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Abstract New types of markers, such as RAPDs,
microsatellite markers, AFLPs, and SNPs provide the
opportunity to obtain information on individuals at
multiple genetic loci across the genome. This increase
in the number of marker loci has provided enhanced
opportunities for statistical analysis of the genetic con-
sequences of genealogical relationship among indi-
viduals. In place of the classical models, we can now
investigate empirical multilocus segregation patterns.
Linkage among loci decreases the precision of relation-
ship estimation but permits additional dimensions of
genome sharing to be explored. In this paper we con-
sider the effect of linkage on the pattern of genome
sharing among relatives who share (on average) 25% of
their dipolid genomes using the empirical meioses
giving rise to 58 gametophytes from a single maternal
plant of the species Pinus taeda (loblolly pine). The
genome sharing among relatives is quantified in terms
of the linkage map of the markers.

Key words Halfsib gametophytes · Multilocus
gene identity · RAPD markers · Segregation
indicators · Variance of genome sharing

Introduction

With the increasing availability of a genomic array of
random amplified polymorphic DNA (RAPD) markers
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(Williams et al. 1990), microsatellite markers (Murray
et al. 1994), amplified fragment length polymorphism
(AFLP) markers (Vos et al. 1995), and single nucleotide
polymorphisms (SNPs) (Chee et al. 1996), analysis of
data at a dense array of linked markers is possible in
natural populations. In the estimation of relationships
between individuals from genetic data, the availability
of data at large numbers of loci provides new oppor-
tunities for increased resolution in the assessment of
genealogical relationships. Such analytical tools have
led to advances in the assessment of breeding systems
(e.g. Adams and Birkes 1991; Devlin and Ellstrand
1990; Meagher 1986; Meagher and Thompson 1987),
reproductive success (e.g. Primack and Kang 1989;
Roeder et al. 1989; Smouse and Meagher 1994; Snow
and Lewis 1993), and social structure (e.g. Burke and
Bruford 1987; Gibbs et al. 1994; Packer et al. 1991) of
natural populations as well as in the development of
conservation strategies for rare and endangered species
(e.g. Brock and White 1992; Chase et al. 1996; Geyer
et al. 1993).

The degree of genetic relationship between a pair of
individuals is defined by the marginal probability of
gene identity by descent at a given locus, and hence is
the expected proportion of genome shared, which can
be estimated empirically. For precise estimates of the
realized proportion, data at large numbers of loci are
essential, but the number of unlinked loci is necessarily
limited. On the one hand, linkage decreases informa-
tion, in the sense that the positive correlations between
gene identity by descent at linked loci leads to the
proportion of genome shared having a higher variance
than for a set of independently segregating but equally
informative loci (Thompson 1986). Thus, a set of linked
loci provide a less precise estimate of the degree of
relationship than with a set of unlinked loci with the
same allele frequencies.

On the other hand, data at linked loci provide in-
formation not available from independently segregat-
ing loci. Thompson (1986) discusses the example of



halfsibs, grandparent-grandchild, and aunt-niece pair-
wise relationships. These three pairwise relationships
are indistinguishable on the basis of data at indepen-
dently segregating loci, each providing at each locus
a probability 0.5 that the two individuals share one
gene identical by descent and 0.5 that they share no
genes identical by descent. However, the three rela-
tionships have distinct consequences for data at linked
loci, since each provides a different probability that the
two relatives share one gene identical by descent at
both of two linked loci. Thompson (1988) extends this
analysis to a consideration of kinship measures at two
and three linked loci, showing that there are relation-
ships that have identical two-locus kinship for all re-
combination frequencies between the two loci but also
have distinct three-locus kinship if the three loci are
linked.

Even were information available on an entire
genome, the information for relationship estimation
would be bounded due to the genome’s finite length.
Donnelly (1983) developed a framework for the analy-
sis of genome sharing in relatives of various types and
genome extinction in sets of offspring. The framework
uses the simple no-interference model of Haldane
(1919), in which crossovers occur as a Poisson process
rate 1/Morgan along a chromosome, independently in
every segregation. This same framework was extended
by Bickeböller and Thompson (1996) to analyses of the
probability distributions of surviving genomes in sets of
descendants. The same model has recently also been
analyzed by Feingold (1993) and by Guo (1994) in the
context of linkage detection for a complex trait using
a genomic array of markers.

Haldane’s model is only an approximation, and
the second aspect of the availability of a dense array
of polymorphic markers is that we are no longer lim-
ited to computations under such a model. Instead,
we may use empirically observed meioses in our
analyses. In this paper we use only a small set of 58
plant meioses classified at 232 RAPD markers, which
were provided by Professor R. Sederoff and colleagues
at the North Carolina State University, in order to
illustrate our approach of using empirical meioses
to investigate broader questions of genome sharing
among relatives. However, CEPH data (www address:
http.//www.ceph. fr/HomePage.html) provide similar
data for humans, and the amount of such data is
increasing rapidly. CEPH data have recently been used
by Lamb et al. (1997) to estimate patterns of meiotic
exchange.

The specific objectives of this paper are to: (1) devel-
op a general framework for evaluating the patterns of
genome shared among relatives using data at multiple
linked loci; (2) measure the effect of linkage between
discrete marker loci on the precision of estimation of
degree of relationship from data at those loci; (3) apply
this framework using the empirical meioses observed in
a progeny array from Pinus taeda, and (4) test for

differences between the predictions based on empirical
meioses and those based on the theoretical model and
estimated genetic map.

Methods

Estimation of relationship

From the genealogy to phenotypic data, there are three steps.
First, Mendelian segregation probability laws give rise to a pattern
of segregation indicators, Y"M½

ij
N:

½
ij
"1 if allele at locus i in meiosis j is grandmaternal

(1)
½

ij
"!1 if allele at locus i in meiosis j is grandpaternal

(These binary segregation indicators may equally be taken as 0 and
1, but the $1 notation is more convenient for the current paper
since then ½

ij
has mean 0 and variance 1.) Second, the genealogical

structure or relationship R converts ½ into the patterns of gene
identity by descdent, B(Y), specifying the underlying genes shared by
observed individuals. Third, the probability laws of population
genetics provide the probability of observed genotypic or phe-
notypic data, given these underlying patterns of gene identity by
descent, and hence a likelihood for a relationship R given the
observed data.

¸(relationship R)"P(data D R)"+

B

P(data DB)P(B DR) (2)

where P(B D R)" +

Y|Y (B,R)

P(Y)

and Y (B, R) is the set of Y-values that give rise to gene identity
pattern B under relationship R.

In most analyses of inference of relationship, attention has
been focused on the probability of data, given underlying patterns
of gene identity by descent, and the effect of population para-
meters such as allele frequencies on these probabilities. However,
where data at multiple linked marker loci are used, the effect of
the assumed probability model for the multilocus segregation pat-
terns in each meiosis should also be considered. All data, even
sequence data, are of identity-by-state; it is impossible to observe
identity-by-descent. However, in some situations it is possible to
observe segregation indicators Y. In this paper, we use empirical
multilocus segregation patterns, instead of a theoretical model, to
generate gene identity by descent patterns in various relationships.
The results are compared to a non-interference model on the esti-
mated genetic map.

In the estimation of relationship from genetic data at multiple loci,
the proportion of genome shared contains the largest part of the
information. Indeed, if the loci are unlinked, relationships of the
same degree, such as halfsibs, grandparent-grandchild, or aunt-
niece, are formally indistinguishable (Thompson 1986). If data are
available at linked loci, there is additional information in the lengths
and patterns of segments of genome shared (Browning 1998). How-
ever, gene identities by descent at linked loci are positively corre-
lated, so that information about the degree of relationship is less
given data on linked loci than if given data at an equivalent set of
unlinked loci. Thus, in addition to investigating the effects of using
empirical meioses on patterns of multilocus genome sharing among
relatives, we will also develop a natural measure of the effect of
linkage between discrete marker loci on the precision of estimation
of degree of relationship from data at those loci.

To make our discussion of these issues specific, in the follow-
ing sections we focus on the three simplest relationships of equal
degree: grandparent-grandchild (G), halfsib (H), and aunt-niece (N).
For ease of terminology, we consider relationships in the maternal
line.
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Empirical observation of segregation

Although gene identity by descent and the underlying segregation
indicators are never directly observable, in some practical instances
they almost are so. One such case is that of data on RAPD markers
in gametophytes from a single maternal plant, where the markers are
chosen to be ones segregating in the offspring, so the maternal plant
is known to be heterozygous for each RAPD band. Such data form
the basis for the pseudo-testcross approach (Grattapaglia and Sed-
eroff 1994) that has been widely used in genetic map construction for
long-lived species such as trees.

For such genetic markers, gene identity among the gametophytes
is known. The observed data are

X
ij
"1 if band for locus i is present in gametophyte j

X
ij
"!1 otherwise (3)

for j"1,2 , n the number of gametophytes, and i"1,2 , m the
number of loci. If X

ij
"X

ik
gametophytes j and k share genome

identical by descent from their mother at marker locus i. Further, the
segregation indicators (1) are:

½
ij
"1 if allele at locus i in gametophyte j is grandmaternal

½
ij
"!1 if allele at locus i in gametophyte j is grandpaternal (4)

The variables ½
ij

are not directly observed, since it is not known
whether a given band is maternal or paternal in the maternal plant.
However,

X
ij
"Z

i
½
ij

where Z
i
"$1 as the band at locus i is maternal/paternal in the

maternal plant. The probability that Z
i
"#1 and hence X

ij
"½

ij
is

0.5, marginally for each locus i, but the gametophyte scores at linked
loci provide information on maternal haplotypes. In the absence of
segregation distortion, and given a maternal plant heterozygous for
all bands scored, the expectation of each X

ij
and of each ½

ij
is 0, and

each has variance 1.
Let r

ik
be the recombination frequency and d

ik
be the map distance

between locus i and locus k. Then

r
ik
"(1!exp(!2d

ik
) )/2

and P(½
ij
"½

ki
)"1!r

ik
"(1#exp(!2d

ik
) )/2 (5)

For a set of n
ik

independent meioses scored at both locus i and locus
k, the sample covariance in segregation between locus i and k is
¹*

ik
"n~1

ik
&nik

j/1
½
ij
½
kj

. Since segregations to different offspring are
independent, the statistic ¹

ik
is the average of independent terms.

Hence

E(¹*
ik
)"P(½

ij
"½

kj
)!P(½

ij
O½

kj
)"exp(!2d

ik
) (6)

var(¹*
ik
)"n~1

ik
(1!exp(!4d

ik
)) (7)

For unlinked loci Jn
ik
¹*

ik
has mean 0 and variance 1. For n

ik
*20,

the distribution is very close to a standard normal N (0, 1).
Although the ½

ij
and hence ¹*

ik
are unobservable, the observable

¹
ik
"n~1

ik
&nik

j/1
X

ij
X

kj
differs from ¹*

ik
only in that it has a randomly

assigned sign Z
i
Z

k
"$1, depending on whether the bands i and

k are concordant (both paternal/maternal) or discordant in the
maternal genotype. To avoid this question, in a preliminary view of
the dependence among loci, we consider the absolute value of the
statistic D¹

ik
D"D¹*

ik
D.

The proportion of genome shared by relatives

Suppose gametophyte j is scored at m
j
loci. Since our binary vari-

ables are $1, we score the difference in proportion of genome

shared and not shared. Between grandmother and gametophyte
j this observed difference in proportion is ¼

j
"m~1

j
+mj

i/1
½
ij
. Al-

though the expectation of each ¼
j

is 0, in summing over loci,
dependence between loci due to linkage enters into the formulae for
the variance of shared genome. Equations 5 and 6 give immediately

var(¼
j
)"E(¼2

j
)"m~2

j A
mj
+
i/1

E(½2
ij
)#2 +

k

+
i:k

E(½
ij
½
kj

)B
"m~1

j
#2m~2

j
+
k

+
i:k

exp(!2d
ik
) (8)

The second term is the excess variance due to linkage.
Suppose that gametophytes j and l are both scored at m

jl
loci.

Between the halfsib gametophytes j and l, the difference in propor-
tion of genome shared and not shared is

»
jl
"m~1

jl

mjl
+
i/1

X
ij
X

il
"m~1

jl

mjl
+
i/1

½
ij
½
il

since Z2
i
,1. Then also

P(X
kj
"X

kl
DX

ij
"X

il
)"r2

ik
#(1!r

ik
)2"(1#exp(!4d

ik
))/2

Again, each »
jl

has expectation zero, and thus

var(»
jl
)"E(»2

jl
)

"m~2
jl A

mjl
+
i/1

E((½
ij
½
il
)2)#2 +

k

+
i:k

E(½
ij
½
il
½
kj
½
kl
)B

"m~1
jl

#2m~2
jl

+
k

+
i:k

exp(!4d
ik
) (9)

the second term again being the excess in variance of genome
sharing due to linkage. For an aunt-niece pair, the term exp(!4d

ik
)

is replaced by (exp(!4d
ik
)#exp(!6d

ik
) )/2 (Table 1). For a set of

s loci, equispaced at distance d, expression 8 becomes

var(¼
j
)"s~1#

2(exp(!2(s!1)d )!s#(s!1)exp(2d)

s2 (exp(2d)!1)2
(10)

The analogous expression for halfsibs (var(»
jl
) ) simply replaces d

by 2d.
Note also that for three distinct gametophytes j, l, and r scored at

the same m loci

m2E(»
jl
»
rl
)"

m
+
i/1

E(½
ij
½
ir
½2
il

)#2 +
k

+
i:k

E(½
ij
½
il
½
kr
½
kl
)"0 (11)

Thus, despite the dependence between loci, independence of the
segregations to different offspring ensures the zero covariance of
»
jl

and »
rl

(for distinct segregations j, l, and r). Hence, the empirical
variance of genome sharing across all pairs of gametophytes pro-
vides an unbiased estimate of the theoretical value.

Patterns of genome sharing

In addition to having a different variance in the proportion of
genome shared, the three relationships halfsibs (H), grandmother-
grandchld (G), and aunt-niece(N) show different patterns in their
segments of shared genome. Each segregation from the mother gives
rise to portions of grandpaternal and grandmaternal genome,
switching from one to the other as a Poisson process rate 1/Morgan
along the chromosome. Grandmother and granddaughter (G) share
genome wherever the segregating genome from the mother is grand-
maternal. Note that the granddaughter’s maternal genome may
derive from either of the two chromosomes of the grandmother,
whereas for maternal halfsibs (H) only the maternal genome can be
shared. For relationship H, we have the superposition of the two
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Table 1 Probabilities of gene
identity at two linked loci for
the three unilateral pairwise
relationships at which
individuals share 25% of their
genome (From Thompson 1986)

Relationship Grandmother Half-sisters Aunt-niece
G H N

k
1
; single locus 1

2
1
2

1
2

k
1>1

(r); conditional 1!r R"(r2#(1!r)2) (1!r)R#r/2
as a function of d (1#exp(!2d ) )/2 (1#exp(!4d ) )/2 (2#exp(!4d )#exp(!6d))/4

Note: k
1

is the probability that the two relatives share one gene identical by descent (ibd) at any
autosomal locus. k

1>1
(r) is the probability of sharing one gene ibd at a second locus at recombination

frequency r (or map distance d; r"(1!exp(!2d ))/2), conditional on having one gene ibd at the first
locus

independent segregations from the mother, giving rise to portions of
identical (both grandpaternal/grandmaternal) and non-identical
segments in the halfsibs’ maternal chromosomes, switching between
the two as a Poisson process rate 2/Morgan. Thus, genome sharing
in H has the same overall expectation as in G, but the segments are
(on average) half the size and there are (on average) twice as many.

For the aunt-niece pair (N) the process is more complicated. Both
chromosomes of the aunt are involved but only the maternal chro-
mosome of the niece. The aunt and her (full) sister share both their
paternal and maternal genomes independently in the manner of
halfsib shared genomes (that is, shared/not switching as a Poisson
process rate 2). The segregation from the mother to her daughter
superposes a Poisson process rate 1 which gives rise to the process
illustrated in Fig. 1. The eight-state, specification of the three
Poisson processes is Markov, but the process of genome sharing
between the niece and her aunt is not, being the amalgum of four
states. For gene identity at a pair of linked loci, the probabilities
were given by Thompson (1986) and are summarized in Table 1.

Application

The data

We illustrate the results of the previous section by
application to 58 gametophytes from a single maternal
plant of the species Pinus taeda (loblolly pine). The data
were provided by Prof. R. Sederoff and colleagues at
the North Carolina State University. Data are avail-
able on 232 RAPD markers for which the maternal
plant is known to be heterozygous. There are few
missing data, although not all gametophytes could be
scored for all markers. Each of the 58 gametophytes is
scored for at least 189 of the 232 loci (mean 219.6). One
locus is scored in only 27 gametophytes, but the re-
mainder are scored in at least 46 offspring (mean over
all loci, 54.9). In all, the data are 92.7% complete
(12,470 scorings out of a possible 13,456"232]58).
Overall, there are 66 more scores of absent than of
present, but no evidence of segregation distortion.

For the 232 loci, the sum over offspring ranges from
!23 to#19, with a mean of!0.284, (SE"0.950), not
significantly different from 0. The expected range is
!20.0 to#20.0. The empirical standard deviation of
the 2-32 proportions

(presence!absence)/(number of offspring scored)

Fig. 1 Process of genome sharing in an aunt-niece pair. States are
classified by whether or not the full sisters share the maternal
/paternal genome and by the parental origin of the gene transmitted
by one sister to her daughter. The four white circles correspond to
states where the aunt and niece share a genome and the four black
ones to where they do not

is 0.128, consistent with the theoretical value of 0.134,
for a mean over an average of 54.9 independent segre-
gations.

In the 58 individuals, the total over loci of (pres-
ence!absence) of bands ranges from!38 to#33 with
a mean of!1.138 (SE"1.079), not significantly differ-
ent from 0. The expected range is!32.3 to#32.3. The
empirical standard deviation of the 58 proportions

(presence!absence)/(number of loci scored)

is 0.073. For a mean over an average of 219.6 indepen-
dent loci, the theoretical value for this standard devi-
ation is 0.067. Thus, the realized effect of covariances
induced by the common origins of bands at linked loci
is only about 10%. (The realized covariances depend
on the maternal haplotype).

Dependence among loci

Two markers are not only completely discordant in all
the offspring scored but are scored in the same off-
spring. Six additional pairs, two sets of three, and one
set of four loci are also not resolved by these data, being
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Fig. 2 Histogram of normalized pairwise relationship statistics be-
tween loci for all 26,796 pairs among the 232 RAPD loci, together
with the standard Normal curve expected in the absence of linkage.
Linkage creates extreme values between closely linked (or identical)
loci, but the larger effect is in the deficiency of small values and
excess of values in the range 1.5 to 2.0 which are the result of large
numbers of pairs in loose linkage

fully concordant or fully discordant where scores are
not missing. There are the same number of fully con-
cordant as fully discordant pairs. These unresolved loci
may in fact be the same locus, or closely linked loci not
resolved by these data; in any case, the maximum
likelihood estimate of recombination distance between
them is zero. There are numerous other comparisons
where only 1 or 2 of the 58 offspring show evidence of
recombination, and many linkage groups can be distin-
guished and the loci within them ordered. Other loci
show no clear linkage pattern. Our results agree with
the map of Grattapaglia et al. (1991) which placed 191
of these 232 markers into 14 linkage groups.

The overall effect of linkage as measured by depend-
ence among loci is given by the statistics D¹*

ik
D of Eq. 6.

Figure 2 shows a histogram of these values for all
26,796 pairs of loci i and k, together with the corres-
ponding null distribution. We see that linkage provides
a few extreme values (the expected maximum in
a sample of this size from the null distribution is about
4.0, while we have 276 pairs giving values larger than
this). However, the major effect is between the much
larger number of pairs in loose linkage, creating a defi-
ciency of small values and a large excess in the range 1.5

to 2.0. While overall there is a strong effect of linkage,
for many pairs of linked loci the value of ¹

ik
would not

indicate significant cosegregation.

Genome shared among relatives

These gametophytes directly illustrate genome sharing
on the chromosomes of halfsibs deriving from their
common parent. Note that although these halfsib hap-
lotypes are dependent in their band presence/absence,
all being the offspring of the same mother, they result
from independent segregations and thus disjoint pairs
are independent in their genome sharing. This fact is
used repeatedly below in assessing the significance of
genome-sharing patterns. The empirical variance of
genome sharing across the markers (see Eq. 9) is 1/83.9.
Thus, in terms of halfsib relationships, the 232 loci are
equivalent in information content to about 84 indepen-
dently segregating loci.

Since the complete linkage maps and maternal hap-
lotypes are not easily determined for the full set of 232
markers, for the remainder of our analysis we consider
only the two best-defined linkage groups of framework
markers (Grattapaglia et al. 1991; O’Malley et al. 1996;
R. Sederoff, personal communication). One group has
m

1
"12 markers over 125 cM, and the other has

m
2
"11 markers over 117 cM; these groups corres-

pond to linkage groups 5 and 6, respectively, in
O’Malley et al. (1996). To reduce missing data, we use
the information on linked non-framework markers and
the map to impute missing values of the framework
markers. When this is done, almost all gametes can be
scored with near certainty for almost all of the 23 loci.
Additionally the two maternal haplotypes within each
linkage group are clearly determined, so that for each
locus set l"1, 2, each gametophyte j provides an inde-
pendent set of segregation indicators M½

ij
; i"1,

2 , m
l
N (Eq. 2) determined up to a single sign. This sign

ambiguity does not affect the empirical variance of
genome sharing; within each linkage group one ma-
ternal haplotype was arbitrarily designated the grand-
maternal one.

Using the 58 gametes, we computed the variance of
grandmaternal genome sharing for each linkage group.
The variance of halfsib sharing was computed by com-
paring gamete j with gamete j#1, gamete ‘‘59’’ being
a duplicate of gamete ‘‘1’’. Although each gamete is
involved in two comparisons, these are uncorrelated
(see above). Between aunt and niece, there are five
relevant segregations (Fig. 1). Each of the 58 gametes
serves once as the maternal gamete of the ‘‘niece’’. The
full-sister ‘‘mother’’and ‘‘aunt’’ are created by a random
choice of 4 other gametes, these 232 (58]4) choices
being constrained by each gamete being represented
the same number of times, no gamete serving twice in
the construction of a given ‘‘aunt-niece’’ pair and no
pair of gametes appearing together more than once in
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Table 2 Variances of genome
sharing, among 58 instances of
each of three relationship types,
for each of two linkage groups

Locus set 1; 12 loci Locus set 2; 11 loci

Grandmother Half-sister Aunt Grandmother Half-sister Aunt

Mean !0.06 0.03 !0.08 0.05 0.04 0.09
Standard error 0.08 0.07 0.07 0.08 0.07 0.06
Variance 0.415 0.282 0.273 0.383 0.269 0.236
Standard error 0.078 0.053 0.051 0.077 0.050 0.044

Variance excess due to linkage
Observed 0.332 0.198 0.189 0.292 0.178 0.145
Expected 0.414 0.234 0.192 0.435 0.255 0.212
Effective loci 2.4 3.6 3.7 2.6 3.7 4.2

any of the sets giving rise to any ‘‘aunt-niece’’ pair.
Thus, although each gamete is used five times in all, we
obtain a set of 58 ‘‘aunt-niece pairs’’ whose genome
sharing is uncorrelated.

Table 2 shows the results of these computations for
each pairwise relationship and each group of loci.
Given are the mean and standard deviation of the
difference in genome shared and not-shared: These
means have theoretical expectation zero, and none de-
viates significantly from this expectation. Given also
are the empirical variances and their estimated stan-
dard errors, and two interpretations of these variances.
First the empirical excess in variance over that for
independently segregating loci is given, together with
the theoretically expected values for this excess (the last
terms of Eqs. 8 and 9). Finally, the inverse of the
variance is a measure of the equivalent number of
independently segregating loci. These results are dis-
cussed below.

Patterns of genome sharing

We consider finally the pattern of genome sharing
across a linkage group among relatives of various
types. In analyzing genome sharing, we make use of the
sign ambiguity in the segregation indicators M½

ij
; i"1,

2 , m
l
N to condition on sharing at any given locus,

using either a gamete or its reverse image. For example,
in assessing grandmaternal genome sharing condi-
tional on sharing at locus ¸

i
, we designate the maternal

haplotype shared by the gametophyte at ¸
i

as the
‘‘grandmaternal’’ one for the purposes of that compari-
son.

First, for each of the 58 gametophytes, for each locus
¸
i
in turn, we compute the number that have the same

maternal haplotype at locus ¸
i`1

, then of these also at
¸
i`2

, and so on, in order to obtain patterns of grand-
maternal allele sharing over successive loci, conditional
on have a grandmaternal allele at locus ¸

i
. Consider,

for example, the points designated by triangles in the
set of lines starting at ¸

3
in Fig. 3. All 58 gametes are

Fig. 3 Genome sharing in various relationships over the first linkage
group of 12 loci stretching over 1.251 Morgans. The points show the
decreasing numbers of pairs of individuals in a given relationship
sharing genes over all loci typed from the ‘‘left-most’’ locus on
a given curve to a given locus, conditional on sharing at this
left-most locus. See text for details of the construction of these
counts. The points for grandmothers are denoted by triangles, for
half-sisters y open circles, and for aunt-niece by an ]. The solid lines
give the theoretical expectations for the first two relationships
(grandmothers and half-sisters), conditional on the estimated genetic
map. The loci on the horizontal axis are positioned in accordance
with this map

scored at ¸
3
, and of these 51.5 show the same maternal

haplotype at ¸
4

as at ¸
3

(the half-counts being due to
missing data imputed proportionately). Then 44 of
these have the same also at ¸

5
, with successive counts

of 41.5, 36.5, 33, and 26, at loci ¸
6
to ¸

9
. Note loci ¸

5
to

¸
8

are very closely linked, with correspondingly small
decreases in the count of gametes continuing to share
the maternal haplotype over these loci, while the
greater distance from ¸

8
to ¸

9
provides more oppor-

tunity for recombination. For clarity, Fig. 3 shows only
the curves initiating at loci ¸

1
, ¸

3
, ¸

5
, and ¸

9
. Figure 4

shows those initiating at M
1
, M

4
, and M

8
only. The

upper solid line in each set of curves is the theoretical
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Fig. 4 Genome sharing in various relationships over the second
linkage group of 11 loci stretching over 1.178 Morgans. The nota-
tion is as in Fig. 3

expectation of these observed counts, given the map
distances of O’Malley et al. (1996).

As above, to assess half-sister (H) genome sharing,
we compare each gamete j with gamete j#1, gamete
‘‘59’’ being a duplicate of gamete ‘‘1’’. In comparing
two different gametophytes, we condition on sharing
genome at ¸

i
by taking the reverse image of one

gametophyte if necessary. As for the relationship G, we
then plot continuing sharing over successive loci ¸

i`1
,

¸
i`2

and so on, as before, giving the open circles in
Figs. 3 and 4. The lower solid curve again provides the
theoretical expectation.

To demonstrate genome sharing between aunt and
niece, we use each gamete five times in all to construct
58 ‘‘aunt-niece’’ pairs whose genome sharing is uncor-
related, as described above. From these pairs, and tak-
ing the mirror image of the niece’s maternal gamete
where necessary to condition on sharing at locus ¸

i
, we

again obtain the pattern of continuing genome sharing
to locus ¸

i`1
, ¸

i`2
, and so on. These counts are de-

noted by ] in Figs. 3 and 4.

Discussion

Among relatives that share the same overall proportion
of genome identical by descent, a larger number of
segregations in the descent paths defining the relation-
ships provides more opportunities for recombination,
and hence the shared genome is fragmented into small-
er segments. Thus, there is no ‘‘equivalent number
of independently segregating loci’’ corresponding to
a length of genome. The number of independently seg-
regating loci that will give an ‘‘equivalent’’ result de-
pends on the function under consideration and on the
relationship between individuals (Donnelly 1983). In

the current paper we have seen that with respect to
patterns and variance of genome sharing among
halfsibs and grandparents, 11 or 12 loci in a linkage
group of length about 1 Morgan are ‘‘equivalent’’ to
a number of independently segregating loci ranging
from 2.5 to 4 (Table 2).

In the estimation of degree of relationship (for
example a kinship coefficient coefficient) between indi-
viduals from fully informative genetic data, the pre-
cision of estimation is inversely proportional to the
variance of genome shared. For a given degree of kin-
ship, the more complex the relationship the more pre-
cisely kinship can be estimated from data at a given set
of linked loci, since the more opportunities for recombi-
nation results in a lesser degree of dependence in
genome sharing at loci at given genetic distance. Con-
versely, in linkage analysis, it is well-recognized that
more segregations provide more information for re-
solving very tightly linked loci; different relationships
provide linkage information at different scales. For
loose linkage (0.05)r)0.2 say), data on 58 fully in-
formative segregations, such as the gametophytes of
this paper or typical of some human pedigree studies,
provide sufficient power both to detect linkage and to
resolve loci. For tightly linked loci to be resolved, the
net results of far more segregations are needed, leading
to the use of recombinant inbred lines in experimental
populations (Taylor 1978) or disequilibrium mapping
in natural populations (Kaplan et al. 1995).

The curves of Figs. 3 and 4 and the results of Table 2
show good agreement with theory developed under
Haldane’s mapping function. However, in Table 2 it
can be seen that each of the six excess variance figures is
below its theoretical expectation, although none of the
deficits is significant. In Figs. 3 and 4 (particularly the
latter) it can also be seen that the data points tend to
lie below the theoretical curves, likewise indicating
greater-than-predicted breakup of the chromosome in
these 58 segregations. This result should not be over-
interpreted; the results do not deviate significantly from
theory and, although our 58 comparisons were con-
structed to be uncorrelated within each relationship,
the same 58 gametes are used for each of the three
relationships considered.

If the result of a deficit in the excess variance of
genome sharing due to linkage were to be confirmed by
additional data, caution in interpretation is still needed.
Significant effects of interference could be inferred, but
these effects are confounded with map estimates. A bet-
ter fit in Figs. 3 and 4 could be achieved by adjusting
the map distances between the loci. The map of the
framework markers used in this paper was constructed
from these same data (Grattapaglia et al. 1991;
O’Malley et al. 1996), but map estimation also assumes
absence of interference, and the primary information
for a linkage map derives from adjacent (but resolvable)
loci. At close loci the curves of Figs. 3 and 4 provide an
excellent fit. Stretching the map to obtain a better fit at
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intermediate linkage distances (50—100 cM) would lead
to an observation of too few recombination events at
small distances (10—20 cM) relative to the theoretical
no-interference model (see also Carter and Falconer
1951). In natural populations, it is hard to obtain suffi-
cient data to detect interference (Bishop and Thompson
1988), and even more data will be needed to examine
the effects of interference on patterns of genome sharing.
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