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Accurate estimation of recent shared ancestry is important for genetics, evolution, medicine, conservation biology, and
forensics. Established methods estimate kinship accurately for first-degree through third-degree relatives. We demonstrate
that chromosomal segments shared by two individuals due to identity by descent (IBD) provide much additional information
about shared ancestry. We developed a maximum-likelihood method for the estimation of recent shared ancestry (ERSA)
from the number and lengths of IBD segments derived from high-density SNP or whole-genome sequence data. We used
ERSA to estimate relationships from SNP genotypes in 169 individuals from three large, well-defined human pedigrees. ERSA
is accurate to within one degree of relationship for 97% of first-degree through fifth-degree relatives and 80% of sixth-
degree and seventh-degree relatives. We demonstrate that ERSA’s statistical power approaches the maximum theoretical
limit imposed by the fact that distant relatives frequently share no DNA through a common ancestor. ERSA greatly expands
the range of relationships that can be estimated from genetic data and is implemented in a freely available software package.

[Supplemental material is available for this article. The software program ERSA is freely available for academic use at

http://jorde-lab.genetics.utah.edu/ersa.]

Knowledge about the recent shared ancestry between individuals
is fundamental to a wide variety of genetic studies. Detecting
cryptic relatedness is a valuable technique for mapping disease-
susceptibility loci and for identifying other at-risk individuals
(Neklason et al. 2008; Thomas et al. 2008). For case-control asso-
ciation studies and population-based genetic analyses, related in-
dividuals must be identified and removed from samples that are
intended to be random representatives of their populations
(Voight and Pritchard 2005; Pemberton et al. 2010; Simonson et al.
2010; Xing et al. 2010). Using genetic data to correct pedigree er-
rors increases the power of disease mapping in families (Cherny
et al. 2001). Genetic identification of relatives has also proven in-
valuable in forensic identification of missing persons, victims of
mass disasters, and suspects in criminal investigations (Biesecker
et al. 2005; Bieber et al. 2006; Zupanic Pajnic et al. 2010). Studies of
conservation biology, quantitative genetics, and evolutionary bi-
ology are greatly illuminated when the recent shared ancestry
between individuals can be reconstructed, especially in agricul-
tural and wild populations (DeWoody 2005; Slate et al. 2010).
Most established methods for detecting and estimating
genetic relationships are based on genome-wide averages of the
estimated number of alleles shared identically by descent (IBD)
between two individuals (Weir et al. 2006). These methods are
accurate and efficient for relationships as distant as third-degree
relatives (e.g., first cousins) but cannot identify more distant
relationships. Here we present ERSA, a novel method for estima-
tion of recent shared ancestry. Our method builds on recently
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developed algorithms (Thomas et al. 2008; Gusev et al. 2009;
Browning and Browning 2010) that use high-density SNP data to
detect the number, lengths, and locations of chromosomal seg-
ments identical by descent (IBD) between two individuals (for a
depiction of IBD segment inheritance, see Fig. 1). ERSA uses a like-
lihood ratio test to compare the null hypothesis that the two in-
dividuals are unrelated with the alternative hypothesis that the
individuals share recent ancestry. Because of the qualitative dif-
ference between genome-wide averages of relatedness and the in-
formation contained in IBD segments, our method greatly ex-
pands the range of relationships that can be detected from genetic
data. ERSA accurately estimates the degree of relationship for up to
eighth-degree relatives (e.g., third cousins once removed), and
detects relationships as distant as twelfth-degree relatives (e.g.,
fifth cousins once removed).

Methods

Estimation of recent ancestry

Our method uses a likelihood ratio test for which the data are the
number and lengths of autosomal genomic segments shared be-
tween two individuals, with segment length measured in centi-
Morgans (cM). The null hypothesis is that the individuals are no
more related than two persons picked at random from the pop-
ulation; the alternative hypothesis is that the two individuals share
recent ancestry. When the alternative model is not significantly
more likely than the null model, we conclude that there is no ev-
idence for recent shared ancestry. Otherwise, we obtain the max-
imume-likelihood estimate for the degree of relationship between
two individuals by maximizing the likelihood over all possible
relationships in the alternative model. We determine significance
levels and confidence intervals from standard chi-square approx-
imations for the likelihood ratio test.
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Figure 1. Expected distributions of IBD chromosomal segments between pairs of individuals. (A) The
process underlying the pattern of IBD segments. Two homologous autosomal chromosomes are shown
for two parents, each colored differently. Meiosis and recombination occur, and two sibling offspring
inherit recombinant chromosomes (just one crossover per homologous pair for each meiosis event is
depicted, marked by an X). For some segments of the chromosome in question, the siblings share a stretch
that was inherited from one of the four parental chromosomes. The three IBD segments are identifiable as
regions that share the same color (boxed and marked at right by black bars). The siblings mate with
unrelated individuals, and the offspring each inherit an unrelated chromosome (tan or gray) and one that
is a recombinant patchwork of the grandparental chromosomes. These first cousins share one segment
IBD at this chromosome (red, boxed). (B) The number of segments that a pair of individuals shares IBD,
across all chromosomes, is approximately Poisson-distributed with a mean that depends on the number of
meioses d on the path relating the individuals (d = 2, 4, 6, 8, corresponding to siblings through third
cousins). (C) The lengths of the IBD segments are approximately exponentially distributed, with mean
length depending on the relationship between individuals (theoretical distributions shown for d= 2, 4, 6, 8).

Null hypothesis

We estimate the likelihood of the null hypothesis from the em-
pirical distribution of autosomal shared segments in the pop-
ulation. We are only interested in shared segments longer than a
given threshold t because shorter segments are more difficult to
detect and provide little information about recent ancestry. Let s
equal the set of segments shared between two individuals and n
equal the number of elements in s. For this calculation, we assume
that the number of segments shared and the length of each seg-
ment are independent, which is approximately true for the Hap-
Map CEU population (see Fig. 2D). The likelihood of the null hy-
pothesis is:

Lp(n, s|t) =Np(nt) - Sy(s|t), (1)

Alternative hypothesis

ment of length i. We approximate Np(1|t)
from a Poisson distribution with mean
equal to the sample mean of the number
of segments shared in the population
(Fig. 2B). Under a model of random
mating and complete ascertainment of
shared segments, Fp(i|t) specifies a geo-
metric distribution, for which we sub-
stitute an exponential approximation.

We recommend setting t to the
smallest value that can achieve a false-
negative rate of 1% or lower. This setting
maximizes the use of available data while
ensuring that the exponential approxi-
mation to the distribution of segment
lengths in the population holds. Our
choice of t = 2.5 cM was based on Germ-
line’s previously reported false-negative
rate of 1% for segments 2.5 cM and longer
(Gusev et al. 2009). In the HapMap CEU
population, the distribution of segments
detected by Germline that are longer than
2.5 cM is approximately exponential,
with the exception of a few significant
outliers (Fig. 2C). We exclude these out-
lying segments (those longer than h =
10 cM) when estimating the population
distribution of shared segment lengths,
for two reasons. First, the outliers are in-
consistent with the assumption of ran-
dom mating used in the approximation.
Second, the outliers are examples of shared
recent ancestry, and including them in
the population distribution would de-
crease our power to detect recent ances-
try. Therefore, we approximate Fp(i|t)
from the maximum likelihood estimate
of the mean of a truncated exponential
distribution:

o (i=8)/0

; 3)

where 6 is equal to the mean shared seg-
ment length in the population for all

Fp(ilt)

segments of size >t and <h. For HapMap CEU with t=2.5 ¢tM and
h =10 cM, our estimate of 0 is 3.12 cM.

The alternative hypothesis is that the pair of individuals shares
either one or two recent ancestors. Let a represent the number of
ancestors shared, and let d equal the combined number of gener-
ations separating the individuals from their ancestors(s), e.g., d=6
and a = 1 for half-second cousins. Under the alternative hypoth-
esis, segments shared by two individuals come from two sources:
recent ancestry and the population background (denoted by sub-
scripts A and P, respectively). Let np + n4 = n, where n, is equal to the

number of shared segments inherited from recent ancestors, and

where
Sp(slt) = [ [ Er(ilt)- (2)

Np(n|t) is the likelihood of sharing n segments, Sp(s|f) is the likeli-
hood of the set of segments s, and Fp(i|t) is the likelihood of a seg-

np is the number of segments shared due to the population back-
ground. sp and s, are two mutually exclusive subsets of s, with s,
equal to the subset of segments inherited from recent ancestor(s)
with 1,4 elements and sp equal to the subset of segments shared due
to the background with np elements. The likelihood of the alter-
native hypothesis of recent ancestry, Lg, is then:
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Figure 2. Characteristics of HapMap CEU parents as a background
reference population. (A) Principal Components Analysis comparing 36
individuals from our three pedigrees (no pair closer than seventh-degree
relatives) to 85 unrelated individuals from three European populations (60
HapMap CEU parents from 30 parent-—offspring trios and 25 HapMap TSI
individuals) based on pairwise allele-sharing distances computed from
~247,000 SNPs typed on the Affymetrix SNP array (for additional details on
data and methods, see Xing et al. 2010). The percentage of genetic vari-
ation explained by each component is given on the corresponding axis. (B)
Distribution of the number of segments with length >2.5 cM that are
inferred to be shared IBD by Germline in pairs of CEU individuals (Ob-
served), with fitted Poisson distribution (Expected). (C) Distribution of the
lengths of IBD segments longer than 2.5 cM in CEU pairs (Observed), with
fitted exponential distribution (Expected). (D) Scatterplot of the number of
IBD segments per pair versus the mean length of segments in the pair.

Lr=La(na,sald,a,t)Lp(np, sp|t). (4)

Because sp is distributed according to the population distribution,
Lp follows the description in Equation 1. L4 is the likelihood that
two individuals share n autosomal segments from recent ances-
tor(s) specified by d and a, with the segment lengths specified by s,.
L, can be expressed as the product of likelihoods of the number of

shared segments and the length of each segment, which parallels
Equations 1 and 2 :

LA(VIA,SAld,(Z7 t):NA(n|d,a, t)'SA(SA‘d,t). (S)

Sa(sld, t)= [ Fa(ilt). (6)

ies

Equation 6 assumes that, for a given value of d, the lengths of
segments are independent. This assumption is not strictly true.
One might imagine that the presence of a particularly long seg-
ment would reduce the genomic space available for additional
segments. However, because the length of any one segment is
small relative to the genome and because the genome is physically
divided into chromosomes, the segment lengths are approxi-
mately independent (Thomas et al. 1994).

For two individuals who are related by an inheritance path
that is d meioses long, the probability that they will inherit any
particular autosomal segment from a common ancestor on that
path is equal to 1/2¢ = V. The expected number of shared autosomal
segments that could potentially be inherited from a common an-
cestor is equal to rd + ¢, where c is the number of autosomes and r is
the expected number of recombination events per haploid genome
per generation. Therefore, the expected number of shared segments
isequal to a(rd + 0)/2“ =Y (Thomas et al. 1994). In humans, cis equal
to 22 and r is ~35.3 (McVean et al. 2004). Given d, the expected
value of i is 100/d. Without conditioning on ¢, the distribution of
segment length is exponential with mean 100/d. Conditioning on ¢,

o~ d(i-1)/100

Fa(ild, t = —To0/d (7)

The probability p(f) that a shared segment is longer than ¢ is equal
to e 919 (Thomas et al. 1994). Because the distribution of the
number of shared segments is approximately Poisson (Thomas
et al. 1994),

241

677“(’2{5’?;” ) {a(rd + c)p(t)] n

NA (n‘dv a, t) = (8)

n!
Given n, and np, the maximum value of the likelihood function
(Eq. 4) is equal to:

MLR(I’IP, I’IA,S‘d7 a, t) :Np(l’lp‘t)NA(l’lA|d, a, t)
SP({51:n~ Snp:n}‘t)SA({S;I,’+1:n-~ Sn:n}‘dy a, t)~
©)

where s,., is equal to the xth smallest value in s. Equation 9 asserts
that the likelihood is maximized when the set of segments
resulting from recent ancestry is equal to the longest n, segments
in s, with the remaining np, segments being due to the population
background. In the Supplemental Methods section, we show that
Equation 9 holds as long as 6 < a(rd + ¢), which is true whenever
a and d specify shared ancestry that is recent relative to pairs of
individuals selected at random from the population.

The alternative model contains three additional parameters
relative to the null model, d, a, and n, (np=n — n,). However, when
we evaluated the behavior of d and a empirically, we found that
they effectively act as a single parameter (see Supplemental Fig. S6).
Therefore, we evaluate the ratio of Equations 1 and 9 using a x>
approximation with two degrees of freedom (—2 In[Lg/Lx] ~ X3).
For closely related individuals, the distribution of Np(np|t) should
theoretically be adjusted to account for segments shared from
the population background that could not be observed because
they occur within longer segments shared due to recent ancestry.
Although ERSA optionally includes this adjustment, our experi-
ence has been that the algorithm performs slightly better without
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the adjustment due to the occasional imprecise definition of very
long IBD segments in Germline. To identify the maximum value of
the likelihood function (Eq. 4) given d, a, and t, we evaluate all
possible values of np and n, in Eq. 9:

MLg(n,s|d,a,t)=Max{MLg(np,n —np,s) : np € {0,1..n}}. (10)

Individuals ascertained based on a shared genetic variant

If the two individuals have been ascertained because they both
share the same genetic variant, as in the case of a shared disease-
causing variant, then the likelihood calculation must be condi-
tioned on this ascertainment. In the case of such ascertainment,
the shared segment that contains the variant is equivalent to two
shared segments, with the segment boundaries defined by the
original boundaries and the location of the ascertained variant.
Thomas et al. (1994, 2008) have shown that the lengths of these
segments, g; and g, are exponentially distributed, with mean
equal to the unconditional length of a segment. Excluding the
ascertained segment from n and s, the maximum value of the
likelihood function is equal to:

AMLg(n,s,81,821d,a,t)=MLg(n,s|d,a,t) - Max{Sp({g1.82}|t),
Sa({81,82}|d,a,t)}
(11)

Genotyping and inference of IBD segments

We applied our method to three well-defined pedigrees with pre-
dominantly northern European ancestry (Table 1). Informed
consent was obtained from all study subjects, and all procedures
were approved by the Western Institutional Review Board. DNA
samples were collected and purified from blood as in Xing et al.
(2010). Affymetrix 6.0 SNP arrays were used to genotype 169 in-
dividuals selected from these pedigrees (Table 1), per the manu-
facturer’s instructions (see Xing et al. 2010). Beagle 3.2 (Browning
and Browning 2010) was used to phase and impute missing ge-
notypes, using the Affymetrix 6.0 SNP genotypes of the 30 Hap-
Map CEU trios as a reference (CEL files provided by Affymetrix). Of
868,155 autosomal SNP loci with unique positions on the array
(not including controls, whose probe set IDs begin with “AFFX-
SNP”), 18,610 were excluded from the final data set because they
exhibited more than three Mendelian inheritance errors in the
CEU trios or >10% missing data in either the CEU or pedigree in-
dividuals. On the basis of the pedigree genotypes, Germline 1.4.1
(Gusev et al. 2009; http://www1.cs.columbia.edu/~gusev/germline/)
inferred the locations and extents of IBD segments for all pairs of
individuals (parameters err_het = 2, err_hom = 1, and min_m =
1cM, with marker positions given on the HapMap r22 genetic
map). Germline identifies short regions of exact matches between
haplotypes using a library of short seeds, then extends and merges
those regions using an efficient hashing and matching algorithm.
ERSA was applied to the output of Germline. The program fastIBD
in Beagle version 3.3 (http://faculty.washington.edu/browning/
beagle/beagle.html) was also used to generate IBD segments for
analysis by ERSA (default options). Although Principal Compo-
nent Analysis (Fig. 2A) can distinguish the closely related HapMap
CEU and TSI sample sets, the pedigree and HapMap CEU samples
are indistinguishable.

Results

We evaluated the performance of ERSA by analyzing high-density
SNP microarray data on three deep, well-defined pedigrees com-

Table 1. Proportions of the total possible number of ancestors of
the 169 genotyped individuals at a given depth (in generations)
that are listed in the three pedigrees

Proportion of ancestors in pedigree

Combined Pedigree 1 Pedigree 2 Pedigree 3
Generation (169; 61,569) (115; 58,329)* (30; 2017)* (24; 1223)?

1 1 1 1 1

2 0.994 0.991 1 1

3 0.966 0.972 0.967 0.938

4 0.917 0.952 0.958 0.698

5 0.744 0.823 0.665 0.461

6 0.594 0.692 0.424 0.335

7 0.448 0.538 0.284 0.224

8 0.300 0.369 0.180 0.119

9 0.190 0.237 0.115 0.0537
10 0.109 0.144 0.0432 0.0221
11 0.0598 0.0838 0.00934 0.00757
12 0.0305 0.0438 0.00202 0.00226
13 0.0131 0.0190 0.000456 0.000702
14 0.00446 0.00650 3.26 X 107> 0.000178

For example, for the combined data set (the first column), 99.4% of the
second-generation ancestors of the 169 genotyped individuals are in-
cluded in the pedigree.

“Number of individuals from this pedigree that were genotyped, number
of individuals listed in the pedigree.

posed of 24, 30, and 115 individuals (Table 1). The output from this
analysis was a maximum-likelihood estimate and confidence in-
terval (C.1.) for the degree of relationship of each pair of individuals
in the sample. The computation time taken by ERSA to analyze all
14,196 pairs of individuals in this sample was ~9 min running on
one core of a 2.3-GHz AMD Opteron processor. In Figure 3, we
present results for all 2802 known pairs of first- through fourteenth-
degree relatives with exactly two known common ancestors in
the pedigree and for which the two inheritance paths between the
individuals have the same length (e.g., full siblings, full cousins).
Results for relatives with exactly one common ancestor (e.g.,
half cousins) were qualitatively similar (see the Supplemental
material).

For pairs of individuals as distantly related as eighth-degree
relatives, ERSA’s estimates are generally accurate to within one
degree of the known relationship. ERSA predicted the exact degree
of relationship for 66% of the 549 pairs of first-degree through
fifth-degree relatives and was accurate to within one degree of re-
lationship for 97% of those pairs (Fig. 3; Supplemental Table S1).
Point estimates were accurate to within one degree of relationship
for >80% of sixth-degree and seventh-degree relatives, and 60% of
eighth-degree relatives (Fig. 3), but accuracy drops off rapidly be-
yond this point (Fig. 3).

ERSA has nearly 100% power to detect first-degree through
fifth-degree relatives and substantial power to detect ancestry as
distant as eleventh-degree relatives. We detected a significant re-
lationship among all 549 pairs of first-degree through fifth-degree
relatives in our sample (« = 0.001, where the null hypothesis is no
relationship) (Fig. 4). Although the power to detect more distant
ancestry is constrained by the fact that distant relatives often share
no genetic material (Donnelly 1983), ERSA retains relatively high
power for these relationships. We detected 88% of seventh-degree
relatives, 44% of ninth-degree relatives, and 12% of eleventh-de-
gree relatives at a significance level of 0.001 (red line in Fig. 4),
which closely approaches the maximum theoretical power (black
line in Fig. 4).
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Figure 3. Estimated degree of relationship between pairs of individuals
versus known degree of relationship. Pedigree information was used to
identify 2802 pairs of genotyped individuals that share exactly two
common ancestors (a mated pair) and classify them according to the
degree of their relationship (horizontal axis). The number of pairs in each
category is indicated by the histogram below. Within each category, the
areas of the filled circles indicate the proportion of those pairs with various
estimated degrees of relationship between a pair (vertical axis; two an-
cestors, two degrees of freedom, a = 0.001). The total area within a cat-
egory is a constant across categories. Pairs with a known but undetected
relationship are represented across the top. Pairs with no known re-
lationship are represented on the right.

For comparison, we analyzed the same relationships by ap-
plying RELPAIR (Epstein et al. 2000) and GBIRP (Stankovich et al.
2005) to subsets of our SNP loci (see Fig. 4; Supplemental material).
Both methods had high power to detect third-degree and fourth-
degree relatives (dotted and solid blue lines in Fig. 4), although
RELPAIR reports all relationships beyond second degree as simply
“cousins” (i.e., more distant than second degree). The power of
RELPAIR and GBIRP drops off rapidly beyond fourth-degree re-
lationships, approximately three degrees before ERSA’s power be-
gins to decline (Fig. 4).

As shown in Table 2, ERSA’s probability of detecting a signifi-
cant relationship between unrelated individuals (the empirical
false-positive rate) is approximately equal to the nominal signifi-
cance level (o). To estimate the empirical false-positive rate, we
needed high-density SNP data on a set of individuals with no re-
cent shared ancestry. Given the sensitivity of ERSA to distant re-
lationships, acquiring an appropriate data set from pedigree data
would require complete ancestry information for each individual
in the sample extending back at least seven generations. Because
such pedigrees are extremely rare, we estimated our false-positive
rate from two closely related populations, the CHB (45 Han Chi-
nese in Beijing) and JPT (45 Japanese in Tokyo) samples, using
the HapMap phase 2 SNP genotype data (International HapMap
Consortium 2005). Because these populations can be distin-
guished genetically (International HapMap Consortium 2005),
estimating the false-positive rate from the CHB-JPT comparison is
not ideal. However, the allele frequency and haplotype distribu-
tions of these populations are very similar (International HapMap
Consortium 20035), and pairs of CHB and JPT individuals are un-
likely to have shared an ancestor in the past 200 years. Therefore,
we estimated false-positive rates from the proportions of CHB-JPT
pairs in which significant recent ancestry was detected. The esti-

mated false-positive rates closely matched the nominal rates (Table
2). For the significance level of « = 0.001 used in Figures 3 and 4,
our estimated false-positive rate was 0.0005 (95% C.I. = 1.3 X 107°
to 0.0028).

ERSA can also accurately detect relationships between in-
dividuals who share a disease-causing mutation transmitted from a
common founder. The process of ascertaining individuals based on
a shared mutation introduces biases in the estimation of recent
ancestry, but this bias can be taken into account (see Methods).
Our test case was composed of seven previously described in-
dividuals who are affected with attenuated familial adenoma-
tous polyposis (AFAP) due to a single disease-causing mutation
(c.426_427delAT in the APC gene) (Neklason et al. 2008). The
available pedigree information identified four pairs of these in-
dividuals as sixth-degree relatives and one pair as eighth-degree
relatives. The point estimates from ERSA were accurate to within
one degree of relationship for all five of these pairs.

Discussion

The number, lengths, and locations of chromosomal segments
that are shared IBD by a pair of individuals constitute essentially all
of the genetic information that bears on their recent shared genetic
ancestry. Figure 1 illustrates the process that generates IBD seg-
ments and shows how the expected distributions of segment
number and length depend on the relationship between two in-
dividuals.

Some methods of detecting relatedness (e.g., the method
implemented in PLINK) (Purcell et al. 2007) rely on genome-wide
averages of genetic identity coefficient estimates. These statistics
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Figure 4. Power to detect recent common ancestry between pairs of
individuals known to be related at varying degrees. Each pair of in-
dividuals has exactly two known ancestors in the pedigree, and both in-
heritance paths connecting the pair (one through each ancestor) have the
same number of meioses in them. (Black) Maximum theoretical power
(the probability that a pair of individuals with the given relationship is
genetically related at all, calculated from Eq. 7 with a =2 and t=0). The
power of ERSA using IBD segments estimated by Germline, with a = 0.05
(red dotted line) and o = 0.001 (red solid line) (two degrees of freedom,
d.f.). (Green line) Using IBD segments estimated by fastIBD of the Beagle
3.3 package, ERSA achieves the power shown (a = 0.001, 2 d.f.). (Blue
dotted line) The power of RELPAIR (Epstein et al. 2000) to detect a re-
lationship (using 9990 evenly spaced autosomal markers with minor allele
frequency MAF > 0.4, default likelihood ratio LR threshold of 10 for
reporting a relationship as significant). (Blue solid line) The power of GBIRP
(Stankovich et al. 2005) (10,028 evenly spaced autosomal markers with
MAF > 0.4, LOD threshold of 2.34 for significance as in Stankovich et al.
2005, corresponding to a = 0.001 with 1 d.f.).
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Table 2. False-positive rate of detecting recent ancestry among
HapMap JPT-CHB pairs

Observed false-
positive counts

Observed false-
positive rate

Nominal false-
positive rate

0.05 0.044 89/2025
0.01 0.0094 19/2025
0.001 0.00049 1/2025

incompletely summarize the information contained in the IBD
segment data: Genetic identity coefficients can be calculated from
IBD segment data, but the reverse is not true. To illustrate the
importance of this difference, consider the typical amount of ge-
netic sharing between a pair of fourth cousins. The probability that
fourth cousins share at least one IBD segment is 77%, and the
expected length of this segment is 10 cM (Donnelly 1983). Because
a 10-cM segment represents <0.3% of the genome, this excess of IBD
has very little effect on estimates of relatedness averaged over the
genome. However, because unrelated individuals are unlikely to
share a 10-cM segment in most populations, ERSA is capable of
detecting many fourth cousin relationships (Fig. 4). For relation-
ships as distant as third cousins, there are typically enough IBD
segments throughout the genome to allow strong inferences (Fig. 3).

Another family of methods for detecting relationships models
the IBD states between haplotypes as a Markov process along a
chromosome, with different transition probability matrices cor-
responding to different hypothesized relationships. The likeli-
hoods of various relationship models are then estimated from the
data. Examples of these methods include RELPAIR (Boehnke and
Cox 1997; Epstein et al. 2000), PREST (which extended the
methods in Boehnke and Cox 1997; McPeek and Sun 2000; Sun
et al. 2002), and GBIRP (which extended PREST to the problem of
general relationship estimation) (Stankovich et al. 2005). These
tools were initially designed for use with hundreds of microsatellite
loci spaced at intervals of several centimorgans, but they have also
been applied to high-density SNP data (e.g., Berkovic et al. 2008;
Pemberton et al. 2010). However, they do not model the patterns
of linkage disequilibrium (LD) that exist between very closely
spaced SNP markers and instead assume that markers are not in
strong LD. High-density SNP data sets must be thinned to ap-
proximately 10,000 markers before they can be used (see, e.g.,
Berkovic et al. 2008; Pemberton et al. 2010). The key information
used by such Markov-process methods is the match between the
hypothesized transition probability matrix and the pattern of IBD
state transitions induced by the genotype data.

In contrast, ERSA uses explicit IBD segment information to
estimate the relationships between pairs of individuals in a maxi-
mum-likelihood framework. This makes better use of the in-
formation present in high-density SNP genotyping data, as shown
by the power curves in Figure 4. Our power to detect relationships
between second cousins or closer relatives is essentially perfect and
exceeds 85% for third cousins even at the a = 0.001 level. ERSA is
also more accurate than RELPAIR or GBIRP (Supplemental Fig. S2;
Supplemental Table 1.) Beyond third cousins, genetic methods
inherently become more limited by the fact that two individuals
with a common genealogical ancestor frequently do not share any
genetic material inherited from that ancestor: Such genealogical
links cannot be directly detected by genetic methods. This limi-
tation is illustrated in Figure 4, which demonstrates that ERSA’s
power decreases in lock step with the maximum theoretical power
as the degree of relationship increases.

Because denser and more accurate genetic data will improve
the ability to detect and delineate IBD segments, we expect the
accuracy of IBD segment inference to improve as whole-genome
sequencing becomes more affordable and as higher-density micro-
arrays become available. In addition, while the IBD segment de-
tection methods we used here (Germline; Gusev et al. 2009; fastIBD
in Beagle 3.3) perform well, we expect further improvements as
phasing and imputation methods advance (e.g., Genovese et al.
2010).

ERSA detects recent shared ancestry by identifying an excess
of IBD segment sharing relative to the population background.
Therefore, the power to detect shared ancestry between individuals
depends on the demographic history of the population to which
those individuals belong. If the population size is small, or if the
population has experienced a founder effect or recent bottleneck,
then the level of IBD segment sharing among unrelated individuals
will increase. In such populations, ERSA’s power to detect distant
relationships will be diminished. The pedigree samples analyzed
here are from a homogeneous population, and population admix-
ture may affect ERSA’s performance. However, there is reason to
believe that ERSA will retain its high detection power in admixed
populations (see the Supplemental material).

ERSA will be immediately applicable to a number of problems.
It can be used to identify cryptic relatedness between individuals
with the same rare genetic disorder. In analyzing large pedigrees,
ERSA can verify distant relationships without genotyping of inter-
vening family members. This can sharply reduce sample collection
and genotyping requirements.

In the forensic field, the most common DNA-based method
for identifying the remains of missing persons is based on com-
parisons of kinship statistics computed from a modest number
(13-17) of STR loci, with useful comparisons generally limited to
second-degree relationships (Alonso et al. 2005) (e.g., MDKAP
[Leclair et al. 2007]; M-FISys [Budimlija et al. 2003; Cash et al.
2003]). The International Commission on Missing Persons (ICMP,
http://www.ic-mp.org) has generated matches for more than
18,000 persons missing from armed conflicts or mass disasters at a
significance level exceeding 99.95% (TJ Parsons, ICMP, pers.
comm.). However, this level of certainty requires typing multiple
first-degree or second-degree relatives. Such close relatives are of-
ten unavailable, due either to disasters and conflicts that disperse
entire families or to the passage of time (Leclair 2004; Brenner
2006). For example, DNA profiles exist for more than 2000 in-
dividuals killed in the armed conflict in Bosnia for which identi-
fications cannot be made due to insufficient family reference
samples (T] Parsons, ICMP, pers. comm.) ERSA would allow the use
of a much larger pool of distant relatives (Bieber et al. 2006) and
would also enable definitive conclusions to be drawn based on
single closer relatives. For the first time, with ERSA, even a single
individual searching for a family member would be able to provide
a definitive reference.

The methods described here are computationally efficient,
make near-optimal use of the genetic signal of relatedness between
individuals, achieve a statistical power very close to the theoretical
maximum, and have multiple applications. These methods are
implemented in the software program ERSA, which is freely avail-
able for academic use at http://jorde-lab.genetics.utah.edu/ersa.
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