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DNA-based methods for pedigree
reconstruction and kinship analysis in

natural populations
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The widespread use of microsatellite loci has spurred
the recent development of many new statistical methods
for inferring kin relationships from molecular data. We
now have an unprecedented ability to infer detailed
genealogical information about individuals in natural
populations, but the best approach for a given problem
is not always obvious. Researchers in different fields
have also been deriving similar methods independently.
Thus, some biologists might not be aware of what is
even possible. By adopting these new methods, research-
ers in ecology and evolution could extract far more
pedigree information from natural populations than is
currently being exploited.

The ability to infer genealogical relationships among
individuals in a population has opened up many areas
of research in behaviour, evolution and conservation.
Examples include estimating heritabilities in the wild
[1-4], minimizing inbreeding in captive populations
[5-7], estimating rates of gene flow into a population
[8,9], adjusting population allele frequency estimates for
the presence of relatives in a sample [10—13], estimating
the total number of breeders in a population [14—16] and
estimating variance in reproductive success among indi-
viduals, which can be used to study selection and estimate
effective population sizes [17—20]. Nevertheless, a bewil-
dering array of statistical methods for molecular-based
kinship analysis is now available, and choosing the best
tool for a particular job can be confusing. Researchers in
different fields (e.g. evolution, animal breeding, human
genetics and forensics) have been independently deriving
similar methods, and so far there has been little effort to
bring them together. Many researchers are familiar with
parentage analysis (e.g. paternity testing) but not with the
other statistical methods for inferring familial relation-
ships in the absence of parentage data. More importantly,
they might not be aware of the unique questions that
can be asked using some of these other methods. Here,
I provide a guide to those other methods, with an emphasis
on those that are not yet in widespread use by students
of ecology and evolution. My goals are to introduce the
logic behind each technique, to highlight interesting
applications and to provide practical advice about
their use.
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Methods of kinship analysis can be divided into two
categories: RELATEDNESS (see Glossary) estimation and
assignment of pairs or groups of individuals to categories
of relationship. Relatedness () is a continuous measure of
overall IDENTITY BY DESCENT (IBD) between individuals,
whereas RELATIONSHIP CATEGORIES are specific pedigree
(genealogical) relations, such as full sibs or first cousins
(Box 1). Parentage analysis is a unique application in
which one searches among candidates for the most likely
parents of a target offspring. There are so many variations
on basic parentage analysis that it warrants separate
treatment and will not be covered here (see [21] for a recent
review).

Relatedness estimators

Estimators of r are useful as correlates of genome-wide
IBD between individuals (Box 1). For example, one can
estimate heritabilities of traits by regressing pairwise
estimates of phenotypic similarity against r [3], or one
could minimize inbreeding in a captive population by
choosing mates based on r [7,22,23] (Box 2). The ability to

Glossary

Allele-sharing test: a measure of the fraction or total number of alleles shared
(identical by state) between two individuals is used to test membership in a
relationship category.

Avuncular: any of the four relationship categories involving uncles or aunts
with nephews or nieces.

Dyad: a pair of individuals.

Gametic (linkage) equilibrium: random association between alleles at different
loci in a population.

Identity by descent (IBD): the situation in which two alleles are descended from
a common ancestral allele within some reference population (Box 1).
Likelihood: the likelihood that a parameter has a particular value equals the
probability of the observed data given that value is true. For example, the
parameter could be the true relationship of a dyad, the value could be full sibs,
and the data would be the genotypes of the two individuals. A maximum
likelihood estimate is the parameter value that gives the highest probability of
the observed data.

Likelihood ratio: the probability of the data given one parameter value, divided
by the probability of the data given another parameter value.

Markov Chain Monte Carlo (MCMC): a method to generate a dependent
sample from a distribution. Enables one to estimate parameters of the
distribution even if the distribution is too complex to evaluate analytically.
Partition: one of several ways in which a set of individuals can be sorted into
sub-groups, such as sibships. Also used as a verb, as in to partition a cohort
into sibships.

Relatedness, r: a measure of the fraction of alleles shared identical by descent
among individuals (Box 1).

Relationship category: a particular pedigree (genealogical) relationship, such
as full sib or half sib.
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Box 1. Identity by descent, relationship categories and relatedness

Identity by descent

Alleles are identical by descent if they recently descended from a single
ancestral allele. Because all alleles are identical by descent if you look
back far enough, recently means within a particular reference popu-
lation, usually going back just a few generations [65]. Two alleles are
identical by state if they have the same allelic state. Alleles that are
identical by state might not be identical by descent if they coalesce
farther back than the reference pedigree or arose independently via
mutation. In practice, we can only score identity by state and must infer
probabilities of identity by descent.

Categories of relationship and IBD coefficients
Categories of relationship refer to particular pedigree categories, such
as full sibs or half sibs. AVUNCULAR refers to any of the four categories
involving aunts or uncles with nieces or nephews. The categories
parent—offspring and full sib are collectively referred to as first degree
(1°) relatives (50% of alleles shared identical by descent, on average), the
categories grandparent—grandoffspring, half sibs, and avuncular as
second degree (2°) (average 25% shared), the categories first cousins
and great grandparent—great grandoffspring as third degree (3°) (12.5%
shared), and so on.

The probabilities that a dyad of a particular relationship shares 0, 1 or
2 alleles that are identical by descent at any locus are summarized by a
three-parameter set of IBD coefficients (ko, kq, k»), sometimes called k
coefficients [38]. Most of the common relationship categories have
different expected IBD coefficients (Table I).

Relatedness coefficients

The coefficient of consanguinity (also coefficient of kinship or of
co-ancestry) between individuals | and J, fi, is the probability that two
alleles, one chosen randomly from each individual, are identical by
descent. If those two individuals could reproduce, then fi; would be the
inbreeding coefficient of their offspring. The relatedness between two
individuals, r, (also coefficient of relatedness or of relationship) can be
interpreted as the expected fraction of alleles that are shared identical
by descent (Figure 1), and equals 2fi; when neither individual is inbred
[66]. More formally, ris the genetic similarity between two individuals
relative to that between random individuals from some reference
population [66]. Thus, ris the correlation or regression of genetic values
of individuals, and so is usually of more interest than f; because of
its central place in quantitative genetics and kin selection theory
[66,67]. Note that r need not be symmetrical between two individuals

estimate r between interacting individuals is very useful
in the study of kin selection [24,25]. Relatedness can also
be used to assign pairs (DYADS) to relationship categories
[26,27], but there are better ways to do this.

Several estimators of r have been proposed, and their
relative precision and accuracy depends on allele-fre-
quency distributions and the true relationship [28—30].
Wang’s [30] modification of Li et al.’s [31] similarity index
appears to have the most desirable properties, including:
(1) low sensitivity to the sampling error that results from
estimation of population allele frequencies; and (2) a low
sampling variance that decreases asymptotically to the
theoretical minimum with increasing numbers of loci and
alleles per locus. Lynch and Ritland’s [29] and Queller and
Goodnight’s [32] estimators also perform well, although
the Lynch—Ritland estimator can have some undesirable
properties when loci are highly polymorphic and true r
is high [30]. The original Queller—Goodnight estimator
is undefined for heterozygotes at bi-allelic loci. This is
not true for its implementation in the RELATEDNESS
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Table I. Identity by descent coefficients {ko, ki, k2} and
relatedness, r, for some common relationship categories

Relationship category ko kq k> r
Monozygotic twins or self 0 0 1 1
Parent-offspring 0 1 0 0.50
Full sibs 0.25 0.50 0.25 0.50
2° (e.g. half sibs, avuncular) 0.50 0.50 0 0.25
3° (e.g. first cousins) 0.75 0.25 0 0.125
Unrelated 1 0 0 0
(@ (b)
Parental 13 14 23 24
12 34 }
° e genotypes 13 ]2 1 1 0
14 | 1 2 0 1
23 |1 0 2 1
0 1 1 2

G Q 24
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Fig. I. Why full sibs have identity by descent coefficients k, = 0.25,k; = 0.5,
k, = 0.25 and relatedness r = 0.5. The genotypes of the parents (A and B) at a
locus are 12 and 34 (where alleles 1-4 are unique by descent) (a), so each
offspring (C and D) can have one of four genotypes, 13, 14, 23 or 24. Out of the
16 ways to pair two offspring, the dyad can share two alleles that are identical
by descent in four ways, one allele in eight ways and 0 alleles in four ways (b).
Thus, kb = 0.25,k; = 0.5, and k, = 0.25. On average, a pair of siblings shares
one out of two alleles identical by descent, which gives r = 0.5.

(N0 J = I 101); for example, if one is inbred or if the pair is haplodiploid
brother and sister.

One often sees discussion of two-gene and four-gene coefficients of
relatedness [29]. These are equivalent to k; and k, of the IBD coefficients
(Table 1), and are often symbolized ® and A (same as Ag and A5 in
chapter7 of [67]). For outbred individuals, rcan be writtenas r = @/2 + A
(i.e. k1/2 + ky; Table ). Estimating A separately from r is sometimes
of interest because the genetic covariance among relatives for a
trait o3 = ro% + Adj, where o2 + o3 are the additive and dominance
components of variance for the trait.

computer programme (Table 1), in which heterozygotes are
assigned a value of 1 at bi-allelic loci.

All relatedness estimators have very large variances
owing to stochastic differences in true IBD among loci and
to the chance sharing of alleles that are identical by state.
Tens of microsatellite loci (e.g. 30—40) or three to four
times that many single nucleotide polymorphism (SNP)
loci are needed to obtain even moderate confidence around
a single pairwise estimate (standard deviations of, e.g. 0.1)
[26,27,33]. In the absence of enough loci to accurately
estimate r for individual pairs, one might still be able to
estimate the average relatedness within groups with
reasonable accuracy [32]. With relatively few loci, one
can also ask a different type of question. Here, one assumes
that the group includes individuals of two or more
relationship categories. The goal is to estimate the fraction
of each type of category comprising the group, but without
caring which pairs belong to each category. The distri-
bution of all pairwise r in a group is modeled as a mixture
of several underlying distributions, and the fraction of
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Correlation between allele-sharing and true identity by
descent in an inbred pedigree

In many captive breeding situations (e.g. livestock breeding or wildlife
conservation), it is essential to control the rate of inbreeding in
populations that are descended from a few founders. Thoroughbred
horses represent an essentially closed population that is now highly
inbred, and for which there exist detailed pedigree records [23].
Cunningham et al. [23] genotyped 211 thoroughbreds at 13 micro-
satellite loci and regressed the proportion of alleles shared between
pairs of individuals, AS, on the coefficient of co-ancestry, fi; (Box 1),
estimated from the pedigree. The equation for the line was AS =
0.309 + (1.01)fyy, where fi; explained 98% of the variance in AS (the
intercept can be interpreted as the background allele sharing in the
founders of the population). This almost perfect, one-to-one relation-
ship shows that even a simple allele-sharing statistic estimated from
13 loci captured most of the information about pairwise identity by
descent in a complex, inbred pedigree.

The relationship categories comprising a group can be inferred
from the distribution of pair-wise r estimates

Colonies of the social wasp Polistes dominulus are founded by multiple
females, and one foundress assumes complete reproductive domi-
nance over the others. The nonreproductive, helping behavior of the
other foundresses was assumed to result from kin selection among
closely related foundresses. However, using seven microsatellite loci,
Queller et al. [34] estimated that the distribution of pairwise r among
nestmate foundresses was composed of 35% unrelated, 9% cousin and
56% full sister dyads (Figure | ). This result rejects kin selection asthe sole
explanation for non-reproductive helping behavior among subordinate
foundresses.

Use of estimated IBD coefficients and likelihood tests of
relationship category

For linkage analysis, one begins with a pedigree that is assumed to be
correct. Human pedigrees often contain errors owing to, for example,
mis-specified paternity or mis-handled samples (e.g. duplicates or
switched identities). To error-check pedigrees, all the individuals in the
pedigree are genotyped and all the putative (null) pairwise relationships
specified by the pedigree are tested by likelihood or allele-sharing
methods. McPeek and Sun [37] discuss the interesting example in
Figure lla . Here, not all the individuals could be genotyped. All testable
pairwise relationships were consistent with expectations except for the
expected first-cousin relationship of individual 18 with individuals 14
and 15. The expected identity by descent (IBD) coefficients for a first
cousin pair are (0.75, 0.25, 0.0) (Box 1). The maximum likelihood
estimates of the IBD coefficients between 18 and 14 were (0.28, 0.56,
0.16), and between 18 and 15 were (0.27, 0.57, 0.16). These values are
between those expected for half and full sibs (Box 1). There is no misfit
between 18 and his half sib 19, or between 14, 15 or 18 and their
avuncular relatives. One plausible explanation is that individuals 5 and
10 are actually the same person (i.e. 5 is also the father of 18). In that
case, the relationship of 18to 14 or 15 is that of half sib plus first cousin,
as illustrated in Figure llb.

each distribution contributing to the mix is estimated by
maximum LIKELIHOOD [34,35] (Box 2).

Assignment to category of relationship

We can calculate the probability that a dyad has the
observed multilocus genotypes, given that they belong
to a particular relationship category (Box 3). These
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Fig. I. Observed distribution of pairwise r estimates among Polistes dominulus
foundresses (filled squares) and expected distributions for three other plaus-
ible relationship categories (open symbols). Values are grouped into intervals
of width 0.1. The expected distributions were obtained via simulation. Open
squares = unrelated (true r=20), open circles = cousins (true r=3/16), open
triangles = full sisters (true r= 3/4). True r values for cousins and sisters are
higher than shown in Box 1 because wasps are haplodiploid. Reproduced, with
permission, from [34].
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Fig. Il. Test of putative relationships in a human pedigree. (a) Putative pedigree
of individuals in the case study discussed in [37]. Shaded individuals were not
available for genotyping. All others were scored for at least 250 microsatellite
loci. The null relationship of cousins was strongly rejected for individuals 18
and 15, and for 18 and 14, owing to excess allele sharing. (b) Pedigree showing
a plausible explanation for the excess allele sharing between 18 and his
putative cousins (pedigree condensed to show only the relevant individuals).
Here individual 5 is hypothesized to be the true father of all three children.
Reproduced, with permission, from [37].

calculations require data on allele frequencies, and
assume Hardy—Weinberg and GAMETIC (LINKAGE) EQUILI-
BRIUM in the population. Early methods assumed unlinked
loci and no inbreeding, but have now been extended to
linked loci (Box 3). Accounting for linkage becomes a
necessity when using many loci, so a linkage map is
required. However, the probabilities are not very sensitive
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Table 1. Software for implementing methods discussed in the text
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likelihood evaluated with MCMC
methods; Infers parental
genotypes or contributions per
parent to a cohort; Estimates
mutation rate

prior information on family sizes
or numbers, and on parental
identities or numbers; Accounts
for genotyping error; Very
flexible

Program Description Comments/Limitations Web site Refs
Relatedness
RELATEDNESS 5.0 Pairwise or group average rvia  Macintosh only; User friendly; http://www.gsoftnet.us/GSoft. [32]
Queller-Goodnight method; Assumes unlinked loci html
Symmetrical or asymmetrical
estimates for pairs; Standard
errors via re-sampling over
groups or over loci
KINSHIP Expected distribution of Macintosh only; User friendly; http://www.gsoftnet.us/GSoft. [41]
Queller—-Goodnight r from Assumes unlinked loci html
simulated dyads
DELRIOUS Pairwise rand A via Lynch- Requires Mathematica software; http://www.zoo.utoronto.ca/ [33]
Ritland method; Standard errors Assumes unlinked loci stone/delrious/delrious.htm
via re-sampling over loci
MER r, ® and A via Wang method Only does one pair at a time; http://www.zoo.cam.ac.uk/ioz/ [30]
Assumes unlinked loci software.htm
Likelihood of belonging to relationship category
KINSHIP? Estimates likelihood that a dyad  Unlinked loci only; No http://www.gsoftnet.us/GSoft. [41]
belongs to a specified category  genotyping error; Flexible html
of relationship; Likelihood ratio  method for specifying any
test for specified alternate possible relationship
hypotheses; Significance test via
simulation
RELPAIR 2.0 Estimates likelihood of specified Incorporates X-linked loci; http://www.sph.umich.edu/ [36]
relationship for each dyad, Accounts for genotyping error; statgen/boehnke/relpair.html
accounting for linkage among Accepts putative pedigrees with
loci; Allele sharing statistics input file; Eight possible
accounting for linkage relationships specifiable
PREST Estimates likelihood of specified Accounts for genotyping error http://galton.uchicago.edu/ [37]
relationship for each dyad, only with parent-offspring and ~mcpeek/software/prest/
accounting for linkage among monozygotic twin pairs; Accepts
loci; Likelihood ratio test of putative pedigrees with input
specified null relationship versus file; Eleven possible
a specified alternative or versus relationships specifiable
the most likely of ten possible
alternative relationships;
Significance estimated via
simulation; Calculates maximum
likelihood value of the IBD
coefficients for each dyad; Tests
of relationship via allele sharing
statistics, accounting for linkage
ECLIPSE (PANGAEA package) Estimates likelihood of specified Accepts putative pedigrees with  http://www.stat.washington. [46]
relationship for trios, accounting input file; Accounts for edu/thompson/Genepi/pangaea.
for linkage; Given a known genotyping error shtml
pedigree, can also be used to
identify mis-scored loci rather
than to estimate likelihood of
relationship
Partitioning cohorts into sibships
BOREL (PANGAEA package) Exhaustive likelihood evaluation http://www.stat.washington. [6]
of sibship partitions edu/thompson/Genepi/pangaea.
shtml
Almudevar & Field methods Sibship partitions via http://ace.acadiau.ca/ [58,68]
enumeration of genetically ~aalmudev/pedigree.htm
compatible groups
Thomas & Hill methods Sibship partitions via likelihood  Full sib or nested half sib (e.g. Software under development; [2,13]
evaluated with MCMC methods polygamous males, Contact S.C. Thomas for further
monogamous females) information (sthomas@srv0.bio.
partitions ed.ac.uk)
Smith et al. methods Sibship partitions via likelihood = Two methods available; Software under development; [12]
evaluated with MCMC methods  Advantages of each method Contact C. Herbinger for further
depend on details of the data set; information mail: (christophe.
Full sib partitions only herbinger@dal.ca)
PARENTAGE 1.0 Full or half sib partitions via Conveniently incorporates any http://maths.abdn.ac.uk/~ijw/ [57]

@Although the published explanation [41] of the algorithm used by KINSHIP contains an error (equations in their Table 2 are actually called once, twice or four times as needed,

and then the values are summed), the software outputs the correct likelihoods.
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Box 3. Calculating the likelihood of belonging to a
relationship category

Given knowledge of population allele frequencies, we can calculate
the three probabilities, Py, P; and P,, that a dyad has the observed
genotypes if they share 0, 1 or 2 alleles identical by descent
(Table 1) [38]. The likelihood that a dyad shares a particular pair
of genotypes (G), given that they have relationship R, can therefore
be written P(GIR) = ko Py, +k1 Py + ko P, where ko, ky and k, are the
IBD coefficients for that relationship. For example, if a dyad has
G ={ay a,,a, a;} and the frequencies of the a; and a, alleles are
p1 = 0.2 and p, = 0.8, then the probability of the data given the dyad
are full sibs =P(G = FS) = (0.25)(0.0128) + (0.5)(0.032) + (0.25)(0)=
0.0192, and the probability given they are half sibs=P(G=
HS) = (0.5)(0.0128) + (0.5)(0.032) + (0)(0) = 0.0224. Probabilities are
multiplied across unlinked loci to obtain the final likelihood of
relationship. Because R is specified by the IBD coefficients (Box 1),
categories having the same IBD coefficients cannot be distinguished
by this method.

Extension to linked loci

If a pair of loci is linked, then the IBD status at one locus (i.e. whether
the dyad shares 0, 1 or 2 alleles identical by descent at that locus) is
not independent of the IBD status of the adjacent locus. Therefore,
one cannot calculate the likelihood of the multilocus data by simply
multiplying probabilities across loci. Each locus can bein one of three
discrete states (0,1 or 2 alleles identical by descent). Therefore, as you
move from locus to adjacent locus in a string of linked loci, the
likelihood of IBD states for each locus can be modeled as a Markov
Chain, in which transition probabilities depend on the recombination
rates between the adjacent loci [37,39]. This method can be used to
calculate the likelihood of the data under any hypothesized relation-
ship, using any number of mapped loci.

Table I. Probabilities that a dyad has a pair of genotypes
given that they share m alleles identical by descent

Genotype pair Probabilities®
m=20 m =1 m = 2
aa; aia; ot \ pi o
aia; aa; 2 pip pi pj 0
a;a; a;a; p.2 [2312 ) 0 0
a;a; aa 4 p; P pi p; (pi + py) 2 pip;
a,a; a;a 4 pi pip Pi Pj P 0
aia; aa 2pip P 0 0
aa; aa 4 pi P P Pi 0 0

pi. pj» P« and p; are the population allele frequencies of alleles a;, g;, a, and a,,
respectively.

to incorrectly specified recombination rates [36,37], so
maps need not be very accurate. McPeek and Sun [37]
show how these techniques could be extended to inbred
individuals.

One can use a likelihood approach to ask questions
about relationship category in three different ways. (1)
Given no hypotheses or other information about a dyad,
what is their most likely relationship? One approach is to
estimate the maximum likelihood values of the IBD
coefficients (&g, k1, ko) (Box 1) that produced the observed
genotypes, and then ask which relationship categories
have similar IBD coefficients [37,38] (Box 2). For example,
if your maximum likelihood estimates for a dyad are (0.23,
0.49, 0.28), you might suspect that they are full sibs. The
problem here is that many possible genealogical relation-
ships have similar IBD coefficients, particularly for distant
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relatives. This approach is therefore useful mainly as a
means of generating hypotheses.

(2) If you expect a priori that the dyad will fall into one
of a few competing categories, a more useful approach is to
calculate the probability of the data under each competing
category, and then choose the category giving the highest
likelihood [39,40]. In practice, it is most common to test
whether the dyad belongs to a pre-specified category (the
null hypothesis) versus another pre-specified category (the
alternative hypothesis) using a LIKELIHOOD RATIO. For
example, the null hypothesis for a pair of young birds in a
nest might be that they are full sibs, whereas a reasonable
alternative hypotheses might be half sibs. The problem
with the likelihood ratio approach is that one must specify
an alternative hypothesis, which might not be obvious. If
there are many plausible relationships, one solution is to
maximize power to reject the null hypothesis by choosing
as your alternative hypothesis the one that gives the
highest probability of the data [37]. Simulation is required
for testing whether the differences between likelihoods are
statistically significant [41].

(3) Approaches (1) and (2) above ask which of several
competing relationships is most likely for a given set of
individuals. A fundamentally different question is to ask
which of several individuals are most likely to have a given
relationship (as in parentage analysis or when PARTITION-
ING a cohort into sibships). In the first situation, the true
relationship always has the highest expected likelihood,
whereas, in the second situation, the true individuals
might not [42].

Power to discriminate among relationship categories
Power to discriminate among relationship categories using
likelihood ratio tests depends on the number and poly-
morphism of the loci and, most importantly, on how dif-
ferent the IBD coefficients are for the competing categories
(Box 3). Data from humans show what is possible given
dense microsatellite maps. A whole-genome scan used for
linkage mapping (300—-400 evenly spaced microsatellite
loci) yields misclassification rates of close to zero for true
monozygotic twins, parent—offspring, full sib and 2° pairs,
and of only a few percent for unrelated versus 3° pairs
[36,37]. Three to four times that many SNP loci are
required for equally high power [37]. Of course, only
researchers working on model organisms can currently
achieve such discrimination rates. Researchers using
fewer loci should obtain estimates of the discrimination
power that is possible with their loci via simulation
(e.g. KINSHIP software; Table 1). As a rule of thumb,
one should be able to discriminate full sib from unrelated
dyads with high power (0.9) using 15—20 unlinked micro-
satellite loci, and parent—offspring pairs from unrelated
individuals with ten loci. Around 50 loci might be required
for similar power to discriminate 2° pairs from full sibs or
unrelateds.

Unlinked loci usually provide a more powerful test than
do an equal number of linked loci [42]. However, certain
categories have the same expected IBD coefficients and so
cannot be distinguished, regardless of how many unlinked
loci are scored (e.g. 2° relatives; Box 1). Nevertheless, these
relationship categories do differ in the pattern of meiotic
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events separating gametes from the two individuals, and
so also differ in the expected length of intact chromosomal
regions that are shared identical by descent. Conse-
quently, they can be distinguished using large numbers
of linked loci (Box 3). However, the power of these tests
is low (e.g. 28—38% misclassification among 2° relatives
using whole-genome scans; [36]) and, in this case, an
accurate linkage map is important. Browning [43] and
Zhao and Liang [44] show how one could, in principle, use
data on the lengths of identical-by-descent and non-
identical-by-descent regions in gametes sampled from
each member of a dyad to improve the discrimination
between relationship categories. Including X-linked loci
can greatly increase power to distinguish among certain 2°
categories because these categories can have very distinct
single and multi-locus X chromosome IBD probabilities
(e.g. paternal half sisters must share all alleles on one
X chromosome; an aunt—niece pair would not). Similarly,
Y-linked haplotypes can provide very powerful tests of
hypotheses about paternal lineage [45]. Evaluating the
joint likelihood for trios of individuals is another good way
to distinguish among 2° categories [46]. Indeed, jointly
evaluating trios should always be more powerful than
three pairwise tests. But this method can be computation-
ally intensive and so, unlike the pairwise method, might be
impractical for the routine evaluation of all possible
relationships in large data sets [36,47].

Allowing for genotyping error and mutations
Genotyping errors include scoring errors, false homo-
zygotes owing to null alleles or large allele drop out (weak
amplification), and mishandled samples. Mutations are
essentially scoring errors in their effects on analyses.
Typical genotyping error rates for large-scale microsatel-
lite screens are in the range of 0.25% to 2% of genotypes
incorrectly specified [47]. At these rates, genotyping errors
have little effect on the likelihood of relationship, except in
the case of parent—offspring pairs or monozygotic twins,
when testing certain trios, or when partitioning cohorts
into sibships. In these cases, a single mismatch can
make the likelihood under the proposed relationship go
to zero [36,46].

The standard way to incorporate genotyping errors is to
assume that each diploid genotype is determined correctly
with probability 1 — €, or is chosen at random from the
population with probability e (in which case, the pair is
unrelated at that locus) [48,49]. This procedure ensures a
non-zero likelihood for all possible relationships. More
realistic error models are used for some specialized appli-
cations [46,50]. For example, one can model mutation
independently for each allele in an individual, and make
large-step mutations less likely to occur than are small-
step [51]. However, the standard method is computation-
ally efficient and works well in practice [36]. Although it is
crucial that some non-zero error rate be incorporated for
estimation of relationship in dyads when parent—offspring
pairs or monozygotic twins are possible, the actual rate
specified does not seem to matter much (e from hundredths
of a percent to a few percent [36,46]). Thus, for most
applications, it is not crucial that researchers estimate
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their actual error rate. A standard rate of 1% should be
appropriate for most studies.

Finally, the estimation problem can be turned around
and likelihood methods used to test each locus for geno-
typing errors, assuming the pedigree relationships are
known [46,52]. This approach is used for error checking
data sets before linkage analysis.

Testing relationship category via allele-sharing
statistics: a weaker approach

Another way to test whether a dyad belongs to a particular
category is to test whether the number of alleles shared is
larger or smaller than expected under the null relation-
ship. One can use as a statistic the number of alleles
shared or one of several estimators of the proportion of
alleles shared identical by descent [26,37,53,54]. First,
generate the expected distributions analytically, via simu-
lation, or via a normal approximation. Then choose cutoff
values to control type I and IT error rates as appropriate for
the question at hand. The drawback of allele-sharing tests
is that they have lower power than do likelihood ratio tests
when an appropriate alternative hypothesis can be speci-
fied [37,53]. One advantage is that ALLELE-SHARING TESTS
do not require specifying an alternative hypothesis and so
the test can be two-tailed. For example, if putative full sibs
share more alleles than expected by chance, then perhaps
they are inbred or monozygotic twins; too few shared
alleles suggests a more distant relationship. Allele-shar-
ing tests are also insensitive to genotyping errors and are
computationally very fast. For example, because likelihood
estimation and testing can be extremely slow for large
datasets (e.g. when testing all putative pairwise relation-
ships in complex pedigrees using many linked loci),
McPeek and Sun [37] recommend an initial screen using
allele-sharing tests with a large type I error. Rejected
dyads are then re-tested using likelihood ratios. Sun et al.
[55] show how plots of expected versus observed allele
sharing among all individuals in a putative pedigree
can be used to identify inbred or otherwise mis-specified
individuals in complex pedigrees.

Partitioning a cohort into sibships

In some situations, the sample of individuals is from a
single cohort consisting only of full sibships or of full and
half sibships (e.g. tadpoles in a pond or families mixed
together in a fish hatchery). The goal is to use molecular
marker data to group the individuals into their true
sibships. One simple approach is to estimate pairwise
genetic distances (e.g. r or simple allele sharing) between
all individuals and then graphically cluster them [56]. This
method works surprisingly well, even for individuals
scored at modest numbers of loci [26]. But the decision of
where to draw the family boundaries is simply made by eye
and then one requires an ad hoc test of the accuracy of the
result (e.g. by verifying that sibships are consistent with
mendelian inheritance [11,56], or via pairwise likelihood
ratio tests).

Each of the possible ways to group a set of individuals
into sibships is called a partition (Figure 1). In principle, it
is possible to evaluate the likelihood of the data under
every possible partition, and then choose the most likely


http://www.trends.com

All three are sibs

()
)
()

1 and 2 are sibs; 3 is
unrelated to them

)
)

2 and 3 are sibs; 1 is
unrelated to them

1 and 3 are sibs; 2 is
unrelated to them

All three are unrelated

ONO

OO\ © (G
()
)

& ©

TRENDS in Ecology & Evolution

Fig. 1. All possible partitions of three individuals into full sibships. The three
individuals can be unrelated, all sibs, or two can be sibs with the third unrelated
to them. The likelihood of each possible partition depends on population allele
frequencies and the genotypes of the individuals. The number of possible
partitions increases extremely rapidly with the number of individuals.

partition. Painter [6] illustrates the use of such an
exhaustive likelihood evaluation to identify which of
nine falcons from a captive breeding programme were
full sibs. One problem with such small data sets is that
there are usually no independent estimates of population
allele frequencies, and estimates from the sample are
unreliable owing to small sample size and the fact that
individuals are related. Nevertheless, Painter showed
that, for his data set, the most likely partition was very
stable over a variety of assumptions about the true
underlying allele frequencies.

The number of possible partitions increases very
quickly with the number of individuals, so an exhaustive
likelihood evaluation is not feasible with large samples.
One solution is to use MARKOV CHAIN MONTE CARLO
(MCMC) methods to sample from the distribution of
likelihoods to identify the most likely partitions. Thomas
and Hill [2,13] used this approach to partition a sample
into sibships for the purpose of estimating quantitative
genetic parameters. They achieved reasonable partitions
of a few hundred individuals into full and half sibships
with only 20 loci. The method can use known allele fre-
quencies, or the allele frequencies can be iteratively
re-estimated at each step as families are constructed.
Smith et al. [12] explored two different MCMC sampling
approaches to finding an optimal partition of individuals
into sibships. Their methods worked quite well on test data
sets comprising tens of individuals scored for <ten loci.

The likelihood of any partition depends on the prior
expected distribution of family sizes, even if you choose to
assume equal family sizes. Also, these methods tend to
split families [2,13]. This bias is not a problem when
estimating quantitative genetic parameters, but would be
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for other applications, such as estimating variance in
family size. In general, the more that is known beforehand
about the expected number and size distribution of
families, the more confident you can be in the final
partition. Emery et al. [57] illustrate a general Bayesian
approach for inferring the parents of a cohort (hence doing
partitions) that easily incorporates previous information
about family size distributions, numbers of parents, or the
genotypes of any known parents.

Almudevar and Field [58] proposed an interesting
approach to partitioning a set of individuals into full
sibships that requires no information about population
allele frequencies. They first use an algorithm to find all
possible sibling groups that are consistent with mendelian
inheritance and are maximally large (i.e. the individuals
in such a group could all have been produced by a single
pair of parents, and no other individual in the sample could
be a member of that sibship). Each possible sibship is then
assigned a score that is a function of how probable that
sibship was, given the putative parents. For example, a
full sibship comprising 20 AA individuals and 20 BB
individuals is compatible with mendelian inheritance, but
is highly improbable. These scores are then used to find the
most likely partition. The algorithm worked well on a test
data set comprising known salmon sibships scored at only
four microsatellite loci [58]. How this method performs
relative to the above likelihood approaches has not yet
been investigated.

How best to partition a single-generation sample of
individuals into sibships is an active area of research
[12,13,57,59], and substantial methodological improve-
ments should be forthcoming. Regardless, these initial
studies show surprisingly accurate partitions of individ-
uals that were scored at very few microsatellite loci. Given
how quickly and inexpensively one can now score indi-
viduals for tens or hundreds of loci, very accurate par-
titions of even large samples of outbred families should
be possible.

Prospects

Researchers studying wild populations now routinely use
parentage analysis and, to a lesser extent, estimators of
relatedness. But they have been slow to adopt the other
methods reviewed here and, consequently, many interest-
ing applications of kinship analysis have been neglected.
For example, in captive breeding programs, it should
be routine to evaluate the relationships among founders
of unknown pedigree [5]. Yet there are few published
examples (e.g. [7,6]). Similarly, there have been few
attempts to use reconstructed sibships to estimate the
effective number of breeders that contributed to a cohort
[60], even though many researchers must already have the
data to do so. Part of the problem is that researchers in
diverse fields such as evolution, animal breeding, forensics
and gene mapping have been independently deriving
similar methods (e.g. [61-63]). For example, most of the
likelihood methods for assigning dyads to relationship
category were originally developed for verifying pedigrees
in human linkage mapping (Box 2). Another problem
might be that wildlife biologists usually work with small
numbers of loci and so might be put off by the large amount
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of data needed to apply methods other than parent—
offspring matching (e.g. to estimate accurately pairwise r
or to assign dyads to relationship categories with high
power). However, surprisingly few loci are required for
some methods, such as tests using trios, estimating
the proportion of each type of relationship category that
occurs in a sample (Box 2), or for accurate partition of
cohorts. Furthermore, microsatellite locus development
has become routine, and the only real barrier to using
dozens or hundreds of loci with wild species should be the
ability to estimate recombination rates.

By using multiple analysis methods and conditioning
likelihoods with non-DNA information (e.g. ages of indi-
viduals, physical location or behavioural interactions), it
might now be possible to largely reconstruct the pedigrees
of modestly sized populations. Although it might be awhile
before we achieve the ‘Holy Grail’ of reconstructing entire
population pedigrees from DNA data alone [42,64], statis-
tical methods are improving and genotyping is becoming
faster and cheaper. We should soon be able to extract far
more pedigree information from wild populations than was
ever thought possible.

Acknowledgements

I thank Steve Arnold, Mark Beaumont, Michael Boehnke, Sharon
Browning, Charles Criscione, Eric Hoffman, Michael Lynch, David
Lytle, David Queller and Solly Sieberts for helpful discussions or
comments about the article.

References
1 Ritland, K. (2000) Marker-inferred relatedness as a tool for detecting
heritability in nature. Mol. Ecol. 9, 1195-1204
2 Thomas, S.C. and Hill, W.G. (2000) Estimating quantitative genetic
parameters using sibships reconstructed from marker data. Genetics
155, 1961-1972
3 Thomas, S.C. et al. (2000) Estimating variance components in natural
populations using inferred relationships. Heredity 84, 427-436
4 Milner, J.M. et al. (2000) Estimating variance components and
heritabilities in the wild: a case study using the ‘animal model’
approach. J. Evol. Biol. 13, 804-813
5 Ballou, J. and Lacy, R.C. (1995) Identifying genetically important
individuals for management of genetic variation in pedigreed
populations. In Population Management for Survival and Recovery
(Ballou, J.D., ed.), pp. 76—111, Columbia University Press
6 Painter, I. (1997) Sibship reconstruction without parental information.
J. Agric. Biol. Env. Stat. 2, 212—-229
7 Jones, K.L. et al. (2002) Refining the whooping crane studbook by
incorporating microsatellite DNA and leg-banding analyses. Conserv.
Biol. 16, 789-799
8 Devlin, B. and Ellstrand, N. (1990) The development and application of
a refined method for estimating gene flow from angiosperm paternity
analysis. Evolution 44, 248—259
9 Streiff, R. et al. (1999) Pollen dispersal inferred from paternity analysis
in a mixed oak stand of Quercus robur L. and Q. petraea (Matt.) Liebl.
Mol. Ecol. 8, 831-841
10 Allendorf, F.W. and Phelps, S.R. (1981) Use of allelic frequencies to
describe population structure. Can. J. Fish. Aquat. Sci. 38,1507-1514
11 Banks, M.A. et al. (2000) Analysis of microsatellite DNA resolves
genetic structure and diversity of Chinook salmon (Oncorhynchus
tshawytscha) in California’s central valley. Can. J. Fish. Aquat. Sci. 57,
915-927
12 Smith, B.R. et al. (2001) Accurate partition of individuals into full-sib
families from genetic data without parental information. Genetics 158,
1329-1338
13 Thomas, S.C. and Hill, W.G. (2002) Sibship reconstruction in
hierarchical population structures using Markov chain Monte Carlo
techniques. Genet. Res. 79, 227-234
14 Jones, A. and Avise, J.C. (1997) Polygynandry in the dusky pipefish

http://tree.trends.com

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

Syngnathus floridae revealed by microsatellite DNA markers.
Evolution 51, 1611-1622

Nielsen, R. et al. (2001) Statistical approaches to paternity analysis in
natural populations and applications to the North Atlantic humpback
whale. Genetics 157, 1673—-1682

Pearse, D.E. et al. (2001) A genetic analogue of ‘mark-recapture’
methods for estimating population size: an approach based on
molecular parentage assessments. Mol. Ecol. 10, 2711-2718

Aldrich, PR. and Hamrick, J.L. (1998) Reproductive dominance of
pasture trees in a fragmented tropical forest mosaic. Science 281,
103-105

Storz, J.F. et al. (2001) Genetic consequences of polygyny and social
structure in an Indian fruit bat. Cynopterus sphinx. II. Variance in
male mating success and effective population size. Evolution 55,
1224-1232

Garant, D. et al. (2001) A genetic evaluation of mating system and
determinants of individual reproductive success in Atlantic Salmon
(Salmo salar L.). J. Hered. 92, 137-145

Morgan, M.T. and Conner, J. K. (2001) Using genetic markers to
directly estimate male selection gradients. Evolution 55, 272—281
Jones, A.G. and Ardren, W.R. Methods of parentage analysis in natural
populations. Mol. Ecol., (in press)

Amos, W. et al. (2001) The influence of parental relatedness on
reproductive success. Proc. R. Soc. Lond. Ser. B 268, 2021-2027
Cunningham, E.P. et al. (2001) Microsatellite diversity, pedigree
relatedness and the contributions of founder lineages to thoroughbred
horses. Anim. Genet. 32, 360—-364

Peters, J.M. et al. (1999) Mate number, kin selection and social
conflicts in stingless bees and honeybees. Proc. R. Soc. Lond. Ser. B
266, 379-384

Richardson, D.S. et al. (2002) Direct benefits and the evolution of
female-biased cooperative breeding in Seychelles warblers. Evolution
56, 2313-2321

Blouin, M.S. et al. (1996) Use of microsatellite loci to classify
individuals by relatedness. Mol. Ecol. 5, 393—401

Glaubitz, J.C. et al. (2003) Prospects for inferring pairwise relation-
ships with single nucleotide polymorphisms. Mol. Ecol. 12,1039-1047
Van De Casteele, T. et al. (2001) A comparison of microsatellite-based
pairwise relatedness estimators. Mol. Ecol. 10, 1539—-1549

Lynch, M. and Ritland, K. (1999) Estimation of pairwise relatedness
with molecular markers. Genetics 152, 1753—1766

Wang, J. (2002) An estimator of pairwise relatedness using molecular
markers. Genetics 160, 1203—-1215

Li, C.C. et al. (1993) Similarity of DNA fingerprints due to chance and
relatedness. Hum. Hered. 43, 45—-52

Queller, D.C. and Goodnight, K.F. (1989) Estimating relatedness using
genetic markers. Evolution 43, 258—-275

Stone, J. and Bjorklund, M. (2001) DELRIOUS: a computer program
designed to analyze molecular marker data and calculate delta and
relatedness estimates with confidence. Mol. Ecol. Notes 1, 212—290
Queller, D.C. et al. (2000) Unrelated helpers in a social insect. Nature
405, 7841787

Toth, E. et al. (2002) Male production in stingless bees: variable
outcomes of queen-worker conflict. Mol. Ecol. 11, 2661-2667
Epstein, M.P. et al. (2000) Improved inference of relationship for pairs
of individuals. Am. J. Hum. Genet. 67, 1219-1231

McPeek, M.S. and Sun, L. (2000) Statistical test for detection of
misspecified relationships by use of genome-screen data. Am. J. Hum.
Genet. 66, 1076—1094

Thompson, E.A. (1991) Estimation of relationships from genetic data.
In Handbook of Statistics (Vol. 8) (Rao, C.R. and Chakraborty, R., eds),
pp. 255—269, Elsevier Science

Boehnke, M. and Cox, N.J. (1997) Accurate inference of relationships
in sib-pair linkage studies. Am. J. Hum. Genet. 48, 22—25

Goring, HH.H. and Ott, J. (1997) Verification of sib relationship
without knowledge of parental genotypes. Am. J. Hum. Genet.,
(Suppl.) 57, A192

Goodnight, K. and Queller, D.C. (1999) Computer software for
performing likelihood tests of pedigree relationship using genetic
markers. Mol. Ecol. 8, 1231-1234

Thompson, E.A. (1976) Inference of genealogical structure. Soc. Sci.
Inform. 15, 477-526


http://www.trends.com

R

43 Browning, S. (1998) Relationship information contained in gamete
identity by descent data. J. Comput. Biol. 5, 323—334

44 Zhao, H. and Liang, F. (2001) On relationship inference using gamete
identity by descent data. J. Comput. Biol. 8, 191-200

45 Foster, E.A. et al. (1998) Jefferson fathered slaves’ last child. Nature
396, 27-28

46 Sieberts, S.K. et al. (2002) Relationship inference from trios of indi-
viduals, in the presence of typing error. Am. J. Hum. Genet. 70, 170—180

47 Ewen, K. et al. (2000) Identification and analysis of error types in high-
throughput genotyping. Am. J. Hum. Genet. 67, 727-736

48 Broman, K.W. and Weber, J.L. (1998) Estimation of pairwise relation-
ships in the presence of genotyping errors. Am. J. Hum. Genet. 63,
1563-1564

49 Marshall, T.C. et al. (1998) Statistical confidence for likelihood-based
paternity inference in natural populations. Mol. Ecol. 7, 639—655

50 SanCristobal, M. and Chevalet, C. (1997) Error tolerant parent
identification from a finite set of individuals. Genet. Res. 70, 53—-62

51 Duchesne, P. et al. (2002) PAPA (Package for the analysis of parental
allocation): a computer program for simulated and real parental
allocation. Mol. Ecol. Notes 2, 191-193

52 Douglas, J.A. et al. (2000) A multipoint method for detecting
genotyping errors and mutations in sibling-pair linkage data.
Am. J. Hum. Genet. 66, 1287—-1297

53 Ehm, M.G. and Wagner, M. (1998) A test statistic to detect errors in
sib-pair relationships. Am. J. Hum. Genet. 62, 181-188

54 Olson, J.M. (1999) Relationship estimation by Markov-process models
in sib-pair linkage study. Am. J. Hum. Genet. 64, 14641472

55 Sun, L. et al. (2001) Detection of misspecified relationships in inbred
and outbred pedigrees. Genet. Epidemiol. 21 (Suppl. 1), S36-S41

56 Bentzen, P. et al. (2001) Kinship analysis of Pacific salmon: insights
into mating, homing and timing of reproduction. J. Hered. 92,127-136

57

58

59

60

61

62

63

64

65

66

67

68

TRENDS in Ecology and Evolution Vol.18 No.10 October 2003 511

Emery, A M. et al. (2001) Assignment of paternity groups without
access to parental genotypes: multiple mating and developmental
plasticity in squid. Mol. Ecol. 10, 1265-1278

Almudevar, A. and Field, C. (1999) Estimation of single-generation
sibling relationship based on DNA markers. J. Agric. Biol. Env. Stat. 4,
136-165

Almudevar, A. (2001) Most powerful permutation invariant tests
for relatedness hypotheses based on genotypic data. Biometrics 57,
1080-1088

Herbinger, C.M. et al. (1997) Family relationships and effective
population size in a natural cohort of Atlantic cod (Gadus morhua)
larvae. Can. J. Fish. Aquat. Sci., (Suppl. 1), 11-18

Brenner, C.H. (2000) Kinship analysis by DNA when there are many
possibilities. In Progress in Forensic Genetics 8 (Sensabaugh, G.F.,
ed.), pp. 94-96, Elsevier Science

Eding, H. and Meuwissen, T.H.E. (2001) Marker-based estimates of
between and within population kinships for the conservation of genetic
diversity. J. Anim. Breed. Genet. 118, 141-159

Garcia, D. et al. (2002) Sib-parentage testing using molecular markers
when parents are unknown. Anim. Genet. 33, 364—371

Almudevar, A. (2003) A simulated annealing algorithm for maximum
likelihood pedigree reconstruction. Theor. Pop. Biol. 63, 63—75
Rousset, F. (2002) Inbreeding and relatedness coefficients: what do
they measure? Heredity 88, 371-380

Pamilo, P. (1989) Comparison of relatedness estimators. Evolution 44,
1378-1382

Lynch, M. and Walsh, B. (1998) Genetics and Analysis of Quantitative
Traits, Sinauer Associates

Almudevar, A. (2001) A bootstrap assessment of variability in
pedigree reconstruction based on DNA markers. Biometrics 57,
757-763

Elsevier’'s Ecology, Evolution and Environment Gateway

http://www.ElsevierLifeSciences.com/ecology-evolution

Your gateway to ecology, evolution, the environment and related fields. An expertly selected collection of features, research
updates and books with research articles and reviews from:

' Elsevier's Ecology, Evolution and Environment G ateway on BioMedNet - Miciasolt Internet Exploter
Fle  Edt Yiew Favoites Jook Help

. Ejnom?dNet

[[6]x]

@ myomn € exe
© reedbace @ Helo

Ecology, Evolution and

FCOLOGICAL
RESEARCH

for more
informations ing LIVE from ESA 2003, Click
sign up for daily email slerts

Features

| Don't miss out
on 2003's
conferences

Trends in Ecology and Evolution
Animal Behavior

Advances in Ecological Research
Journal of Human Evolution
ICES Journal of Marine Science
Behavioural Processes
Theoretical Population Biology
and more

Use the gateway to:

* Get abstracts and tables of content from over 300 life science
journals

* Link to full text on ScienceDirect

* View authoritative conference coverage

* Enjoy timely news and feature articles

* Catch expert commentaries on the latest research

- 4 * Save with special offers on books and journal subscriptions

http://tree.trends.com


http://www.trends.com

	DNA-based methods for pedigree reconstruction and kinship analysis in natural populations
	Relatedness estimators
	Assignment to category of relationship
	Power to discriminate among relationship categories
	Allowing for genotyping error and mutations

	Testing relationship category via allele-sharing statistics: a weaker approach
	Partitioning a cohort into sibships
	Prospects
	Acknowledgements
	References


