogeneity, however, is often untenable, and many GWASs include samples from structured pop-
ulations. Here, we consider the problem of estimating relatedness in structured populations with admixed ancestry. We propose
amethod, REAP (relatedness estimation in admixed populations), for robust estimation of identity by descent (IBD)-sharing probabilities
and kinship coefficients in admixed populations. REAP appropriately accounts for population structure and ancestry-related assortative
mating by using individual-specific allele frequencies at SNPs that are calculated on the basis of ancestry derived from whole-genome
analysis. In simulation studies with related individuals and admixture from highly divergent populations, we demonstrate that REAP
gives accurate IBD-sharing probabilities and kinship coefficients. We apply REAP to the Mexican Americans in Los Angeles, California
(MXL) population sample of release 3 of phase III of the International Haplotype Map Project; in this sample, we identify third- and
fourth-degree relatives who have not previously been reported. We also apply REAP to the African American and Hispanic samples
from the Women’s Health Initiative SNP Health Association Resource (WHI-SHARe) study, in which hundreds of pairs of cryptically

related individuals have been identified.
Introduction

To date, hundreds of thousands of individuals have been
subjected to genome-wide association studies (GWASs).
A problem that often emerges in GWASs is that of identi-
fying and adjusting for relatedness in a sample because
it is well known that failure to appropriately account
for correlated genotypes among relatives in a sample can
lead to spurious association." A number of methods
have been proposed for inferring relatedness in GWAS
samples derived from a single, homogeneous popula-
tion.*”® However, a strong assumption of population
homogeneity is often untenable in genetic association
studies, and association methods have been proposed for
controlling the type 1 error in unrelated samples from
structured populations,” as well as in samples with
both pedigree and population structure.'®!! In the context
of inferring relatedness in GWASs with population struc-
ture, relatedness-estimation methods that assume popula-
tion homogeneity can give extremely biased estimates.
Recent work'? has considered the problem of relatedness
estimation in structured samples from ancestrally distinct
subpopulations, and the KING (kinship-based inference
for GWASs)-robust method has been proposed for esti-
mating kinship coefficients in such settings. In lieu of
using sample-level allele frequencies when estimating
kinship coefficients for pairs of individuals—an approach
that leads to biased estimates in the presence of population
structure—KING-robust estimates kinship coefficients by

using shared genotype counts as a measure of genetic
distance between individuals.

Genetic models used for identifying related individuals
from large-scale genetic data often make simplifying
assumptions about population structure—either random
mating or simple structures. In reality, human populations
do not mate at random, and there are no simple endoga-
mous subgroups. For example, in the United States, the
amount of intercontinental admixture and intermating
between ethnic groups is increasing, but at the same time,
there is evidence of ancestry-related assortative mating
within ethnic groups.'®'* Whereas GWASs have primarily
examined populations of European ancestry, more recent
studies involve admixed populations. In these circum-
stances, it is necessary to devise statistical relatedness-
estimation methods that account for the diverse genomes
of the sample individuals and that are robust in the presence
of a variety of complex, ancestry-related mating patterns.

We consider the problem of estimating relatedness in
samples from structured populations with admixed
ancestry. We propose a method, REAP, which stands for
relatedness estimation in admixed populations, for
relatedness inference in the presence of admixture and
ancestry-related mating. REAP gives robust identity by
descent (IBD)-sharing probabilities and kinship-coefficient
estimates in samples from structured populations with
admixed ancestry. To appropriately account for popu-
lation structure in the presence of admixture, REAP uses
individual-specific allele frequencies at SNPs that are
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calculated on the basis of ancestry derived from whole-
genome analysis. We also propose an inbreeding-coeffi-
cient estimator for samples from admixed populations.
We assess the accuracy of REAP in simulated samples
containing both related and unrelated individuals for
various types of population-structure settings, including
admixture as well as ancestry-related assortative and disas-
sortative mating. We also compare the performance of
REAP to KING-robust and methods that assume popula-
tion homogeneity. We apply REAP to the Mexican Ameri-
cans in Los Angeles, California (MXL) population sample
of release 3 of phase IIl of the International Haplotype
Map Project'® (HapMap) to confirm previously reported
relatives and identify new pedigree relationships. We also
apply REAP to identify related individuals in a sample of
12,008 African American and Hispanic American women
who were genotyped for the Women'’s Health Initiative
SNP Health Association Resource (WHI-SHARe) study.

Material and Methods

We first describe methodology for estimating IBD-sharing proba-
bilities and kinship coefficients in homogeneous populations.
Then, we describe the REAP approach for extending these
methods to structured populations with admixed ancestry.

Overview of IBD-Sharing Probabilities

and Kinship Coefficients

IBD-sharing probabilities and kinship coefficients are commonly
used in genetic analyses of samples with related individuals, e.g.,
family-based association and linkage analyses. At a genetic locus,
alleles that are inherited copies of a common ancestral allele are
said to be identical by descent. (The term identical by descent is
generally used for referring to recent, rather than ancient,
common ancestry.) Consider a pair of noninbred individuals i
and j. We denote 67, é;, and 67 to be the probability that i and j
share 0, 1, and 2 alleles identical by descent, respectively, at a locus.
¢y, the kinship coefficient for i and j is defined to be the proba-
bility that a random allele selected from i and a random allele
selected from j at a locus are identical by descent. The kinship coef-
ficient for i and j can be written as a function of the IBD-sharing
probabilities, such that ¢; = 1/2 67 + 1/4 6j. When pedigrees are
known, software programs'®'® are available for calculating IBD-
sharing probabilities and kinship coefficients. When pedigrees
are partially or completely unknown, genome-screen data can be
used for estimating measures of relatedness.

Estimating Relatedness in a Homogeneous Population

Let N be a set of noninbred individuals who are sampled from
a homogeneous population and who have been genotyped in
a genome screen. We consider the autosomal markers in
genome-screen data, and for simplicity, we will assume that each
marker is a SNP and the alleles are labeled “0” and “1” at each
SNP. For ie N, we let Y} be the genotype value for i at SNP s, where
s=1..Sand Y] = 1/2 x (the number of alleles of type 1 at SNP s in
individual i), where Y7 = 0, 0.5, or 1 according to whether indi-
vidual i has, respectively, O, 1, or 2 copies of allele 1 at the marker.
The expected value of Y} is E(Y) = ps, where p; is the allele
frequency for the type 1 allele in the population for SNP s. If we

further assume that the population is in Hardy-Weinberg equilib-
rium (HWE), then the variance of Y; is 62 = 1/2 ps(1 — p;), and for
i,jeN, the covariance®® of Y} and Y is 2¢;02. Let py,y, denote the
correlation between Y} and Y;. We assume that the correlation
structure is the same across SNPs, so we do not include the
subscript s in py,y. Notice that the correlation between Y} and
¥? can be estimated across SNPs for inference on the kinship coef-
ficient because py,y, = 2¢;. We let Sj be the set of polymorphic
markers in the sample for which both i and j have nonmissing
genotype data, and our proposed estimator for ¢;; is

~ 1.
¢ij = 2 Py;y;»

(Equation 1)
i (Yf—f);)(Yf—fa;)
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where pyy = , |Sij| is the number of

elements of S; 32 =1/2p,(1 — p,), and p, is an estimator of p;.
If p, is a consistent estimator of p;, p, —ps and the genotypes at
different SNPs are independent with |S;;| > «, then Equation 1
provides a consistent estimator of ¢;. For individuals sampled
from a homogeneous population, ps; could be estimated from the
sample. For example, if all sample individuals are genotyped at
SNP s, a reasonable estimator of p; is the sample mean ﬁ Z Y3,
ieN
where |N| is the number of sample individuals. Alternatively,
instead of an estimate of p; from the sample, an estimate from
a suitable reference panel could also be used.

Genome-screen data can also be used for obtaining estimates of
IBD-sharing probabilities. We define Zj; to be an indicator of i and j
sharing zero alleles identical by state at SNP s, i.e., Zj; = 1 if either
Yi=1landY] =0orY} =0and Y} =1, and Z; = O otherwise. The
expected value of Zj; is E(Zj) = 2pZ(1 — ps)?85, where 6) is the
probability that i and j share zero alleles identical by descent as
defined in the previous subsection. A method of moments
(MOM) estimator'? for 67 is

2. 2

~0 seSjj

Ty )

SeSjj

(Equation 2)

Equation 2 would be a consistent estimator of 52. under the same
consistency conditions given for Equation 1. A similar MOM esti-
mator for zero-IBD-sharing probabilities is implemented in the
widely used software package PLINK.* The remaining two IBD-
sharing probabilities, 6} and 67, can be written as f(}mctions of
both (32 and ¢; and can be estimated by 3,-}- =2- 25,7 - 4$,-, and
3,-2,- = 32 + 4@,-, —1 | respectively. An expectation maximization
(EM) algorithm® has also been proposed for estimating IBD-
sharing probabilities for samples from homogeneous populations.
Both the MOM and EM algorithms work well for estimating IBD-
sharing probabilities in homogeneous samples, although the EM
algorithm can be computationally intensive and might not be
feasible for estimating relatedness in large samples.

We will use the term “homogeneous-population estimators” for
the relatedness estimators—given in this subsection—that make
an assumption of population homogeneity.

Estimating Relatedness in Structured Populations

with Admixture

When individuals are sampled from structured populations, relat-
edness-estimation methods that assume population homogeneity
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have been shown to perform poorly in the presence of population
stratification.'” We now consider the problem of estimating IBD-
sharing probabilities and kinship coefficients in a set N of nonin-
bred individuals from an admixed population. We assume that the
individuals are sampled from a population with admixture from
K ancestral subpopulations, and we let @¢° = (q3, ...,q;)T denote
the vector of ancestral subpopulation-specific allele frequencies
at SNP s ; here, g; is the allele frequency of SNP s in subpopulation
k, where 1 < k < K. We define the genome-wide ancestry for an
individual to be the overall genetic ancestry across the autosomal
chromosomes, and we let the genome-wide ancestry vector for
ieN be a; = (a1, ..., ai)", where aj is the proportion of ancestry
from subpopulation k for individual i, ax > 0 for all k, and
Eleaik = 1. We assume that conditional on q°, the two alleles
of individual i at SNP s are Bernoulli random variables that are
independent and identically distributed (i.i.d.), a modeling
assumption made by other commonly used models of population
structure, such as the Balding-Nichols model with admixture.'%!?
We let Y} be the genotype value for individual i at SNP s defined
in the previous subsection, and we denote uj = E[Y]|a;, q°] to
be the expected value of Y7 conditional on q° and a;, and this
can be shown to be i = alq’ = Sk ,axq;. One can interpret u
as an individual-specific allele frequency for individual i because
it is a linear combination of the subpopulation allele frequencies
based on i's ancestry. The variance of Y] conditional on q* and
a; can be shown to be equal to 1/2u5(1 — ).

For i and j from a homogeneous population, we have from the
previous subsection that py,y, = 2¢;, where ¢; is the kinship
coefficient for i and j and py,y, is the correlation lA)etween Y}
and Yf To obtain the kinship-coefficient estimator ¢; given by
Equation 1 for the homogeneous-population setting, we esti-
mate py,y, by using SNPs from genome-screen data. For i and j
sampled from a structured population with admixed ancestry,
we similarly calculate the correlation between Y; and Y} across
SNPs to estimate the kinship coefficient, but we propose using
a conditional correlation?*—that is, a correlation that is calcu-
lated conditionally on the ancestry of the individuals as well
as the subpopulation allele frequencies. The conditional correla-
tion that we use for inference on ¢; in samples from admixed
populations is py,ya a;.q, Which is the correlation between Y}
and Y,:‘ conditional on a;, a;, and q°. Our REAP Kkinship-
coefficient estimator of ¢; in the presence of population
structure with admixture is ¢y, where A indicates that there
is an adjustment for admixed ancestry. The formula for our esti-
mator is

~4 1

¢,-f =3 Pyy;|aaqs (Equation 3)

where
| (v =) (v - m)

— > 7
1S5l &5 [0.555(1 - &) 0,5,7;(1 _ ﬁ?)

Sjj is the set of polymorphic markers in the genome screen for
which both i and j have nonmissing genotype data, |Sj| is the
number of elements of Sy, &} = &, §’ and = ﬁjT q’ are estimates
of u; and g, respectively, and q’, a;, and a; are estimates of q°, a,
and aj, respectively. Note that py,ya, a,q in Equation 3 is an esti-
mator of PY.Y, o805 the conditional correlation between Y; and
Y:. Software packages®>! are available for simultaneously esti-
mating individual admixture vectors a; and subpopulation allele

Pyyy;|aa.q =

frequencies q° for SNPs in a genome scan. Suitable reference
panels can also be used for estimating q*>2.

We also extend the homogeneous-population IBD-sharing-
probability estimators given in the previous subsection to ad-
mixed populations. Let Z; be the previously defined indicator of
i and j sharing zero alleles identical by state at SNP s, i.e., Zj; =1
ifeither Y7 =1and ¥ =0orY¥; =0andY; = 1, and Zj; = 0 other-
wise. Similar to the setting where individuals are sampled from
a homogeneous population, the expected value of Zj can also
used for obtaining a MOM estimator for 68» in an admixed popula-
tion, where we propose using an expectation of Z} that is calcu-
lated conditionally on a;, a;, and q° so that ancestry admixture
is appropriately adjusted for. For i and j sampled from an admixed
population, it can be shown that E(Z}|a;, a;,q°) = [(;Lf)z(l - ;L;)2+
(1- ;Lf)z(u‘;)z]ég, where p} = aq° and u = a/ ¢*, and our MOM
REAP estimator of 63 is

sz
Fa <5y (Equation 4)
Ul ?

> [@)(1-a) v - ) (5)]

SeSjj

where 7 = a; §’ and i = ﬁiT(A]S are the same estimates of y;
and y;, respectively, given in Equation 3. Analogous to the IBD-
sharing-probability estimators given in the previous subsection
for homogeneous-population samples, the remaining two REéE
IBD-sharing-probability estimators can be constructed with ¢;
OA

and 511- , where the REAP estimators for 6,»27- and 6}]» are

24 oA ~ 14 ~0A ~
0y =05 + 4¢f; —1and 5;- =2-26; — 4¢3, respectively. Alter-
natively, because the IBD-sharing probabilities should sum to 1,
a reasonable REAP estimator that can also be used for 6}/~ is

~04
19y

0 and 1 whenever the estimates are negative or greater than 1,
respectively.

24 ~0 <2
—0; , where the estimators ¢; and ¢; are truncated at

Estimating Inbreeding Coefficients in Structured
Populations with Admixture
Inbreeding coefficients can also be estimated with the REAP
method. For individual i, the self-kinship coefficient, which we
denote as ¢;;, is defined as the probability that two random alleles
drawn with replacement from individual i are identical by
descent. It has previously been shown®?® that ¢; = (1 + h;)/2,
where h; is the inbreeding coefficient for i and 0 < h; < (1/2).
If i is a noninbred individual, then /; = 0. In the presence of pop-
ulation structure, however, self-kinship and inbreeding-coeffi-
cient estimates can be systematically inflated for methods that
assume population homogeneity. We propose estimating h; with
adjustment for i's ancestry, and our REAP inbreeding-coefficient
estimator is

~A ~A

h, =2¢; —1, (Equation 35)
where aﬁ is the REAP kinship-coefficient estimator @2, given in
Equation 3, evaluated with i =j.

The analogous inbreeding-coefficient estimator'® for individual

i sampled from a homogeneous population is

hi=2¢; 1, (Equation 6)
where @; is the homogeneous-population kinship-coefficient esti-
mator $ii' given in Equation 1, evaluated with i =j.

124 The American Journal of Human Genetics 97, 122-138, July 13, 2012



Simulation Studies

We performed simulation studies in which both population
structure and related individuals were simultaneously present in
order to (1) assess the accuracy of the REAP approach for esti-
mating IBD-sharing probabilities and kinship coefficients in
structured populations and (2) compare the performance of
REAP to the recently proposed KING-robust kinship-coefficient
estimator'? and relatedness-estimation methods that assume
population homogeneity. We simulated four different popula-
tion-structure settings, including admixture and ancestry-related
mating.

Relationship Configurations

We sampled 400 individuals from 20 noninbred four-generation
pedigrees. Each pedigree has a total of 20 individuals, related as
shown in Figure S1, available online. Each pedigree contains
first-, second-, third-, and fourth-degree relative pairs as well as
unrelated individuals. To sample a pedigree within a given setting
of population structure, we first simulated genotypes for pedigree
founders under HWE according to the chosen population-struc-
ture setting, described in the next subsection, and then dropped
alleles down the pedigree.

Population-Structure Settings

Each simulation specifies a particular population-structure setting
that is a special case of the Balding-Nichols model with admix-
ture.'®'® For each SNP s, the “ancestral” population allele
frequency, ps, in the Balding-Nichols model is drawn from
a uniform distribution on [0.1, 0.9], and allele frequencies for
the subpopulations are then drawn from a beta distribution with
parameters ps(1 — Fsr)/Fsr and (1 — p,)(1 — Fsr)/Fsr. The quantity
Fsr in the Balding-Nichols model is equivalent to Wright'’s
measure of population differentiation® from the ancestral popu-
lation, and we take Fsr = 0.2 for every subpopulation to simulate
allele frequencies derived from highly divergent subpopulations.
We considered four population-structure settings. Population
structure 1 has pedigrees sampled from the two subpopulations:
50% of the pedigrees were sampled from subpopulation 1, and
50% of the pedigrees were sampled from subpopulation 2. Popula-
tion structure 2 has pedigrees sampled from an admixed popula-
tion formed from two subpopulations in which each sampled
individual has an admixture vector of the form a = (a,1 —a),
where the first component, g, is the genome-wide ancestry propor-
tion from subpopulation 1 and the second component, 1 — g, is
the genome-wide ancestry proportion from subpopulation 2. For
this population-structure setting, 50% of the pedigrees have
founders with admixture component a following a beta distribu-
tion with a mean of 0.1 and a standard deviation (SD) of 0.1,
and the remaining 50% of the pedigrees have founders with an
a value that follows a beta distribution with a mean of 0.9 and
a SD of 0.1. Population structure 3 has individuals who are ad-
mixed from three subpopulations, and the founder individuals
in every pedigree have an i.i.d. admixture vector a following a
Dirichlet (A1, A2,43) distribution, where we take 4 =4, = A3 =1
so that all three genome-wide ancestry components of a have
a mean of 1/3. Population structure 4 has admixture from two
subpopulations in which the pedigree founders are sampled
from either subpopulation 1 or 2 and in which the mating of
founder individuals in every pedigree occurs between individuals
from the different subpopulations. For this setting, every non-
founder in the pedigrees is admixed from the two subpopulations.

Note that (1) both population-structure settings 1 and 2 have
ancestry-related assortative mating, i.e., the mating of founder
individuals in every pedigree occurs with individuals who have
either the same (population structure 1) or similar (population
structure 2) ancestry; (2) population structure 4 has disassortative
mating, i.e., the matings in the pedigrees are only with individuals
who have different ancestry; and (3) population structure 3 has
ancestry admixture, but mating is completely random, i.e., it is
independent of ancestry.

For each population-structure setting, genotype data were
generated for 10,000 random SNPs, and genome-wide ancestry
proportions were then estimated for all sample individuals with
the use of the frappe software program,?' which implements an
EM algorithm to infer each individual’s ancestry proportions.
Random samples of 200 individuals from each of the subpopula-
tions were included as fixed groups in the frappe analysis, and
we set the number of ancestral populations K equal to the number
of subpopulations in each of the population-structure settings
(i.e., 2 or 3). We then estimated kinship coefficients and IBD-
sharing probabilities from the genotype data for the 10,000
random SNPs for all pairs of individuals in thAeAsample; for kinship
coefficients, we used the REAP estimat(lr b (Equation 3) and
the homogeneous-population estimator ¢ (Equati(in 1), and for
IBD-sharing probabilities, we used REAP estimat(z(r) 6; (Equation
4) and the homogeneous-population estimator ¢; (Equation 2).
The REAP estimates were calculated with the frappe-estimated
admixture vectors (rather than the simulated admixture pro-
portion values) for the sample individuals and the SNP allele
frequencies from each of the subpopulations. The homoge-
neous-population relatedness estimators were calculated with
the population allele frequencies obtained from the combined
subpopulations.

Results

Assessment of REAP and Homogeneous-Population
Relatedness Estimators

We compared REAP to relationship-estimation methods
that assume population homogeneity under population-
structure settings 1, 2, and 3. The pedigree relationships
considered in our simulation study can be distinguished
by their theoretical probability of zero-IBD sharing, and
the theoretical kinship coefficients differentiate all of the
relationship types except for the two types of first-degree
relatives, parent-offspring relationships and full siblings.
Figure 1 displays estimated kinship coefficients plotted
against the estimated probability of zero-IBD sharing for
the REAP estimators and the homogeneous-population
relatedness estimators for the three population-structure
settings. Figures 1B and 1D illustrate that relatedness-
estimation methods that assume population homogeneity
perform quite poorly for population-structure settings 1
and 2, both of which have assortative mating for ancestry:
(1) Related individuals have a systematic inflation in the
estimated degree of relatedness, (2) a large portion of
unrelated pairs who have either the same ancestry or
similar admixed ancestry have kinship-coefficient esti-
mates that correspond to second- and third-degree rela-
tives, and (3) unrelated individuals who have sufficiently
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Estimated kinship coefficients plotted against zero-IBD-sharing-probability estimates for three population-structure settings.

(A, C, and E) Scatter plots comparing the REAP kinship-coefficient estimator from Equation 3 with the REAP zero-IBD-sharing-
probability estimator from Equation 4 for population-structure settings 1 (A), 2 (C), and 3 (E).

(B, D, and F) Scatter plots comparing the homogeneous-population kinship-coefficient estimator from Equation 1 with the homoge-
neous-population zero-IBD-sharing-probability estimator from Equation 2 for population-structure settings 1 (B), 2 (D), and 3 (F).
Zero-IBD-sharing-probability and kinship-coefficient estimates were calculated with 10,000 simulated random SNPs.

different ancestry have estimated kinship-coefficient
values that are systematically negative when the true
kinship coefficient for these pairs is 0. Figure 1F, however,

shows that for population-structure setting 3, in which
there is no ancestry-related assortative mating, relatedness
estimation methods that assume population homogeneity
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Table 1.

REAP IBD-Sharing-Probability Estimates for Population-Structure Setting 2

3¢ (Probability of IBD = 0)

31 (Probability of IBD = 1)

32 (Probability of IBD = 2)

Theoretical REAP Estimate Theoretical REAP Estimate Theoretical REAP Estimate

Outbred Relationship Probability (SD) Probability (SD) Probability (SD)

Self 0 0 (0) 0 0.007 (0.013) 1 0.993 (0.013)
Parent-offspring pair 0 0 (0) 1 0.985 (0.020) 0 0.015 (0.020)
Full siblings 0.25 0.251 (0.019) 0.5 0.494 (0.038) 0.25 0.256 (0.028)
Second degree 0.5 0.501 (0.026) 0.5 0.485 (0.039) 0 0.014 (0.019)
Third degree 0.75 0.752 (0.030) 0.25 0.236 (0.043) 0 0.012 (0.017)
Fourth degree 0.875 0.873 (0.032) 0.125 0.116 (0.045) 0 0.011 (0.017)
Unrelated: similar 1 1.002 (0.032) 0 —0.003 (0.035) 0 0.001 (0.004)
ancestry

Unrelated: different 1 0.980 (0.025) 0 0.019 (0.025) 0 0.001 (0.003)
ancestry

In the table, 3o, 81, and d2, are the probabilities that relationship types share 0, 1, and 2 alleles identical by descent, respectively. Results given in the table are the
average REAP estimates for the IBD-sharing probabilities (and SDs) calculated with 10,000 simulated random SNPs for population-structure setting 2. The
following abbreviations are used: IBD, identity by descent; REAP, relatedness estimation in admixed populations; and SD, standard deviation.

can give reliable relatedness inference for first-, second-,
and many third-degree relatives.

In contrast, Figures 1A, 1C, and 1E illustrate that REAP
gives accurate Kinship-coefficient and zero-IBD-sharing-
probability estimates for all three population-structure
settings. There is no overlap in the figures among the
first-, second-, and third-degree relatives and no overlap
between third-degree relatives and unrelated individuals
in all three population-structure settings considered.
Similar to what has been observed for relatedness esti-
mators in homogeneous populations,'? there is some
overlap between third- and fourth-degree relatives and
between fourth-degree relatives and unrelated individuals,
although the degree of overlap is considerably less than
that observed for methods assuming population homoge-
neity (e.g., Figure 1F). This is expected because the actual
IBD sharing for pairs of relatives, except for parent-
offspring relationships and monozygotic (MZ) twins, will
vary around its expectation. REAP appropriately adjusts
for ancestry in all population-structure settings, and
there is no inflation of the relatedness estimates in the
presence of population structure and assortative mating
for ancestry. All unrelated individuals, even those who
have substantially different admixture-ancestry distribu-
tions, have REAP kinship-coefficient estimates that are
unbiased and close to the true kinship-coefficient value
of 0. The REAP IBD-sharing-probability estimates are also
robust in all population-structure settings considered,
and Table 1 gives REAP IBD-sharing-probability averages
and SDs for each relationship type for population-structure
setting 2, in which there is both admixture and assortative
mating for ancestry.

We also performed a simulation study by using esti-
mated subpopulation allele frequencies for population-
structure settings 1, 2, and 3. The frappe software program
used for estimating the individual-ancestry proportions

in the simulation studies also simultaneously estimates
subpopulation allele frequencies at the SNPs, and Fig-
ure S2 displays estimated kinship coefficients plotted
against the estimated probability of REAP zero-IBD sharing
calculated with frappe-estimated SNP allele frequencies.
There is little difference in relatedness inference with
REAP when estimated versus true subpopulation allele
frequencies are used for all population-structure settings
considered.

Our simulation study illustrates that REAP performs well
under various types of population-structure settings. REAP
is robust to admixed ancestry from highly divergent popu-
lations, as well as to ancestry-related assortative mating.

Comparison of REAP and KING-Robust in Samples
with Assortative Mating for Ancestry

The KING-robust method'? was previously evaluated in
structured samples that contain individuals from distinct
subpopulations with no admixture. We evaluated KING-
robust under population-structure setting 2, in which
there is both ancestry admixture and ancestry-related
assortative mating, and we compared the method to
REAP. The KING-robust method calculates kinship coeffi-
cients, but not IBD-sharing probabilities, so we can only
compare KING-robust to the REAP Kkinship-coefficient
estimator and not to the REAP estimators for IBD-sharing
probabilities. Table 2 gives the averages and SDs for the
REAP and KING-robust kinship-coefficient estimators and
for the homogeneous-population kinship-coefficient esti-
mator from Equation 1 for population-structure setting 2.
As previously discussed, the kinship-coefficient estimator
that assumes population homogeneity gives biased
kinship-coefficient estimates in this population-structure
setting for all relationship types. KING-robust gives
accurate kinship-coefficient estimates for all pairs of indi-
viduals who have similar admixed ancestry; however, for
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Table 2.
Estimator

Kinship-Coefficient Estimates for Population-Structure Setting 2 with REAP, KING-Robust, and the Homogeneous-Population

¢ (Kinship Coefficient)

Theoretical Kinship

Outbred Relationship Coefficient REAP Estimate (SD) Homogeneous Estimate (SD) KING-Robust Estimate (SD)
Parent-offspring pair 0.25 0.251 (0.008) 0.291 (0.014) 0.249 (0.005)
Full siblings 0.25 0.251 (0.007) 0.291 (0.016) 0.251 (0.005)
Second degree 0.125 0.126 (0.006) 0.172 (0.016) 0.125 (0.007)
Third degree 0.0625 0.063 (0.005) 0.113 (0.016) 0.062 (0.008)
Fourth degree 0.03125 0.031 (0.005) 0.084 (0.014) 0.033 (0.008)
Unrelated: similar ancestry 0 —0.0001 (0.005) 0.054 (0.017) —0.002 (0.010)

Unrelated: different ancestry 0 —0.0001 (0.005)

~0.055 (0.017) ~0.135 (0.040)

Kinship coefficients were estimated with the REAP kinship-coefficient estimator from Equation 3, the homogeneous-population kinship-coefficient estimator from
Equation 1, and the KING-robust kinship-coefficient estimator. Results given in the table are the average of the kinship coefficients (and SDs) for each estimator
calculated with 10,000 simulated random SNPs for population-structure setting 2. The following abbreviations are used: REAP, relatedness estimation in admixed

populations; and SD, standard deviation.

the unrelated pairs who have significantly different ad-
mixed-ancestry distributions, KING-robust gives sys-
tematically biased kinship-coefficient estimates. The true
kinship coefficient for these pairs is O, but the average
KING-robust kinship-coefficient estimate is —0.135 with
a SD of 0.040. REAP gives accurate kinship-coefficient esti-
mates for all considered relationship types, including
unrelated pairs who have significantly different admixed-
ancestry distributions; the average REAP kinship-coeffi-
cient estimate for these pairs is —0.0001, and the SD is
0.005. Histograms for both the KING and REAP Kkinship-
coefficient estimates for all unrelated pairs in the simu-
lation study are given in Figure 2. The KING-robust
histogram essentially shows two kinship-coefficient
distributions; one distribution is centered close to O and
corresponds to the unrelated pairs who have similar ad-
mixed ancestry, and the other distribution is centered
around —0.14 and corresponds to the distribution of
kinship-coefficient values for unrelated pairs who have
different ancestry-admixture distributions. In contrast,
all REAP Kkinship-coefficient values for the unrelated
pairs are centered around the true kinship-coefficient
value of 0.

Evaluation of REAP and KING-Robust When Related
Individuals Have Different Ancestry

We also evaluated REAP and KING-robust under popula-
tion structure 4, in which there are related individuals
who have different admixed ancestry from two subpopu-
lations as a result of disassortative mating. We define
Djj = |a; — aj| as the absolute difference in the genome-
wide ancestry proportions from subpopulation 1 for indi-
viduals i and j. For the relative pairs in population-structure
setting 4, D;; ranges from O to 0.75. Table 3 gives averages
and SDs for the REAP kinship-coefficient estimators for
first-, second-, and third-degree relative pairs who have
moderate to large ancestry differences under population
structure 4, for which we define 0.125 < Dy < 0.375 and

0.5 <Dy <0.75 to be “moderate” and “large” ancestry
differences, respectively. REAP gives kinship-coefficient
estimates that are consistent with first-degree relatives for
parent-offspring pairs with moderate and large ancestry
differences. Note that full siblings are not included in
Table 3 because first-degree relative pairs of this type
have similar genome-wide ancestry distributions. REAP
also gives reliable relatedness estimates for second- and
third-degree relatives with moderate and large ancestry
differences. We also evaluated the performance of KING-
robust when close relatives had large ancestry differences.
The method gives reliable kinship-coefficient estimates
for parent-offspring pairs with large ancestry differences;
for these pairs, the average kinship coefficient is 0.223
(SD = 0.004). KING-robust, however, does not give accu-
rate relatedness inference for second- and third-degree
relatives with large ancestry differences. The kinship coef-
ficient for second- and third-degree relatives is 0.125 and
0.0625, respectively, and the averages of the KING-robust
kinship-coefficient estimates for these relative pairs are
0.021 (SD = 0.026) and 0.024 (SD = 0.014), respectively.
In contrast, the REAP kinship-coefficient estimates for
second- and third-degree relative pairs with large ancestry
differences are 0.119 (SD = 0.006) and 0.059 (SD = 0.005),
respectively. An advantage of REAP is that the method
gives accurate relatedness inference for all pairs of individ-
uals, even those who have substantially different ancestry-
admixture distributions.

Assessment of REAP with Misspecification

of the Ancestral Populations

We also investigated the impact on REAP when there is
misspecification of the ancestral populations under popu-
lation structure 3, in which individuals are admixed from
three highly divergent populations. We considered two
settings of misspecification. Misspecification setting 1 is
similar to the previously discussed analysis for popula-
tion-structure setting 3 when the ancestral populations
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Figure 2. KING-Robust and REAP Kinship-Coefficient Histo-
grams for Unrelated Pairs with Admixture

(A and B) Histograms of kinship coefficients estimated with the
KING-robust kinship-coefficient estimator (A) and the REAP
kinship-coefficient estimator from Equation 3 (B) for all pairs of
unrelated individuals in population-structure setting 2. The
vertical line at O in each histogram represents the true kinship
coefficient for all pairs. Kinship-coefficient estimates were calcu-
lated with 10,000 simulated random SNPs.

are correctly specified except that (1) the number of ances-
tral populations is incorrectly set to K = 4 in the frappe
software program for estimating the individual ancestry
of the admixed individuals and that (2), in addition to
the inclusion of the random samples of size 200 from
each of the three subpopulations as fixed groups in the
frappe analysis, a random sample of 200 individuals from
a fourth subpopulation, from which the admixed individ-
uals have no ancestry, is included as the fourth fixed group
in the analysis. Misspecification setting 2 is also similar to
the previously discussed analysis of population-structure
setting 3 except that (1) the number of ancestral popula-

tions is incorrectly set to K = 2 in the frappe analysis and
that (2) the random samples from two of the subpopula-
tions are now combined and included as a single fixed
group in the frappe analysis, and the random sample
from the third subpopulation is included as the other
fixed group. For each misspecification setting, individual-
ancestry proportions and subpopulation allele frequencies
were first estimated with the frappe software program, and
the frappe estimates were then used for calculating the
REAP kinship coefficients and IBD-sharing probabilities
for all pairs of individuals. Figures S3 and S4 give the
REAP kinship-coefficient estimates plotted against REAP
zero-IBD-sharing-probability estimates for misspecification
settings 1 and 2, respectively. Figure S3 illustrates that mis-
specification setting 1, for which the number of ancestral
populations is misspecified to be four in the frappe analysis,
has essentially no impact on relatedness inference with
REAP. This can be seen in a comparison to Figure 1E, the
corresponding REAP figure in which the ancestral popu-
lations are correctly specified. Figure S4 illustrates that
REAP gives reliable relatedness inference for first-, second-,
and third-degree relatives for misspecification setting 2, for
which the number of ancestral populations is incorrectly
specified to be two in the frappe analysis for population
structure 3; however, the overlap of the fourth-degree rela-
tives and unrelated pairs is considerably more than the
overlap in Figure 1E as a result of the increase in the SDs
of the REAP estimates when the number of ancestral popu-
lations is misspecified to be two. Table S1 gives the averages
and SDs of the REAP kinship coefficients for misspecifica-
tion setting 2, as well as the setting when the ancestral
populations are correctly specified. The SDs of the REAP
estimates for all relationship types are larger for misspecifi-
cation setting 2 than are the SDs of the REAP estimates
when the ancestral populations are correctly specified.

Resolution of Relationship Inference with REAP

for Different SNP Densities

For population-structure setting 2, we also performed
simulation studies by using 5K random SNPs (where K =
1,000) to see how the resolution of REAP for identifying

Table 3.
Setting 4

REAP Kinship-Coefficient Estimates for Relative Pairs with Moderate and Large Ancestry Differences for Population-Structure

Moderate Ancestry Differences®

Theoretical Kinship

Large Ancestry Differences®

Outbred Relationship Coefficient REAP Estimate (SD) REAP Estimate (SD)
Parent-offspring pair 0.25 0.233 (0.007) 0.232 (0.006)
Second degree 0.125 0.115 (0.006) 0.119 (0.006)
Third degree 0.0625 0.058 (0.005) 0.059 (0.005)

Kinship coefficients were estimated with the REAP kinship-coefficient estimator from Equation 3. Results given in the table are the average of the REAP kinship
coefficients (and SDs) calculated with 10,000 simulated random SNPs for population-structure setting 4. The following abbreviations are used: REAP, relatedness

estimation in admixed populations; and SD, standard deviation.

For relative pairs with moderate ancestry differences, the absolute difference in genome-wide ancestry proportions from subpopulation 1 ranges from

0.125 t0 0.375.

BFor relative pairs with large ancestry differences, the absolute difference in genome-wide ancestry proportions from subpopulation 1 ranges from 0.5 to 0.75.
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Table 4. Inbreeding-Coefficient Estimates with REAP and the
Homogeneous-Population Estimator

Inbreeding Coefficient

Population True Inbreeding REAP Estimate Homogeneous
Structure Coefficient (SD) Estimate (SD)
1 0 —0.002 (0.018)  0.094 (0.017)
2 0 0.007 (0.016)  0.056 (0.023)
3 0 —0.007 (0.019)  0.010 (0.031)

Inbreeding coefficients were estimated with the REAP inbreeding-coefficient
estimator from Equation 5 and the homogeneous-population inbreeding-
coefficient estimator from Equation 6 for population-structure settings 1, 2,
and 3. Results given in the table are the average of the inbreeding-coefficient
estimates (and SDs) for each estimator calculated with 10,000 simulated
random SNPs. The following abbreviations are used: REAP, relatedness estima-
tion in admixed populations; and SD, standard deviation.

and distinguishing relative pairs is impacted when the
number of SNPs is reduced by 50%. Figure S5 gives the
REAP kinship-coefficient estimates plotted against REAP
zero-IBD-sharing-probability estimates when 5K SNPs
were used. Figure 1C gives the corresponding REAP plot
for population structure 2 when 10K SNPs were used. For
both the 5K and 10K SNP analyses, the REAP-estimated
kinship coefficients and zero-IBD-sharing probabilities
are centered around their respective expected values for
all relationship types. In the figures, there is no overlap
among the first-, second-, and third-degree relatives or
among the third-degree relatives and unrelated individ-
uals. However, when 5K SNPs were used, there was
substantially more overlap between third- and fourth-
degree relatives and between fourth-degree relatives and
unrelated individuals than when 10K SNP were used as
a result of the higher SD of the REAP estimators when
the number of random SNPs used for estimating related-
ness was reduced by 50%. For the 5K SNP analysis, the
REAP Kkinship-coefficient averages for parent-offspring
pairs, full siblings, and second-degree, third-degree, and
fourth-degree relative pairs are 0.252 (SD = 0.011), 0.252
(SD = 0.009), 0.126 (SD = 0.009), 0.062 (SD = 0.008),
and 0.031 (SD = 0.008), respectively. When SK SNPs
were used, the REAP-estimated kinship-coefficient aver-
ages for unrelated pairs who have both similar and
different admixed-ancestry distributions are —0.00007
(SD = 0.007) and —0.00006 (SD = 0.007), respectively.
The averages and SDs of the REAP kinship-coefficient esti-
mates when 10K SNPs were used for all relationship types
are given in Table 2.

Estimating Inbreeding Coefficients in Structured
Populations

We estimated inbreeding coefficients for population-
structure settings 1, 2, and iA by using the REAP
inbreeding-coefficient estimator h; (Equation 5) and the
inbreeding-coefficient estimator h; (Equation 6) for homo-
geneous populations. All individuals in the simulation
study are outbred, so the true inbreeding coefficient is
0 for every individual. Table 4 reports the averages of the

inbreeding-coefficient values (and SDs) for the two estima-
tors for each of the population-structure settings. For
population-structure settings 1 and 2, the inbreeding-
coefficient estimates are highly inflated with the use of
ﬁi, the estimator that assumes population homogeneity;
the averages of the inbreeding coefficients for this esti-
mator are 0.094 and 0.056 for population-structure
settings 1 and 2, respectively. IPA contrast, the REAP
inbreeding-coefficient estimator h; has an average of
—0.002 and -0.007 for population-structure settings
1 and 2, respectively. For population-structure setting 3,
in which there is no assortative mating for ancestry, both
of the inbreeding-coefficient estimators give average
1nbreed1ng estimates that are close to O; the average values
for h and h; are —0.007 and 0.010, respectively.

HapMap MXL Data

The HapMap MXL samples have well-documented parent-
offspring relationships.'® A recent relationship-inference
analysis of these samples identified additional first- and
second-degree relationships that were previously unre-
ported.>® We estimate IBD-sharing probabilities and
kinship coefficients in this sample by using REAP to verify
previously identified relatives and to identify third- and
fourth-degree relationships that had not been reported.
We first used the frappe software program to estimate the
genome-wide proportions of European, African, and
Native American ancestry for the 86 sample individuals
who have available genotype data in HapMap MXL.
We set the number of ancestral populations at K = 3 in
the frappe analysis, for which the HapMap CEU (Utah
residents with ancestry from northern and western Europe
from the Centre d’Etude du Polymorphisme Humain
collection) and YRI (Yoruba in Ibadan, Nigeria) samples
were used for European and African ancestry, respectively,
and for which the Human Genome Diversity Project®®
(HGDP) samples from the Americas were used for Native
American ancestry. The surrogate HGDP sample for Native
American ancestry includes 8 Surui, 22 Maya, 13 Karitiana,
14 Pima, and 6 Colombian individuals. In the frappe
analysis, 150,872 autosomal SNPs that were genotyped in
both the HapMap and HGDP datasets were used. Figure 3
presents a bar plot of the results from the frappe analysis
of the HapMap MXL samples; the HGDP Native American
and HapMap CEU and YRI samples were included in
the analysis as fixed groups, and proportional ancestry
was estimated for the 86 HapMap MXL genotyped indi-
viduals. In the bar plot of frappe ancestry estimates, indi-
viduals (vertical bars) are arranged in increasing order
(left to right) of genome-wide European ancestry propor-
tion. All HapMap MXL individuals have modest African
ancestry (5% on average [SD = 0.02]); most of their
ancestry is Furopean and Native American at around
50% and 45%, respectively, on average. The proportion
of European and Native American ancestry is quite vari-
able; the Native American ancestry proportion ranges
from 0.04 to 0.81 and has a SD of 0.15, and the European
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Figure 3. Individual-Ancestry Estimates for HapMap MXL

Individual-ancestry estimates for 86 HapMap MXL sample indi-
viduals from a supervised structure analysis with the frappe soft-
ware program. In the figure, each individual is represented by
a vertical bar; European (HapMap CEU) and African (HapMap
YRI) ancestry contributions are in blue and red, respectively, and
Native American (HGDP samples from the Americas) ancestry
contributions are in green.

ancestry proportion ranges from 0.18 to 0.93 and also
has a SD of 0.15.

We calculated REAP kinship-coefficient and IBD-
sharing-probability estimates for all pairs of individuals
in HapMap MXL by using the frappe-estimated indi-
vidual-ancestry vectors a and the estimated subpopulation
allele frequencies q° for each SNP s. Figure 4 displays
REAP-estimated kinship coefficients plotted against REAP
zero-IBD-sharing-probability estimates for all pairs of
individuals in the HapMap MXL sample. We used previ-
ously proposed inference criteria'® based on estimates of
zero-IBD-sharing probability and kinship coefficients for
relationship classification. The inference criteria, derived
with powers of two, is the natural scale of the kinship
coefficients and zero-IBD-sharing probabilities in nonin-
bred populations, and in our simulation studies, the
relationship-classification criteria performed well for all
relationship types. REAP identifies all of the documented
parent-offspring relationships as well as verifies the
additional first- and second-degree relatives who were
previously identified.?* REAP also identifies additional
third- and fourth-degree relationships that have not pre-
viously been reported. All relative pairs in the HapMap
MXL sample identified by REAP are given in Table S2.

Figure 5 is a REAP-reconstructed large extended pedigree
connecting four HapMap MXL families: M008, 2382,
MO11, and MO0O12. We can also reconstruct this extended
pedigree by connecting the four families by using the
previously identified®* first- and second-degree relatives.
All third- and fourth-degree relationships indicated by

HapMap MXL: REAP Estimators
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Figure 4. REAP Kinship Coefficients versus Zero-IBD-Sharing
Probabilities for HapMap MXL

REAP kinship-coefficient estimates are plotted against REAP zero-
IBD-sharing-probability estimates for the HapMap MXL sample.
REAP estimates were calculated with the kinship-coefficient and
zero-IBD-sharing-probability estimators from Equations 3 and 4,
respectively. Relative pairs were classified on the basis of kinship-
coefficient and zero-IBD-sharing-probability estimates.

the extended pedigree have REAP-estimated kinship coeffi-
cients and IBD-sharing probabilities that are consistent for
relative pairs. Consider, for example, individual NA19665,
who is the offspring in trio M012. This individual has
a third-degree relationship with full siblings NA19660
and NA19672 in the reconstructed pedigree. For
NA196635, the REAP kinship-coefficient estimates for the
relationships with siblings NA19660 and NA19672 are
0.04 and 0.05, respectively, and the REAP zero-IBD-
sharing-probability estimates are 0.85 and 0.80, respec-
tively. NA19665 is also a fourth-degree relative of both
NA19662 and NA19685 in the reconstructed pedigree;
the REAP zero-IBD-sharing-probability estimates for the
relationships with NA19662 and NA1968S5 are 0.93 and
0.92, respectively, and the corresponding REAP kinship-
coefficient estimates are both equal to 0.02. Interestingly,
one pair of individuals in this figure, NA19665 and
NA19660, has a third-degree relationship from the recon-
structed pedigree, but the pair would be classified as
fourth-degree relatives on the basis of the inference criteria
that we used. As previously mentioned, some overlap
between third- and fourth-degree relatives is expected
because the proportion of the genome that is shared iden-
tically by descent for relatives will vary around its expected
value as a result of the stochastic nature of segregation and
recombination.®

Figure 6 displays pedigree relationships that connect
the HapMap MXL families M007 and MO032, in which
individual NA19657, who is the mother in trio M007, is

The American Journal of Human Genetics 97, 122-138, July 13, 2012 131



NA19660
NA19661

NA19662
NA19685

Figure 5.

Example of an Extended Pedigree Reconstructed with REAP in HapMap MXL

REAP-inferred pedigree relationships for four HapMap-reported pedigrees from the MXL sample are given. HapMap-reported pedigree
relationships are circled, and HapMap-reported pedigree identification numbers (M008, 2382, MO11, and M012) are given in bold

font in each of the circles.

estimated to have a third-degree relationship with the
father (NA19786) of trio M032 and a fourth-degree
relationship with the mother (NA19785) of trio M032.
The REAP estimates of kinship coefficients and zero-
IBD-sharing probabilities for individuals NA19657 and
NA19786 are 0.06 and 0.73, respectively; the REAP
estimates of kinship coefficients and zero-IBD-sharing
probabilities for individuals NA19657 and NA19785 are
0.02 and 0.91, respectively. NA19657 has a complex rela-
tionship with NA19787, the offspring in family M032,
because the two are related through NA19787’s maternal
and paternal lineage. The REAP-estimated kinship coeffi-
cient for NA19657 and NA19787 is 0.05, and the REAP
zero-IBD-sharing-probability estimate is 0.76. Based on
the reconstructed pedigree, the theoretical kinship coeffi-
cient and zero-IBD-sharing probability for the pair are
0.046875 and 0.8203125, respectively. The two parents
(NA19785 and NA19786) of NA19787 in trio M032 are

inferred to be unrelated because their REAP Kkinship-
coefficient and zero-IBD-sharing-probability estimates are
0.009 and 0.99, respectively.

Figure S6 displays a histogram of REAP-estimated
kinship-coefficient values for 3,666 pairs of individuals
who have kinship-coefficient estimates that are less than
0.045, which is around the lower level of Kkinship-
coefficient values that would be expected for most third-
degree relatives. The kinship coefficients are approxi-
mately normally distributed with a mean of —0.0002 and
a SD of 0.003, and the values range from —0.010 to
0.039. Because the mean kinship coefficient for unrelated
individuals should be close to O, the lower bound of this
range can roughly be regarded as the maximum
deviation of an estimate from the mean. We estimated
the two-tailed 95% confidence interval (adjusted for
multiple tests by Bonferroni correction) to be (—0.014,
0.014) by using all REAP kinship coefficients that are less
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Example of Two HapMap MXL Pedigrees Connected with REAP

Pedigree relationships for two HapMap-reported pedigrees from the MXL sample are given. HapMap-reported pedigree relationships are
circled, and HapMap-reported pedigree identification numbers (MO07 and M032) are given in bold font in each of the circles.

than 0.045. Therefore, the right tail of the Kkinship-
coefficient distribution for unrelated individuals should
not go beyond around 0.014, and kinship coefficients
that are greater than this should correspond to relative
pairs. All third- and fourth-degree relatives given in the
constructed pedigrees of Figures 5 and 6 have kinship
coefficients that are greater than the estimated kinship-
coefficient upper bound for unrelated pairs.

WHI-SHARe Data

The WHI is a long-term national health study focused on
identifying risk factors for common diseases in postmeno-
pausal women. A total of 161,838 women aged 50-79 years
old were recruited from 40 clinical centers in the United
States between 1993 and 1998. The WHI consists of an
observational study, two clinical trials of postmenopausal
hormone therapy (estrogen alone and estrogen plus
progestin), a calcium and vitamin D supplement trial,
and a dietary modification trial.>” The WHI-SHARe
minority cohort of women from the WHI consists of
8,421 self-reported African Americans and 3,587 self-
reported Hispanics who provided consent for DNA anal-
ysis. All samples were genotyped at Affymetrix on the
Genome-wide Human SNP Array 6.0. There is no available
pedigree or genealogical information for the WHI-SHARe
sample, so we used REAP to identify related individuals
in this admixed sample.

We used the frappe software to estimate individual
ancestry for every individual in the WHI-SHARe sample.
As in our REAP analysis of the HapMap MXL sample
(discussed in the previous subsection), the HapMap CEU,
HapMap YRI, and HGDP samples from the Americas were
used as surrogates for European ancestry, African ancestry,
and Native American ancestry, respectively. Because there
are some WHI-SHARe individuals who self-reported that
they had East Asian ancestry, we also included HGDP
East Asian samples in the frappe analysis. We used
656,852 autosomal SNPs genotyped in the WHI-SHARe
sample and set the number of ancestral populations at
K = 4 in the frappe analysis, in which the HapMap CEU
and YRI samples, HGDP samples from the Americas, and
East Asian samples were included as fixed groups. Propor-
tional ancestry was estimated for all 12,008 individuals.
In the frappe analysis, we included SNPs genotyped in
WHI-SHARe, but not in both the HapMap and HGDP
samples; this differs from the frappe analysis discussed in
the previous subsection. An advantage of frappe is that
the software allows SNPs that might not be genotyped
on all platforms to contribute to individual ancestry
while simultaneously estimating the ancestral allele
frequencies for these SNPs. We also performed the frappe
analysis for the WHI-SHARe sample by using only over-
lapping SNPs in all three study samples, and we found
that there was little difference in the individual-ancestry
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Figure 7. REAP Kinship Coefficients versus Zero-IBD-Sharing

Probabilities for WHI-SHARe

(A and B) REAP kinship-coefficient estimates are plotted against
REAP zero-IBD-sharing-probability estimates for the WHI-SHARe
self-reported African Americans and self-reported Hispanics,
respectively. REAP estimates were calculated with the kinship-
coefficient and zero-IBD-sharing-probability estimators from
Equations 3 and 4, respectively.

estimates. For the self-reported African Americans, the
average frappe-estimated European, African, Native Amer-
ican, and East Asian ancestry proportions are 0.21 (SD =
0.15), 0.76 (SD = 0.15), 0.02 (SD = 0.02), and 0.01 (SD =
0.02), respectively. For the self-reported Hispanics, the
average estimated European, African, Native American,
and East Asian ancestry proportions are 0.60 (SD = 0.20),
0.06 (SD = 0.12), 0.32 (SD = 0.20), and 0.02 (SD = 0.04),
respectively. The ancestry-admixture distribution is quite

different for the African Americans and the Hispanics, as
expected, but there is also large variation in continental
admixture within each group.

We estimated IBD-sharing probabilities and kinship
coefficients for all possible pairs in the WHI-SHARe sample
(72,090,028 pairs) by using REAP with the frappe-
estimated genome-wide ancestry proportions for each
individual and with the frappe-estimated ancestral allele
frequencies for the SNPs. Figure 7 displays REAP-estimated
kinship coefficients plotted against REAP zero-IBD-
sharing-probability estimates. MZ twins, parent-offspring
pairs, full siblings, second-degree relatives, and third-
degree relatives were identified in both the self-reported
African American and Hispanic samples, for which we
used the same relationship-classification criteria'? previ-
ously discussed. A total of 363 and 156 close relative pairs
(up to the third degree) were identified in the African
American and Hispanic samples, respectively. Table 5 gives
the number of pairs identified for each relationship type
within each race or ethnic group.

Figures S7 and S8 give histograms of all pairwise REAP-
estimated kinship coefficients that are less than 0.045
for the self-reported WHI-SHARe African Americans and
Hispanics, respectively. The kinship coefficients are approx-
imately normally distributed for both groups. The African
Americans have a mean kinship coefficient of —0.00005
and a SD of 0.002, whereas Hispanics have a mean kinship
coefficient of 0.00002 and a SD of 0.003. Using all REAP
kinship coefficients less than .045, we estimated the two-
tailed 95% confidence intervals (adjusted for multiple
tests by Bonferroni correction) for the African Americans
and the Hispanics to be (—0.014, 0.014) and (—0.015,
0.015), respectively. So, similar to the upper bound that
we estimated for REAP kinship coefficients of unrelated
individuals in the HapMap MXL sample, we would not
expect unrelated pairs to have REAP kinship-coefficient
estimates greater than around 0.015 in WHI-SHARe.

Interestingly, we identified individuals who are second-
and third-degree relative pairs as determined by REAP but
who have a different self-reported race or ethnicity, e.g.,
one individual is a self-reported African American and
the other is a self-reported Hispanic. Table 6 gives 11
REAP-inferred relative pairs discordant for self-reported
race or ethnicity and gives their frappe-estimated genome-
wide European, African, Native American, and East Asian
ancestry proportions. Notice that all of the identified
relative pairs, except for discordant pair 6, have substan-
tially different ancestry distributions. Some of the relative
pairs combine to form larger groups of relatives in WHI-
SHARe. These relatives would not have been identified
had we restricted our relatedness analysis to only those
individuals who self-reported the same race or ethnic
group. An advantage of the REAP approach is that robust
relatedness estimates can be obtained for all individuals,
even for individuals who have different admixed-ancestry
distributions and self-identify in different population
subgroups.
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Table 5. Close Relative Pairs Inferred by REAP for WHI-SHARe
Outbred Self-Reported African  Self-Reported
Relationship American Relatives Hispanic Relatives
MZ twins 4 1

Parent-offspring pair 20 8

Full siblings 139 71

Second degree 60 19

Third degree 140 57

For each relationship type, the total number of relative pairs identified by REAP
in the self-reported African Americans and self-reported Hispanics in WHI-
SHARe is given. The following abbreviations are used: REAP, relatedness estima-
tion in admixed populations; WHI-SHARe, Women'’s Health Initiative SNP
Health Association Resource; and MZ, monozygotic.

We also used the software package PLINK* to estimate all
pairwise relationships in WHI-SHARe. PLINK uses a MOM
approach that assumes random mating and population
homogeneity for estimating relatedness. There are 8,932

pairs of individuals who have estimated kinship coeffi-
cients greater than 0.088 with PLINK, for which 0.088 is
a lower-limit kinship-coefficient threshold that has been
proposed for second-degree relatives.'” In contrast, accord-
ing to the REAP kinship-coefficient estimator, there are 344
pairs of WHI-SHARe individuals who have an estimated
kinship coefficient greater than 0.088. With the MOM
kinship-estimation method implemented in PLINK, there
are thousands of unrelated pairs and distantly related pairs
who have estimated kinship coefficients that correspond
to what would be expected for close relatives, illustrating
the large bias that can be introduced with the use of relat-
edness-estimation methods that assume random mating
and population homogeneity in samples with population
stratification and ancestry admixture.

Assessment of Computation Time

We evaluated the computation time of the REAP software
for two datasets by using a single machine with Intel
Xeon quad-core 2.66 GHz processors with 16 GB of

Table 6. REAP-Inferred Close Relative Pairs with Different Self-Reported Race or Ethnicity in WHI-SHARe

Individual Ancestry Proportions®

Discordant Self-Reported Native East REAP Kinship REAP IBD = 0 Inferred

Pair Race or Ethnicity European African American Asian Coefficient Probability Relationship

1 Hispanic 0.43 0.49 0.00 0.08 0.06 0.80 third degree
African American 0.23 0.75 0.02 0.00

2 Hispanic 0.45 0.33 0.22 0.00 0.11 0.57 second degree
African American 0.48 0.49 0.03 0.00

3 Hispanic 0.41 0.06 0.22 0.31 0.05 0.82 third degree
African American 0.18 0.69 0.00 0.13

4 Hispanic 0.41 0.06 0.22 0.31 0.06 0.82 third degree
African American 0.06 0.78 0.00 0.16

5 Hispanic 0.41 0.06 0.22 0.31 0.07 0.79 third degree
African American 0.17 0.64 0.00 0.19

6 Hispanic 0.42 0.57 0.01 0.00 0.07 0.77 third degree
African American 0.48 0.50 0.02 0.00

7 Hispanic 0.33 0.10 0.18 0.39 0.05 0.80 third degree
African American 0.83 0.00 0.00 0.17

8 Hispanic 0.55 0.05 0.05 0.35 0.05 0.82 third degree
African American 0.83 0.00 0.00 0.17

9 Hispanic 0.57 0.04 0.13 0.26 0.06 0.81 third degree
African American 0.35 0.43 0.00 0.22

10 Hispanic 0.79 0.02 0.00 0.18 0.05 0.81 third degree
African American 0.35 0.43 0.00 0.22

11 Hispanic 0.41 0.02 0.34 0.24 0.05 0.80 third degree
African American 0.19 0.63 0.00 0.17

?Individual-ancestry estimates are from a supervised structure analysis with the frappe software program. The following abbreviations are used: WHI-SHARe,
Women’s Health Initiative SNP Health Association Resource; REAP, relatedness estimation in admixed populations; and IBD, identity be descent.
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random-access memory. The REAP software calculates
kinship coefficients and zero-IBD-sharing-probability esti-
mates for all pairs of individuals in a sample, as well as
inbreeding coefficients for the sample individuals. For
a sample with 2,560 individuals and 100,000 SNPs, the
REAP analysis took approximately 1 hr and 31 min. The
REAP analysis of the HapMap MXL sample with 86 indi-
viduals and 150,872 SNPs took approximately 20 s. The
large difference in computation time is due to the fact
that the first sample had 2,560 individuals and 3,275,520
pairs, whereas the second sample had 86 individuals and
only 3,655 pairs. For a given dataset, the computation
time scales linearly with the number of SNPs and quadrat-
ically with the number of individuals.

Discussion

Given the advancements in high-density genome scans, it
is now common for GWASs to have data for thousands
of individuals. The observations in these studies can
have several sources of dependence (including population
structure and relatedness among the sample individuals),
some of which might be known and others of which
might be unknown. It is well known that inclusion of
related individuals in association studies without proper
adjustment for the correlated genotypes among relatives
can lead to spurious associations. Statistical methods
used for identifying related individuals from large-scale
genetic data often make simplifying assumptions, such
as random mating and population homogeneity, which
are not valid for many populations. We specifically address
the problem of relatedness estimation in structured
populations with admixed ancestry. We developed a
method, REAP, for robust estimation of IBD-sharing
probabilities and kinship coefficients in samples from
admixed populations.

In simulation studies containing both related and unre-
lated individuals with various types of population-
structure settings, including ancestry admixture and
ancestry-related mating, we demonstrated that REAP
provides accurate IBD-sharing probabilities and kinship-
coefficient estimates for relative pairs up to degree four.
We also showed in simulation studies that admixture
alone does not significantly distort the kinship-coefficient
and IBD-sharing-probability estimates for the relatedness-
estimation methods that assume population homoge-
neity. However, we did demonstrate that admixture with
ancestry-related assortative mating leads to inflated relat-
edness estimates if not properly taken into account. A
strong assumption of random mating that is independent
of ancestry, however, is often untenable because human
populations do not mate at random, and there is also
evidence of ancestry-related assortative mating within
ethnic groups.'®'* One advantage of REAP is that the
method is robust to any pattern of assortative mating
for ancestry.

We applied REAP to the MXL HapMap population
sample and confirmed previously identified first- and
second-degree relatives. REAP also identified third- and
fourth-degree relatives who have not previously been re-
ported. We also applied REAP to the WHI-SHARe African
American and Hispanic samples, in which we identified
530 first-, second-, and third-degree relative pairs. In
contrast, when we used the MOM relatedness estimators
implemented in the PLINK software package (these estima-
tors assume random mating and population homoge-
neity), more than 8,900 pairs had kinship coefficients
corresponding to first- and second-degree relatives; accord-
ing to our analysis with REAP, the vast majority of these
pairs are unrelated and have REAP kinship-coefficient esti-
mates close to O after adjustment for the genome-wide
admixed-ancestry distributions of the sample individuals.

It is possible for close relatives to have substantially
different ancestry distributions. For example, when two
individuals from different populations mate, they produce
admixed offspring who will have different ancestry distri-
butions from both parents. In simulation studies, we inves-
tigated the impact of ancestry differences among both
related and unrelated individuals by using REAP and the
recently proposed KING-robust kinship-coefficient esti-
mator. We demonstrated that REAP gives reliable related-
ness estimates for all pairs of individuals, even for relative
pairs who have significantly different ancestry distribu-
tions. In contrast, the KING-robust method can give incor-
rect relatedness inference for close relative pairs with
different admixed ancestry, and unrelated pairs with
different ancestry have kinship-coefficient estimates that
are systematically negative. The robustness of REAP allows
for the identification of relatives who have very different
admixed-ancestry distributions and self-identify in
different ethnic or nationality groups. When we applied
REAP to the WHI-SHARe sample, 11 second- and third-
degree relative pairs with different self-reported races or
ethnicities were identified; ten of these pairs had frappe-
estimated genome-wide ancestry distributions that were
significantly different.

For samples with admixed ancestry, statistical
methods**?*2?° have been proposed for estimating
ancestry at specific genomic locations with the use of
high-density genotype data. Local-ancestry estimates are
commonly used for complex-trait admixture mapping,
for which loci that have unusual deviations of local
ancestry and that are significantly associated with a trait
are identified. REAP can also incorporate local-ancestry
estimates for relatedness inference in admixed popula-
tions. We found little difference in the REAP estimates
when we used local versus genome-wide ancestry in our
simulation studies of relatedness and ancestry admixture.

We estimated REAP kinship coefficients and IBD-sharing
probabilities by conditioning on individual ancestry and
subpopulation allele frequencies. Software programs are
available for simultaneously estimating ancestry admix-
ture proportions in samples from admixed populations,
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as well as allele frequencies of the subpopulations. When
the number of ancestral populations is unknown or
when surrogates for an ancestral population are not
adequately represented in the ancestry analysis, there can
be a bias in the individual-ancestry estimates and in the
allele-frequency estimates; as a result, there will be a bias
in the REAP relatedness estimates. The REAP inbreeding-
coefficient estimator can be used as a simple diagnostic
tool for identifying individual-ancestry misspecification
and for detecting bias in estimates of subpopulation
allele frequencies. The expected inbreeding coefficient is
0 for admixed individuals who are not inbred, and the
REAP inbreeding-coefficient estimates will be inflated for
individuals who have estimated individual ancestry that
does not correspond to their true ancestry or when the
there is a bias in the subpopulation allele frequencies.

Estimating heritability in admixed populations is a
research area of current interest. Recently, methods for esti-
mating the proportion of variation explained by GWAS
SNPs for complex traits have been proposed®’*! for homo-
geneous-population samples, for which the heritability
estimates rely on accurate kinship estimation for all pairs
of individuals. The relatedness-estimation methods that
have previously been used for obtaining SNP-based herita-
bility estimates, however, are only valid for unstructured
populations, and in the presence of population stratifica-
tion, heritability estimates from GWAS data can be highly
inflated.®> Using REAP-estimated kinship coefficients
and IBD-sharing probabilities could be one approach to
obtaining valid SNP-based heritability estimates in GWAS
samples with population stratification because robust
IBD-sharing probabilities and kinship-coefficient estimates
can be obtained with REAP in this setting.

We have implemented the REAP IBD-sharing probabili-
ties and kinship-coefficient estimators in the REAP soft-
ware package. The source code will be freely downloadable
(see Web Resources).

Supplemental Data

Supplemental Data include eight figures and two tables and can be
found with this article online at http://www.cell.com/AJHG.
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