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ABSTRACT

Gene diversity, a commonly used measure of genetic variation, evaluates the proportion of heterozy-
gous individuals expected at a locus in a population, under the assumption of Hardy-Weinberg
equilibrium. When using the standard estimator of gene diversity, the inclusion of related or inbred
individuals in a sample produces a downward bias. Here, we extend a recently developed estimator shown
to be unbiased in a diploid autosomal sample that includes known related or inbred individuals to the
general case of arbitrary ploidy. We derive an exact formula for the variance of the new estimator, #, and
present an approximation to facilitate evaluation of the variance when each individual is related to at most
one other individual in a sample. When examining samples from the human X chromosome, which
represent a mixture of haploid and diploid individuals, we find that H performs favorably compared to
the standard estimator, both in theoretical computations of mean squared error and in data analysis.
We thus propose that H is a useful tool in characterizing gene diversity in samples of arbitrary ploidy

that contain related or inbred individuals.

OR a given locus, gene diversity, also known as
expected heterozygosity, characterizes the propor-
tion of heterozygous genotypes expected in a population
under Hardy-Weinberg equilibrium (Ner 1973). N1
and RovycHOUDHURY (1974) devised an estimator of
gene diversity that is unbiased for random samples of
unrelated, noninbred individuals. When inbred individ-
uals or close relatives are included in a sample, how-
ever, this estimator has a downward bias (WEIrR 1989;
DEeGI0RGIO and RoOsSENBERG 2009). To account for the
effects of inbreeding in a sample of diploid individuals,
WEIR (1989, 1996) derived the expected value of gene
diversity, producing an unbiased estimator of gene
diversity that makes use of the mean inbreeding coeffi-
cient across sampled individuals, where the inbreeding
coefficient of an individual is defined as the probability
for a randomly chosen locus that the two alleles of the
individual are inherited identically by descent from a
common ancestor. Using the mean kinship coefficient
across pairs of sampled individuals, DEGIORGIO and
ROSENBERG (2009) extended this estimator to account
for the bias produced in samples containing close
relatives, where the kinship coefficient between two
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individuals, j and %, is defined as the probability that
an allele randomly selected from individual j at a ran-
dom locus and an allele randomly selected from indi-
vidual £ at the same locus are identical by descent (IBD).

The DEGIORGIO and ROSENBERG (2009) estimator is
useful for autosomal markers in samples from diploid
organisms that contain related or inbred individuals.
However, in studying gene diversity among related
individuals in nondiploid cases (e.g., BUTELER et al.
1999) or in cases of mixed ploidy, such as in the analysis
of sex chromosomes (e.g., REILAND et al. 2002), unbi-
asedness for this estimator has not been demonstrated.
Here, we extend the DEGIORGIO and ROSENBERG (2009)
estimator of gene diversity to account for situations in
which known related and inbred individuals are in-
cluded in a sample and in which the sample contains
an arbitrary mixture of individuals of different ploidy. We
use a more general method to obtain the estimator than
the method used for diploids by DrGiorGio and
ROSENBERG (2009), and we show that the general esti-
mator reduces to the DEGIORGIO and ROSENBERG
(2009) estimator in the diploid case. We also derive a
formula for the variance of our estimator, H, to facilitate
evaluation of the statistical properties of the estimator.
This variance formula, which is a function of identity
states among individuals, includes terms that involve
identity-by-descent among two, three, and four individ-
uals and among pairs of pairs of individuals. Our variance
function is convenient because extensive work on
IBD probabilities among individuals (e.g., COTTERMAN
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1940; Harris 1964; GiLrors 1965; COCKERHAM 1971;
JacQuARD 1974; THOMPSON 1974; LaNGE 2002) has pro-
vided a framework for calculating the quantities incorpo-
rated in the formula.

Using the variance formula, we examine the perfor-
mance of our estimator in scenarios involving the human
X chromosome, for which males and females, who might
both be included in a typical sample, differ in ploidy. In
our evaluations, we first show that the exact theoretical
values of the variance, which are obtained from a quite
complex formula, are closely matched by simulations.
We also validate that when each sampled individual is
related to at most one other individual in the sample,
the exact theoretical variance can be approximated well
by a simpler formula. Using the variance approximation
and simulations, we compare the behavior of our esti-
mator to that of the NE1 and RoycHOUDHURY (1974)
estimator, which does not account for relatives. We then
analyze human SNPs from the X chromosome and find
that H also performs well in practice.

THEORY

Consider a sample of g groups, each with different
ploidy (e.g., haploid males and diploid females on the
human X chromosome). Suppose that the sample from
group b contains n, m;ploid individuals, b=1,2,..., g
Further, let (b, k), k=1, 2,..., n;, denote individual &
from group 4. The number of copies of allelic type i in
individual & from group bis

ZA<,, (1)

where A" (v.#)¢ 18 an indicator random variable that takes
on the Value 1 if the /fth allele in individual (b, k) has
type ¢and thate uals 0 otherwise.

Note that E[A (b y.e) = pi, where p; is the frequency
of allelic type i in the population. We can then define
an unbiased estimator for the frequency of allele ¢ as

1 g m

P =

(i)
S X 2
>y =1 h=1 (h ®
Rewriting the estimator of NEI and ROYCHOUDHURY
(1974) for the mixed-ploidy case, if no inbred or related
individuals are included in the sample, then an un-
biased estimator of gene diversity is

P D _
H= (Zb 1"bmb 71 (1 sz> (3)

If inbred or related individuals are included in the sam-
ple, then H is a biased estimator of H =1 — Lpe.
We follow the approach of DEGIORGIO and ROSENBERG
(2009), correcting for this bias by first obtaining the
variance of sample allele frequencies. However, we use

a different method here for obtaining the variance of
sample allele frequencies, determining the bias correc-
tion for diploids as a special case of a more general
computation.

An unbiased estimator: Suppose we have four possi-
bly, but not necessarily, distinct individuals (a, j), (b, k),
(a', j), and (', k). Define @,y as the probabil-
ity that two alleles randomly chosen, one from individ-
ual (@, j) and the other from individual (b, k), are
IBD. Similarly, define ® ;)1 («7) as the probability
that three alleles randomly chosen, one from (a, j),
one from (b, k), and one from (d’, j'), are IBD. Define
D (o)) biy(a.jy v k) as the probability that four alleles
randomly chosen, one from (a, j), one from (b, k), one
from (a', j'), and one from (&', k'), are IBD. Finally,
define ® () s1,(a,j)(w.k) as the joint probability that
two alleles randomly chosen, one from (g4, j) and the
other from (b, k), are IBD and two alleles randomly
chosen, one from (', j') and the other from (¥', k'), are
IBD. These four types of probability of identity-by-
descent are identical to the 0, v, 8, and A coefficients
of CockerHAM (1971), respectively. We can then define

o 8§ & )
(I) :ZZ le wb (a)(b,k) (4)

WaWpWy qj(a])(b k)(a'j") (5)

Ty
D Wawywa wy Py s (a0 )

(6)

WaWpWe wb'q)(u,j)(b,k)‘(a',]")(b',k')

(7)
as weighted mean kinship coefficients across all sets of
pairs, triplets, quartets, and pairs of pairs of individuals.
The weight associated with an individual in group x,
w, = my/ Y 5 nymy, is proportional to the ploidy asso-
ciated with the group. Define the inbreeding coefficient
for individual (b, k), denoted by f, ), as the probability
that two alleles randomly chosen without replacement
from individual (b, k) are IBD and let j_‘;, =
(1/ny) >3 fwx be the mean inbreeding coefficient
across individuals in group b. This definition reduces to
the standard definition for the diploid case.

In this section we first present two equations (Equa-
tions 8 and 9) that aid in the development of a gen-
eralized estimator of gene diversity (Theorem 1). This
general estimator, the main result of the section, cor-
rects the bias created by the inclusion of related and
inbred individuals in a sample consisting of individuals
with any mixture of ploidy. Using this estimator, we pro-
vide generalizations of results presented by DEGIorGIO
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and ROSENBERG (2009) for diploids to the case of ar-
bitrary ploidy (Equations 13 and 14) and we show how
these generalizations can be reduced to the diploid case.

Consider a locus with 7 distinct alleles, allele frequen-
cies p;€ [0,1],and Y ., p; = 1. Suppose asample from a
population has ggroups, each with different ploidy, and
n, my-ploid individuals in group b, 6=1, 2, ..., g each of
whom is possibly inbred and related to other individuals
in the sample. Consider the ¢th allele of individual (q, j)
and the tth allele of individual (b, k). By definition of
expected value, we have

(@) (7) (7)
A_A(b#k).t] = P[A(a,j).é = l’A(bA,k).t =1
=D pnpi + (1 - q)(a,j)Q(b.k))f)?
D jyopi(1 = pi) + p;. (8)

In taking the expected value of our estimator of gene

diversity, we need to evaluate the quantity E[pf] Using
Equation 8, we show in APPENDIX A that

E[p7] = Dopi(1 = pi) + p}. (9)

Plugging Equations 8 and 9 into Var[p] =E[f?]| —
(E[ ])* vields Var[p;] = ®op;(1 — p;), which reduces to
the result presented for the diploid case in Equation 7 of
DEGIORGIO and ROSENBERG (2009), by reduction of the
definition of ®, for the diploid case. The following
theorem provides a generalized unbiased estimator of
gene diversity when a sample with any mixture of ploidy

contains related or inbred individuals.

THEOREM 1. Consider a locus with I distinct alleles, allele
frequencies p; € [0, 11, and Y1 p;=1. Suppose a sample
Jrom a population has g groups, each with different ploidy, and
ny, my-ploid individuals in group b, b =1, 2,..., g, each of
whom s possibly inbred and related to other individuals in the
sample. Then

- 1 L
H=——|1- ; 10
— ¢2< 2“:@) (10)

is an unbiased estimator for gene diversity.

The proof that H is unbiased follows that of Propo-
sition 1 in DEGIORGIO and ROSENBERG (2009), substitut-
ing the more general @, in place of the corresponding
mean kinship coefficient in the earlier proof.

When reducing the definition of @, for the diploid
case studied by DEGIORGIO and ROSENBERG (2009),
the result in Theorem 1 is identical to the result pre-
sented for this case in Proposition 1 of DEGIORGIO and
ROSENBERG (2009). One interesting consequence of
Theorem 1 is that H has a simple representation in
terms of the sample proportion of identity-by-state and
the probability of identity-by-descent computed on the

basis of assumed levels of inbreeding and relationship.
This representation is

- 1—P[IBS]
H_lmeM’ (11)
where P[IBS] is the probability that two alleles in the
sample, chosen uniformly at random with replacement,
are identical by state, and P[IBD] is the probability that
two alleles in the sample, chosen uniformly at random
with replacement, are identical by descent. A proof that
Equation 11 is a consequence of Equation 10 is provided
in APPENDIX A. Note that Equations 10 and 11 have a
connection to estimators of relatedness in a context in
which relatedness is unknown. Such estimators essen-
tially invert equations similar to Equation 11 to get
estimators of @, (RITLAND 1996; RoUSSET 2002).

We next seek to transform the estimator in Equation
10 into one thatis more convenient for data analysis. Let
Gup, o b =1, 2,..., g be the set of distinct types of
relative pairs for pairs of distinct individuals in a sample,
one from group a and one from group b. Let n be the
number of pairs of individuals with relationship type R
in G, and let @ be the kinship coefficient for each of
these pairs. Then, as shown in APPENDIX A, we can write

d, as

- 1
) —
(i nomy)®
g

g g
X anmb + anmb(mb - l)j_[b +2 Z Zm%’T]RCDR
b=1 b=1

b=1 ReG,,

gl g
+ 22 Z Zmamm;@q)g .

a=1 b=a+1 ReqG,,

(12)
This version of @, is convenient for computation. To
obtain a formula for H that is convenient for computa-
tion and that is a generalized version of an analo-
gous quantity for the diploid case in Equation 9 of
DEGIORGIO and ROSENBERG (2009), we can substitute
Equations 3 and 12 into Equation 10 to get

(D51 mamy) (325 mymy — 1) A

H= 13
> SEE
where
g g g B
D= anmb anmb -1 - anmb(mb —1fs
=1 =1 =1

oy

g

{ g1
=23 > mp®Pr— 2 > Y memma®r.

b=1 ReGy, a=1 b=a+1 Req,,

A proof of Equation 13 is provided in APPENDIX A. We
note thatbyusing g= 1, n; = n,and m; = 2 in Equation 13,
we obtain Equation 9 of DEGIORGIO and ROSENBERG
(2009).
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Note that H = cI:I, where

(b mamy) 5 oy — 1)

) .

By rearranging and taking the expected value, we get
E[H] = E[H]/c = H/c. Therefore,

N 1—
bias(H) = — < H
Cc

1
(D51 mamy) (325 mymy — 1)

g g
X anmb(m,, —1)fy+ 22 Z m%nlfq)ll
=1

b=1 ReGy,

g1 ¢
+ 22 Z Z mamynp®r | H.

a=1 b=a+ 1 ReG,,

(14)

Equation 14 is a generalized version of the bias formula
in the diploid case, in Equation 11 of DEGIORGIO and
ROSENBERG (2009). The bias is always negative and it
has a magnitude that increases linearly with respect to
H. Using g= 1, n; = n, and m; = 2 in Equation 14, we
obtain Equation 11 of DEGIORGIO and ROSENBERG
(2009).

Variance of the estimator: In the previous section,
we derived an unbiased estimator / of gene diversity
in asample of arbitrary ploidy. Itis useful to determine
the variance of the estimator, a quantity that in the
diploid case DEG1ORGIO and ROSENBERG (2009) ob-
tained only by simulation. The following theorem
provides a formula for the variance of the generalized
estimator of gene diversity in samples with any mixture
of ploidy.

THEOREM 2. Consider a locus with I distinct alleles, allele
Srequencies p; € [0, 11, and Y ', p;=1. Suppose a sample
Jfrom a population has g groups, each with different ploidy, and
ny, my-ploid individuals in group b, b =1, 2, ..., g each of
whom is possibly inbred and related to other individuals in the
sample. Then the variances of the H and H estimators of gene
diversity are

~ 1
Var[hﬂ = anr

and

P 9
Var[[—?] = l( 2=t M Var

> g memy) — 1

1 - 21:1312‘| ) (16)
i=1

where

Var

1
=1
1
=Dyy — D +2[ D5 — Dy pr
=1
1
+ 4[204 + By — 2B5 — Dyy] > p?

=1
o o . o o 1
+ 3@212 + 8db; — 6B, — 4Dy — ¢§:| (Zp?)
i=1

(17)
The proof of Theorem 2 is long and is provided in
APPENDIX B.

2

We next derive an approximate formula that in our
calculations below we use in place of Equation 17 inside
of Equations 15 and 16. The approximation is based only
on pairwise kinship coefficients and is useful in cases in
which the number of relatives in a sample is small enough
that no individual is related to more than one other
sampled individual. In such cases, the only nonzero terms
included in @3, @, and @, , all involve sampling the same
individual or pairs of individuals more than once. Thus,
the @5, ®,, and 62,2 terms, along with P2, are ignored, as
they are likely to be much smaller than ®, in cases in
which the number of relationships in the sample is small.

In addition to the assumptions listed in Theorem 2,
suppose that each individual in the sample is related to no
more than one other individual in the sample. If we ignore
terms involving (>°5_, m;n;) ~* k> 1, then terms involving
65, &5, Oy, and 62_2 in Equation 17 can be ignored. The
only terms in Equation 17 that we retain are those of order
(2% myn,)” and (324 mym,)”'. @y is of order

(3%, myn,)~". Therefore, reducing Equation 17 leads to

! I 1 2
1-> pf > p- (Zﬁ?) ] (18)

i=1 i=

Var ~ 4Dy

This formula is an approximation to Equation 17 when
the number of relatives in a sample is small enough that
no individual is related to more than one other sampled
individual.

We now show that when no related individuals are
included in asample of diploids, the variance in Equation
18 is exactly the formula given by WEIR (1989). Suppose a
sample from a diploid population consists of n unrelated,
but possibly inbred, individuals. Further suppose that we
ignore terms involving n* k> 1. Then ®;, = (1/2) (1 +
/i), where f,is the inbreeding coefficient for individual k.
We can write the mean pairwise kinship coefficient as

— 1 & 1 1 1 -

n

where f = (1/n)Y 7| fi is the mean inbreeding co-
efficient across individuals. Plugging ®, = (1 +f)/(2n)
into Equation 18, we get
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TABLE 1

Relationship types with corresponding X-linked kinship coefficients

Relationship Symbol for
no. (k) Relationship type relationship class  Sexes of the pair &
1 Full-sibs L Male—male %
2 Half-sibs (female parent) l Male—male %
3 Uncle-nephew (female parent) lo Male-male i
4 Grandfather—grandson (female parent) b Male-male %
5 Parent—offspring v Female—female i
6 Full-sibs [ Female—female %
7 Half-sibs (male parent) Uy Female—female i
8 Half-sibs (female parent) U3 Female—female %
9 Aunt-niece (male parent) U Female—female %
10 Aunt-niece (female parent) Uy Female—female 13_6
11 Grandmother—granddaughter (male parent) v Female—female 41_1
12 Grandmother—granddaughter (female parent) U3 Female—female %
13 Parent—offspring u Male—female %
14 Full-sibs U Male—female i
15 Half-sibs (female parent) Us Male—female 41_1
16 Uncle—niece (male parent) U Male—female i
17 Uncle-niece (female parent) us Male—female %
18 Aunt-nephew (female parent) Uy Male—female %
19 Grandfather-granddaughter (female parent) Us Male—female zl}
20 Grandmother—grandson (female parent) Us Male-female %x

Relationship types with X-linked kinship coefficient of zero are not shown. These include the male-male re-
lationships of parent-offspring, half-sibs (through male), uncle-nephew (through male), and grandfather—
grandson (though male) as well as the male-female relationships of half-sibs (through male), aunt-nephew
(through male), grandfather-granddaughter (through male), and grandmother—grandson (through male).

i=1

I I I 2
1—2133] ~2047) [Zp%— (Zp?) ]

(19)

The X chromosome case: A common situation in
which data of mixed ploidy arise is on sex chromo-
somes, for which members of one sex have two copies
of a specific sex chromosome and members of the
other sex have one copy. Later, we examine data on the
human X chromosome, for which females have two
copies and males have one. Thus, we now utilize
Equation 13 to derive an unbiased estimator of gene
diversity in samples from the X chromosome.

Consider an X-linked locus with [ distinct alleles,
allele frequencies p; € [0, 1], and Z{:l p; = 1. Suppose
a sample from a population has np females and ny
males, each of whom is possibly inbred and related
to other sampled individuals. Let M, F, and U be the

sets of distinct types of male—male, female—female, and
male—female relative pairs in the sample, respectively.
Further, let mz be the number of pairs of individuals
with relationship type R and let ® be the kinship
coefficient for each of these pairs. Let males be group
1 and let females be group 2. Plugging g= 2, n; = ny,
ne = np, m; = 1, and me = 2 into Equation 13, we obtain
an unbiased estimator for gene diversity at an X-linked
locus as

(nv + 2n) (ny + 2np — 1) a
(nat + 2np) (g + 2np — 1) — 2npf5 — 23 remMrPr — 8 rernaPr — 4> _reuma®Pr

(20)

where fr = (1/ng) >_}*, fi is the mean inbreeding co-
efficient across female individuals and f; is the inbreed-
ing coefficient for female k.

The following special case of Equation 20 is useful for
the examples we consider in subsequent sections. It
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TABLE 2

Symbols used for relative pair types

Relationship

class symbol Y, Y; Yo @ Sex Relative types

I % % 0 % Male-male Full-sib, half-sib (through female parent), grandfather-grandson
(through female)

lo 2 i 0 % Male-male Uncle-nephew (through female)

Uy 0 1 0 % Female—female Parent-offspring, halfsib (through male parent),
grandmother—granddaughter (through male)

Uo 0 % % % Female—female Full-sib

Us % % 0 % Female—female Halfssib (through female parent), aunt-niece (through male),
grandmother-granddaughter (through female)

Uy zl_i % 0 % Female-female = Aunt-niece (through female)

Uy 0 1 0 % Male—female Parent-offspring

Us % % 0 % Male-female Full-sib, half-sib (through female parent), uncle-niece
(through male), grandfather—granddaughter (through female),
grandmother—grandson (through female)

ug 2 i 0 % Male—female Uncle-niece (through female)

Uy zl_i 2 0 % Male—female Aunt-nephew (through female)

I3 —_- - 25—4 Male-male Uncertain second-degree relative

Us —_ = = é—g Female—female = Uncertain second-degree relative

Us, —_ = = 2% Male—female Uncertain second-degree relative

Yo, Y1, and Y, designate the probabilities that individuals share 0, 1, and 2 alleles IBD at an X-linked locus, respectively. All types

of relative pairs denoted by the same symbol have the same kinship coefficient, sexes, and probabilities of sharing 0,1, and 2 alleles
IBD. ® can be calculated from Y; and Yy using ®; = Y if i and j are both male, ®; = Y1+ Y, if i and j are both female,
and ®; = —Yl + Y, if ¢ is male and j is female. For each possible pair of sexes (male—male female—female and male—female),
the kinship coefficient for second-degree relatives of an uncertain type was found by averaging the kinship coefficients for all
second-degree relationships in Table 1 with that pair of sexes, assuming that all were equall likely Second -degree relationships
include half-sib, grandparent—grandchild and avuncular pairs For male-male pairs, 15 = (2 x 3 +1 X% + 3 X O)/6 =g For
female—female pairs, v; = (2 X1 +3 X1 +1x 16)/6 =1I. For male-female pairs, u; = (4 %1 PH1IXL+1X3+4X%0)/
10 = 5;. The divisor in each of the prev10us equations describes the total number of possible second degree relatives for that
sex pair (e.g., grandmother—grandson, aunt-nephew, etc., for the male—female case). This number includes second-degree
relatives that are not related on the X chromosome, because the assignment of relationships in the data set was based on auto-
somal data. The kinship coefficients for #3, vs, and u5; were used only for analysis of population data, and they were not used in our

investigations of the effects on the estimators of varying the

makes use of Table 1, which shows the various types of
relationships possible for the X chromosome in pairs of
individuals. Suppose a noninbred sample from a pop-
ulation has n females and 7y males, among which
pairs of relationship type k are included. Let ®, be the
kinship coefficient for each of these pairs. Because the
sample is not inbred, the mean inbreeding coefficient
across female individuals is fr = 0. Plugging fr as
well as m;, and @, for each relationship type k (Table 1)
into Equation 20, we obtain

(ny + 2nF) (g + 2np — 1) a
ZZ/: 1P — SZ/,—7 e ®y — 4Zk 13 "lkq’k

T (g + 2np) (myg + 2np — 1)

(21)

DATA ANALYSIS

Data: We investigated the properties of / on mixed-
ploidy data using analytical computations of bias,

parameters.

variance, and mean squared error; simulations; and
analysis of data from human populations. Our choices
for simulation parameters were designed on the basis of
values in the data. In our analytical computations and
simulations, we based our assumed true allele frequen-
cies on sample allele frequencies at 36 X-chromosomal
loci typed in 950 unrelated individuals, 624 males and
326 females, from the Human Genome Diversity Panel
(HGDP-CEPH) microsatellite data set of 1048 individ-
uals (RAMACHANDRAN et al. 2008). Individuals 127 and
139 from the RAMACHANDRAN et al. (2008) data set were
not included in our analyses. The 950 individuals were
assumed to have no first- or second-degree relation-
ships, on the basis of the ROSENBERG (2006) analysis of
the full HGDP-CEPH panel.

Our data analysis was performed on a data set of
13,052 X-chromosomal single-nucleotide polymor-
phism (SNP) loci genotyped in 485 individuals from
29 populations in the HGDP-CEPH panel (JAKOBSSON
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TABLE 3

Comparison of exact, approximate, and simulation variances

Approximate Simulation Relative difference

Estimator Locus Relative pairs Exact variance variance variance of approximation (%)

H ATCT003 10#;, 10uy, 10w 7.55 X 10~ 6.82 X 10" 7.48 X 107" 9.59
DXS1068 10#;, 10uy, 10w 1.54 X 10 1.47 X 107° 1.50 X 10 4.82
GATA48HO04 1071, 10us, 100 1.50 X 107 1.48 X 107 1.564 X 107 1.52
DXS1068 204 3.62 X 10°? 3.31 X 10°? 3.49 X 10°° 8.55
DXS1068 804 8.08 X 10" 7.82 X 107" 7.93 X 10" 3.16
DXS1068 20us 1.97 X 107 1.90 X 103 1.97 X 107° 3.29
DXS1068 80uy 4.68 X 10" 4.60 X 10* 4.61 X 10" 1.71
DXS1068 2009 1.99 X 107* 1.87 X 107° 1.95 X 107° 5.87
DXS1068 80w, 4.64 X 10" 453 X 10 4.56 X 10" 2.37

H ATCT003 10#;, 10uo, 10w 7.45 X 107" 6.74 X 10" 7.38 X 107* 9.59
DXS1068 107, 10uy, 10w, 1.52 X 107 1.45 X 107° 1.49 X 107° 4.82
GATA48HO04 10#;, 10us, 10w 1.49 X 107 1.46 X 107* 1.63 X 107° 1.52
DXS1068 204 3.53 X 107° 3.23 X 10°? 3.40 X 10°° 8.55
DXS1068 801 8.03 X 10°* 7.77 X 10" 7.88 X 10°* 3.16
DXS1068 20uy 1.95 X 10°° 1.88 X 107 1.94 X 1077 3.29
DXS1068 80uy 4.67 X 10* 4.59 X 10" 4.60 X 10°* 1.71
DXS1068 2009 1.95 X 10°* 1.84 X 107 1.91 X 107 5.87
DXS1068 80w, 4.61 X 10" 451 X 10" 454 X 10" 2.37

The exact (Equations 15 and 16), approximate (Equation 18 inserted into Equations 15 and 16), and simulation variances were
calculated for the combination of 10 male-male (#), 10 male—female (up), and 10 female—female (o) full-sib pairs at the
ATCTO003 (H = 0.7794), DXS1068 (H = 0.7344), and GATA48H04 (H = 0.6476) loci as well as for sets of 20 and 80 pairs of each
full-sib pair type at DXS1068. Simulation variances were calculated over 100,000 replicates. The relative difference of the approx-

imation was computed as 100 X |approximate variance — exact variance|/ (exact variance).

et al. 2008). We also removed individuals related
through the X chromosome, yielding a data set of 446
unrelated individuals. Unlike the JAKOBSSON et al.
(2008) data set of 443 unrelated individuals, our set of
446 individuals did not retain individuals 866, 1046, or
1049, which are not in the H952 subset of the HGDP-
CEPH panel. However, individuals 292, 451, 477, 983,
988, and 1089 were included in the data set of non-
relatives because they were all involved exclusively
in male-male parent—offspring relationships and were
therefore unrelated through the X chromosome to
other sampled individuals.

Data analysis methods: We used simulations and
analytical calculations to evaluate the behavior of the
estimator H for X-chromosomal loci under conditions
of varying heterozygosities, sample sizes, and relation-
ships of sampled individuals. We compared the relative
performance of H and H by applying H and H to
samples containing related individuals and H to sam-
ples in which relatives were removed so that no relative
pairs remained. True allele frequencies were based on
microsatellite sample allele frequencies (see Data). In
the simulations, individuals of a relative pair were
generated by randomly choosing the allele(s) of the
first individual on the basis of the empirical allele
frequency distribution from the data set. For a given
type of relative pair, we then simulated the allele(s) of
the second individual by copying alleles from the first
individual using the probabilities of sharing zero, one,

and two alleles IBD for that type of pair. Table 2 depicts
these probabilities, as well as the symbols used here to
denote the various classes of relative pairs. If only one
allele was shared, then it was copied in the second
individual from the first allele of the first (indepen-
dently generated) individual. In cases of male—female
relative pairs, the male was generated first and the
second allele of the female was always chosen indepen-
dently from the allele frequency distribution.

To create a reduced data set of unrelated individuals,
the second (possibly dependent) individual was not
included for same-sex pairs, whereas for male—female
pairs, the male relative was removed. Thus, because
each individual in our simulation was included in
exactly one relative pair, the number of individuals
used to calculate H for the unrelated sample was al-
ways half of that used for the other two estimators.
Removing the male in male—female pairs results in
the loss of one-third of the alleles, compared to a loss
of one-half of the alleles for removal of an individual
from a same-sex pair. Thus, compared to removing
females, removing males from male—female pairs gen-
erates a larger sample of alleles while still ensuring
that no individuals are related.

The value assumed for the true heterozygosity, H, of
a specific locus, was calculated from the assumed true
allele frequencies on the basis of genotypic data of the
950 unrelated individuals. In each simulated scenario,
for each of the three estimators, this true heterozygosity
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FIGURE 1.—Mean squared error, variance, and bias squared for each estimator, obtained analytically using the variance approx-
imation (Equation 18 inserted into Equations 15 and 16), as a function of heterozygosity for 36 loci. The scheme considered
included 60 individuals in 10 ¢ pairs (® = %), 10 wuy pairs (® = %), and 10 vy pairs (P = %). (A) Hga. The curve through the
points in the third column is described by Equation 14. (B) Hyu. (C) Hieduced-

was compared to the mean of the estimates produced by
the estimator in 100,000 replicate simulations. The
subscript full is used to denote cases in which an
estimator was applied to the entire sample, whereas
the subscript reduced indicates that relatives were re-
moved from the sample. For a given scenario, the bias of
each estimator was found by subtracting H from the
mean value of the estimates for that estimator. Variance
was calculated as the squared mean of the estimates
across simulations subtracted from the mean across
simulations of the squares of the estimates. Mean
squared error (MSE) was then calculated as the sum of
bias squared and variance.

Approximate variance: Because each of our analyses was
performed on samples that contained only pairs of
related individuals, the assumptions that underlie the
derivation of the approximate variance (Equation 18)
apply. We compared the exact, the approximate, and the
simulated variance for H and H in a series of cases that
included only full-sib pairs. We chose nine representative
cases of the various parameters that can affect estimator
performance. Three of these cases considered an equal

mix of male-male, female—female, and male—female full-
sib pairs at the ATCT003 (H = 0.7794), DXS1068 (H =
0.7344), and GATA48H04 (H = 0.6476) loci, chosen to
represent high, intermediate, and low heterozygosity,
respectively. Additionally, we considered cases at the
intermediate-heterozygosity locus involving 20 male—
male, 80 male—male, 20 female-female, 80 female—
female, 20 male—female, and 80 male—female pairs, to
examine the effects of sample size and the sexes of the
individuals. In each of our evaluations, we calculated the
exact variances (Equations 15 and 16), approximate
variances (Equation 18 plugged into Equations 15 and
16), and simulation variances obtained from 100,000
replicate simulations.

As Table 3 shows, in all cases examined, the exact,
approximate, and simulated variances are similar, with
the approximate variance slightly underestimating the
exactvariance. Because of the complexity of the formula
for the exact variance, the difference between the
approximate variance and the exact variance does not
have a simple dependence on heterozygosity or sample
size. However, it can be observed in Table 3 that for both
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FIGURE 2.—Mean squared error as a function of sample size (number of pairs = number of individuals/2), calculated analyt-
ically using the variance approximation (Equation 18 inserted into Equations 15 and 16), on the basis of allele frequencies at the
DXS1068 locus (H = 0.7344). Each plot considers different sample sizes for one type of relative pair (Table 2). The range of each
plot is truncated at 0.020 and the graph of Hen covers that of Hyu. (A) Male-male relative pairs. (B) Male—female relative
pairs. (C) Female—female relative pairs. Note that the H,cqycea line in the graph of mean squared error as a function of the number
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H and H, the relative difference between the approxi- pair represented in the sample, and, if multiple types of
mate variance and exact variances is smallest at low relative pairs are included, the combination of particu-
heterozygosity and large sample size, typically near lar types of relative pairs. We now examine each of these
~2%. In cases of high heterozygosity and small sample factors in sequence.
size, the relative difference remains at most ~10%. Varying heterozygosity: To investigate the influence of
We note that the same approximation to the variance varying heterozygosity on the estimator, we evaluated
of 1 = > /% in Equation 18 is applied in obtaining the scenario of 60 related individuals in 10 ¢; pairs, 10
the approximate variances of both H and H. Thus, pairs, and 10 vy pairs (see Table 2) for each of the 36
because the approximation is generally reasonably X-linked microsatellite loci. This scheme incorporates
accurate and because it treats H and H in the same 30 full-sib pairs, considering equally many males and
way, our use of the approximation is sensible in our females and utilizing three distinct kinship coefficients:
subsequent comparisons of the mean squared errors % for male-male pairs (f;), 1 for male—female pairs (us),
of Hand H. and % for female—-female pairs (vs). The 36 loci rep-
Effect of parameters on the estimators: Several fac- resent a spread of assumed true heterozygosities rang-
tors can potentially affect the performance of the ing from 0.4008 to 0.8599. For each locus, we calculated
estimators. These factors include the true value of het- Hzn (Equation 21), as well as P}fuu and ﬁreduced (NE1and

erozygosity itself, the sample size, the type of relative ROYCHOUDHURY 1974).
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Flgure 1 dlsplays the properties of the three estimators,
Heont, Heot, and H, cqueea, based on apphcatlon ofanalytical
computations of bias (Equation 14 for Hfun) and the
variance approximation (Equation 18 plugged into
Equations 15 and 16) to each of the 36 loci. Hp and
Hredumd are unbiased estimators and therefore have zero
bias, whereas I:Ifuu exhibits increasing bias squared as
heterozygosity increases. The bias squared for P}fuu as a
function of heterozygosity is plotted using the theoretical
prediction based on Equation 14: bias(ﬁ)f: (—((2
(10 x §) +8(10 X 3) + 4(10 X 1) /((30 + 2X30) X
(30 +2 X 30 — 1)))H) (3. 897 X 1075)H?. Gener-
ally, over the space of heterozygosities defined by the 36
microsatellite loci, the MSE and variance of all three
estimators decrease with increasing heterozygosity.

Varying sample size and type of relative pair: We next
applied the estimators to scenarios of varying sample
size. The ATCT003 (H = 0.7794), DXS1068 (H =
0.7344), and GATA48HO04 (H = 0.6476) loci were
chosen from the data set to represent high, intermedi-
ate, and low heterozygosities, respectively. Only the data
for the intermediate heterozygosity locus DXS1068
are shown; the other two loci yield similar results. For
each locus and for each of the 10 types of relative pairsin
Table 2, we varied the sample size from 2 to 100 pairs. We
considered a sample size of at least 2 pairs, as no infor-
mation is available for the computation of I—?reduced from
a single pair of male-male relatives. For all three loci,
analytical calculations were performed using the vari-
ance approximation (Equation 18 plugged into Equa-
tions 15 and 16).

Figure 2 shows that as sample size increases, MSE
decreases for all three estimators, and it is always
comparable for Hyy and Hpp (Hy mostly overlaps
Hy in Figure 2). Usually, we expect MSE in a reduced
sample to be highest due to greater variance. However,
although the results conformed to this prediction for
most types of relative pairs, for male—female relative
pairs for which there was probability =2 for sharing
exactly one allele IBD (types w; and u4), the MSE of
Hreduced was actually lower than the MSE for Hgq and

I—?full. The same result was also detected in our simu-
lations (data not shown). Investigating further, we
found thatin male-male and female—female pairs, cases
with high probabilities for sharing one or two alleles IBD
had MSEs for Hp; and I:Ifu" that were closer to the
Hreduwd MSE values, compared with the hlgher MSE for
Hedueea Observed in other cases. The MSE of H,cqueed 1
smaller relative to that of the other estimators for u; and
us male—female pairs because when only one-third of
the sample is removed in creating the unrelated set of
individuals (removal of males), the increase in variance
due to the relatively small decrease in sample size in
Hdueea 18 comparable to the increased variance caused
by the high IBD probabilities for u; and u4 pairs in Hen
and Hfu“, unlike in other cases. When females, instead
of males, are removed from male-female pairs, de-
creasing the sample by two-thirds rather than one-third,
the estimators behave more intuitively (Figure 3), with
H,caucea yielding the highest MSE.

Varying combinations of relative pairs: Finally, we studied
the effect of relative pair combinations in a sample,
using allele frequencies at the ATCT003, DXS1068, and
GATA48HO04 loci. Only the results for the highest
heterozygosity locus, ATCT003, are shown; as was true
in the previous section, each locus yielded similar
results. For each locus, we examined each of the 231
possible divisions of exactly 20 full-sib pairs into male—
male (), male-female (us), and female—female (v5)
pairs. Figure 4 displays the MSE, variance, and bias
squared of the three estimators, calculated analytically
using the variance approximation (Equation 18), for var-
ious combinations of ¢, uo, and ve pairs for the ATCT003
locus. Variance was highest for I—Almduccd, because it had
the smallest sample of alleles. For all estimators, var-
iance was highest where the configuration of full-sibs
had mostly male-male pairs, again due to the smaller
sample of alleles. Hpyp and Hrcduccd were unbiased across
the space of possible combinations. Hfun showed a trend
in bias squared in which configurations with a greater
proportion of males had higher bias squared, as is
predicted analytically from the smaller sample size
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FIGURE 4.—Mean squared error (MSE), variance, and bias squared of ﬁfun, Hzp, and I—Leduced, calculated analytically using the
variance approximation (Equation 18 inserted into Equations 15 and 16), as functions of the configuration of ¢ male-male

(= %), u; male—female (® = %), and v female—female (® =

2) pairs in 20 total relative pairs, on the basis of allele frequencies

at the ATCT003 locus (H = 0.7794). Each row displays a different estimator and each column displays a different statistic.
The three vertices of each triangle represent 20 male-male, 20 male—female, and 20 female—female full-sib pairs. The numbers
on the scale indicate the cutoff values for colors. Note that unlike for the other two estimators, the scale for bias squared of Hmu
includes nonzero values. The black dot on each graph (except the bias squared graphs for Hyy and Hyequcea) Tepresents the largest
value in that triangle, and the blue dot represents the smallest value.

(Equation 14). For all configurations, the bias squared
of Hyy was greater than that for the other estimators.
Among the three estimators, MSE was highest for
ﬁreduced. Similarly to the observation for variance, MSE
was greatest for configurations with a high proportion of
male-male pairs. Although H:a performed slightly
worse in having a greater variance compared to He, it
had a slightly lower MSE due to its lower bias. More
generally, although Hy,, performed better in the setting
of Figure 4, the exact formula can be used to determine
which estimator has lowest MSE for a given scenario.
Application to data: We next investigated the behav-
ior of our estimator using X-chromosomal SNP data sets
of 485 individuals and 446 unrelated individuals (see
Data). Table 4 displays the relative pairs in the sample of
485 individuals. Because we analyzed the estimators
separately by population, the subscripts of 485 and 446

refer to whether or not relatives were included in a
calculation, not to the actual numbers of individuals in
that calculation. In the same manner as in DEGIORGIO
and ROSENBERG (2009), we took Hyyg for each popula-
tion to be a proxy for true heterozygosity, because this
quantity provided an unbiased estimate when no rela-
tives were included in the sample. Note that removed
individuals belonged only to pairs related through the X
chromosome; individuals related only autosomally
(such as male-male parent—offspring pairs) were in-
cluded in the reduced sample. In our analysis, we
compared the means of Higs and H485 across the
13,052 loci to the corresponding mean of Hys6.

Figure 5 compares the difference between the mean
of PLgo across loci (H485) and the mean of I—L% (HMG)
with the difference between the mean of Hg; (HA&)
and the mean of H446 (H446) As Figure bA shows, H485
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TABLE 4

Types of relative pairs in populations from the data set of 485
individuals reported by JAKOBSSON et al. (2008)

hh o lsg U U Us U Us Ul Vg U3 Uy U

Bantu (Kenya) 1

Bedouin 1 1

Biaka Pygmy 1 2 1 2

Druze 2 1 2
Kalash 1

Mandenka 1 1
Maya 1 1 2
Mbuti Pygmy 1 1

Melanesian 1 3 2 2 1
Mozabite 1
Palestinian 1 1
Pima 11 1 1 1 1
Yoruba 1 1 1 1

Total 4157 6 1 0 3 5 5 0 1 7

Symbols for the types of relative pairs appear in Table 2.

generally yields a lower heterozygosity estimate than
1:1446 due to the downward bias caused by related
individuals. Applying H,ss reduces the magnitude of
the difference between the estimate of heterozygosity in
sets with and without relatives (Figure 5B), and Higs
yields values that are not consistently lower than those of
I:I446. Itis important to note that because 15 of 45 of the
relative pairs in the data have an uncertain second-
degree relationship (f3, us, or vs), Higs might have
overcorrected bias in cases in which the individuals were
not related via the X chromosome and undercorrected
bias in cases in which the individuals actually were
related on the X chromosome.

A Wilcoxon signed-rank test was used to evaluate the
differences between PL% and ﬁ446 applied to the 13
populations that contained relatives (see Table 4). This test
yielded a Pvalue of 0.0024, indicating that the inclusion of
relatives had a significant impact on the estimation of
heterozygosity using . In contrast, the Wilcoxon signed-
rank comparison of Hiss and I—L% yielded a Pvalue of
0.6355, indicating that the inclusion of relatives did not
significantly alter the estimation of heterozygosity when H
was used. The mean difference Hyg; — ﬁ446 (—8.0493 X
10~°) and the mean absolute difference |Hiss — H446|
(6.3159 X 10™*) were smaller across the 13 populations
than the mean difference (—1.9393 X 10~?) and the mean
absolute _difference (1.9849 X 107%), ﬁ446 — ﬁ485 and
|FI446 - H485|, respectively.

We also investigated the behavior of H and H with
regard to variance for the 13 populations that contained
relatives. We compared ngJ — Hme and Higs — HAAG,
which we used as proxies for bias, following the methods
of DEGIORGIO and ROSENBERG (2009), and the standard
deviations of the two estimators applied with relatives
included. From Figure 6, we observe that while there
was a sizeable difference in the bias proxy between H485
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FiGUrRE 5.—Comparison of the difference between the
mean of Hygs across loci and the mean of Hyy with the differ-
ence between the mean of Hygs and the mean oflfl446. A) The
difference between the mean of H,g; and the mean of Hyyg for
each of the 13 populations containing relatives (Table 4). (B)
The difference between the mean of Hygs and the mean of Hyyg
for each of the 13 populations. The estimators were applied to
a data set of 13,052 SNP loci with 485 individuals belonging to
29 populations, and the results for the 13 populations with rel-
atives are shown. Included in the set of 485 individuals was a
subset of 446 individuals that contained no relatives. The sub-
scripts of 485 and 446 refer to whether or not relatives were in-
cluded, not to the actual number of individuals in the
calculation. Each data point represents one population, with
color indicating the geographic region of that population.
The dotted line indicates a difference of zero.

and H,gs, there was only a small difference in stan-
dard deviation. This result is compatible with the res-
ults from our analytical computations, which suggest
that H corrects bias without substantially increasing
variance.

DISCUSSION

Our estimator, H, is an effective tool for assessing the
gene diversity of a sample of arbitrary ploidy containing
related or inbred individuals. It can be used to provide
unbiased estimates of expected heterozygosity when the
inbreeding and kinship coefficients of sampled individ-
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FIGURE 6.—Comparison of the difference between the
mean of the estimator and the mean of Hys and standarq de-
viation of the estimator, for the estimators Higs and Hygs.
These estimators were applied to a full data set of 13,052 X
chromosome SNP loci with 485 individuals belonging to 29
populations, whereas 446 individuals were included in the re-
duced data set that contained no relatives. Only the 13 pop-
ulations containing relatives are shown. The subscripts 485
and 446 refer to whether or not relatives were included,
not to the actual number of individuals in the calculation.
Open and solid points represent the estimates for Hyg; and
Hiss, respectively. The dotted line indicates a difference of
zero. Lines connect data points representing the same popu-
lation, with each population colored by geographic region.

uals are known. We found that the unbiasedness of
the diploid estimator of DEGIORGIO and ROSENBERG
(2009) extends to a much more general set of scenarios,
provided that kinship coefficients are appropriately
weighted by ploidy in the computation.

Here, we evaluated the properties of H in the spe-
cific case of the human X chromosome. Through our
analytical calculations, we have shown that, similarly to
the DEGIORGIO and ROSENBERG (2009) estimator in the
diploid case, the performance of H is generally supe-
rior to that of H when the sample to which the esti-
mators are applied contains relatives. Haccounts for the
bias introduced by relatedness while simultaneously
maintaining comparable MSE and variance to H. Our
estimator also performs well compared to H when ap-
plied to data from human populations. While the true
heterozygosity of each population is not known, when
we compared H and H to an approximation of true
heterozygosity, with H applied to the data set with no
related individuals, we found that the difference be-
tween the estimate when relatives were included and
when relatives were not included was significantly
smaller for A Because the reduction in this proxy for
bias is accompanied by only a small increase in standard
deviation, we argue that H should often be preferred
over H in the estimation of gene diversity in a sample
containing relatives.

In addition to developing the H estimator for gene
diversity, we also determined the analytical variance of

our estimator, allowing us to theoretically evaluate the
properties of H. We also developed an approximation
for variance (Equation 18) that is simpler to compute
and that is applicable when each individual has at most
one relative in the sample. Knowledge of the theoretical
variance can further allow investigators to evaluate the
circumstances under which H applied to a full sample,
including relatives, is superior to using Hwith a reduced
sample in which members of relative pairs have been
removed. For example, Figure 2 indicates that removing
relatives will provide a lower MSE of the heterozygosity
estimate in some cases. However, Figure 4 suggests that
H:n yields alower MSE than Hedueed exceptin the small
fraction of relative—pair combinations that contain large
numbers of u; pairs. Thus, we propose thatin most cases
the use of H on a sample set that includes related
individuals affords a better estimate of gene diversity
than applying H on a sample that contains no relatives
and that investigators can use the theoretical variance of
H to determine whether a given situation is likely to be
among the exceptions.
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APPENDIX A

In this section, we present proofs for Equations 9, 11, 12, and 13.

Proof of Equation 9. Applying the definition of §; and using Equation 8, we have

E[5?] :;ii : f:E[Xm 0]
o mem)t i =1 = e
! SNCONONONN NN R[4 40
(1 mamy)® ;;jzl =1 /z:; =1 ()£ (k)
1 g g Mo N o Mg My 5
=g o2 (I)af X i 1- i + i
(5 nymy)? ;;J_ﬂ;;lzl( (ag) oy pi(1 = pi) + p7)
1 § & T m
- D22 maem( @bl = i)+ p)

(Ciomem)? 4= 4= =1 k=1

g 2
g R

= opi(1 = pi) + p;. -

Proof of Equation 11. P[IBS] = Y1, /2. We only need to show that P[IBD] = ®,. Note that while we write P[IBS] as an
estimate, P[IBD] depends only on quantities that are treated as known with certainty and we write it as a known quantity
itself. Consider two alleles from the sample (that are not necessarily distinct). Let C(, )1 denote the event that the
first of the two alleles is from individual (¢, j) and the second is from individual (5, k), where («, j) and (b, k) are not
necessarily distinct. Supposing that the two alleles are drawn uniformly at random from the sample, with replacement,
letP [C( ) (,,,k)] denote the probability of event C(, ) (5,1 Let P [IBD| Ciay) (;,,k)] be the probability that two alleles are IBD
given that the first allele is chosen from individual («, j) and the second is chosen from individual (b, k). Then

]

g "y m
= —

PIBD] => ¢ > PIBD| Cppyon]P[Comn] + DY PIBD | Cojyon|P[Cayon)
1| = =1 =1
o

g g L)

+ 333 S " BIBD| Clagyon B[ Clupion]-

a=1 b=1 j=1 k=1
b#a

Note that, for individuals (a, j) and (b, k), which are not necessarily distinct,
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m, my mqmy
P[Cioiinn] = =
Caaton] = (55 ) (S me) = (5 e
P[IBD | Ciayy ()] = Plaj) (o10-

(a)

It follows that

. 2 L) m?
PIBD] =) Z (BB W+ZZ¢<b]>h 5 o)

=1 | k=1 j=1

k=1
k#j
g A () mam,
a
DY Plaon 5
a=1 =1 j=1 k=1 —1 Tbc e
b#a

Proof of Equation 12. For an my-ploid individual &k, ® 4y (00 = 1/m + (1 = 1/my) fip 1y = (1/my) [1+ (m,—1) fp10]. Note
that @, pr = 0 if individuals (a, j) and (b, k) are unrelated. We can then break @, into three components,
considering three different types of pairs of individuals: same group-same individual, same group-different
individual, and different group. Therefore

BB B
Gy=—F—= mamy® () (5.1)
OCiamm)? =4 =1 = e
1 g m Xg:m 1 n
5 m® g )1 + 2 D (3, 0.
(X i1 momy) =1 k=1 o b=1 j=1 k=j+1 e
+ 2 Zmambq) (a)(b,k)
a=1 b=a+1 j=1 k=
)R >y
= my,— 1+(m;,—1)fbk +2 mTIRq)R
ioimm)® |5 = =g

g-1 g
—+ 22 Z Zm,lmmR(I)R

a=1 b=a+1 ReG,,

= ( Z?’meb + anmb mb - 1 fb + QZ Z mban)R

b1mm)® =1 REG

gl ¢
+ 22 Z ZmambanDR . ]

a=1 b=a+1 ReG,,

Proof of Equation 13. First we note that
D

1—-Pg=—0—
T my)?

Substituting 1 — @, into A (Equation 10) gives
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o 5 1"bmb ( sz>

Rearranging Equation 3 we get

_ -1 .
IR

b 1My
from which

7 (Chamm)® (Z%lgnbmb —1 FI)
D > =1 MMy
_ Chamem) iy — 1)
5 :

APPENDIX B

In this section, we present results that aid in the derivation of the variance of our gene diversity estimator. Lemma 3
derives certain expectations involving four alleles. These expectations are used to calculate the variance and
covariance of squared allele frequency estimates in Lemma 4. Lemma 4 is then used to prove the variance formula in
Theorem 2 when related and inbred individuals are included in a sample.

LemMa 3. Consider a locus with I distinct alleles, allele frequencies p; € [0, 11, and > 1| p:=1. Suppose a sample from
a population has g groups, each with different ploidy, and n, my-ploid individuals in group b, b =1, 2, ..., g, each of whom is
possibly inbred and related to other individuals in the sample. Consider the Lth allele of individual (a, j), the tth allele of individual
(b, k), the U'th allele of individual (a', '), and the U th allele of individual (', k'). For clarity, let w = (a, j), x= (b, k), y=
(a', 7)), andz= (', k). Then for allelic types i and i' # i,

wxyzpi
[CI) T (I)wxz + q)wyz + q)x)z + q)wx V% + q)w) x T (I)wz,xy - 7q)wx)z]p?
+ 120y, + (P + Py + Oy, + Py + O + D)
- S(q)wm + (I)wxz + q)wyz + q)xyz)
- 2(CI)wx,yz + q)wy,xz + cbwm,xy)]ﬁj
+ [1 + (q)wx.yz + q)wy x T q)wz xy) + 2((1) )+ (Dwxz + q)wyz + cbx)z)
— 6D yrye — (Pyy + Py + D + Dy + D, + D) |p! (B1)

E[AD,a0ANAD | =

E |:A§U)[A§C)tA§/ [)A( :| [(Dwx,yz - q)wxyz] Piﬁi’ + [Q(I)wxyz + CDwx - ((I)wx) + (I)wxz) - (I)wx,yz} [71[7?/

+ [Qq)wxyz + q)yz - (q)wyz + (nyz) - q)wx,yz] p?ﬁi’
+ [ + (D1ux7yz + (Dwy,xz + (Dwz,xy + 2((Dwxy + q)wxz + (Dw_vz + (I)xyz)

- 6<Dwxyz - (q)wx + chy + (I)wz + (I)xy + (I)xz + (D;z)]ﬁ?l)?' (BQ)
Proof. We need to evaluate
R R . . 15 . R . .
E Agj?éAif),A;f(?Aift?} ~Y AP [A O = 1,40 = 1,41 = 1,40 = 1]5= 4,

s=1

where S represents one of the 15 identity states in Figure Bl for four alleles—one from w, one from x, one from y,
and one from z—and A is the identity coefficient, the probability of observing state § = s for four alleles randomly
chosen, one from w, one from x, one from y and one from z. We can rewrite the identity coefficients in terms of kinship
coefficients by using the following relationships:
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15
ZAS:I

s=1

Dy = Ay

Dy = A + Ay
Dy = A1 + A
Dy = A+ Ay

D,y = A1+ A5
Dy = A1 + Ap
By = Ay + Ag
Dy = A1 + A
D, = A1+ Ay +Ag+ A+ Ay
B = A+ Ay + Ay + Mg + Agg
D, =A1+A5+AL+ Ao+ Agg
By = Ay + Ay + A+ Ay + Ay
D, =A]+As+A5 +Ag + A
By, = Ay + Ay + Ay + Ag + Ag. (B3)

Note that the A-coefficients above are identical to the 8-coefficients in CocKERHAM (1971). Also, the ®-coefficients
involving two individuals, three individuals, and pairs of pairs of individuals are identical to Cockerham’s 0-, y-, and
A-coefficients, respectively (COCKERHAM 1971). If ' = i, we get

E[AD,AUATAD] = Arpi+ (B0 + A5+ Ay + A5 + A + A9 + M)t (B4)

If i # 7', we get
E{A( DAL Al AL } Aspipr + Aapip? + Agp2pi + Ay p2p3. (B5)
The desired result follows by substituting Equation B3 into Equations B4 and B5. u

Note that expressions mathematically identical to Equations B1 and B2 except with different notation appear in
Table 1 of CockerRHAM (1971). However, a slight conceptual difference is that our formulas involve an expectation of
a product among four arbitrary alleles, not necessarily four alleles in two pairs of diploid genotypes. We now use

Lemma 3 to derive Var[p?| and Cov(p?, p?).

LemMA 4. Consider a locus with I distinct alleles, allele frequencies p; € [0, 11, and >, p;= 1. Suppose a sample from a
population has g groups, each with different ploidy, and n, my-ploid individuals in group b, b= 1,2, ..., g, each of whom is possibly
inbred and related to other individuals in the sample. Then for allelic types i and i # i,

E[f] = ®ap; + [4D5 + 3Bgo — T4 p? + [12D4 + 6Dy — 1205 — 6Dy 5] 7
+ [1+ 3Dy + 8D5 — 6B, — 6D, p! (B6)
E[pip7] = [Pog — Pa] pipir + [204 + Dy — 205 — Do pip + [204 + Dy — 205 — Do | pi py
+ [1+8Dgy + 8D3 — 6Dy — 6D p7p5 (B7)
and therefore

Var[p?] = ®up; + [4D5 + 3Dgo — TP, — D3| p7 + [12D, + 4Dy + 203 — 1205 — 6Dy 5| p?

+ [3Dg + 85 — 64 — 4Dy — D3| p! (B8)
Cov(p, p3) = [@og — By — B3| pipy + [2B4 + BF — 2D5 — Do pip;
[2(134 + (I)é - 253 - 62,2]??[” + [36272 + 863 — 654 — 462 - $§]p?[)3 (Bg)

Proof. Applying the definition of f;, we have
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I
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>
Il
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I
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Il
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<.
I
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XAPL ).y (@ )0 1) Pi

+ [ Plajona ) T Plaienww) + Plajia i) T P w)
+ Piag) ), (@) k) T Plagiay), oo )t Plaj)vr). 1) )
=T ()b )0 ) | P

+ (129w (e )0 )
+ @ajyn + PLlajya ) T Llajyvr) T Loy T Promyw .y T Py w)
=3(Pa)y () T ‘I’(aj b0 w) T q’(mj)(a&j')(bxk') + a0 .k))
~2(P (), ()0 k) F Plajyia ), om ) F Plajyw), waa )] 17
+[1+ q’(aa‘)(b.,k),( )t Plagya g, eayw ) + q’(a,mbtk'» (b))
+2(P(ag) ey t q’<a,j>(b7k><b:k'> + Pagya)ww) T Pomya v )
= 6@,y )0 ) (0 ')
= (Prajom) T Pagjyw ) T Plapw) t Paupay) + Loy v
+ D a)pi

= Dyp; + [4D5 + 3Dop — TD,4]p? + [1204 + 6By — 12D5 — 6Py p?

+ [14 3Dy + 8D5 — 6B, — 6D

For the case with alleles i and ' # i, we have

1 g g g g Mg "y Mg’ My Mg My Mg My
E[pip7] = S ) 20020, >0 >
o=1"0T0) =1 b=1 a'=1 =1 j=1 k=1 j=1 k'=1 (=1 =1 £'=1 /=1
(4) (4) (¥ (")
X E [Aw» A<bﬁk>7tA<a',j'>x'A<b:k'>,f}

- ,
E Mmompmeq My

a=1 b=1 a'=1p'=1 j=1 k=1 j'=1 k=1
X L [Py ob), (@ )0 ) = Plagyaa w0 pibi
+ 200w )0 k) F Pag o)
— (Pl s) + Plajionew)) = Plajom, @ w10 it
+ [Q‘D(a,f)(bk a0 T Par gy )
—(‘D(am w0+ Py ) D)), () 1) | P i
[1+¢)((l] 5., (a0 ) T Plag)a ). v k)+q)(l] (¥ k). (b))
+ 2Py + Cb(wxbw:k') + Py )0 ) F Plma ) w)
= 60y p)(a )0 k)
— (Plajon) + Plajyia ) T Py T Possia ) + P )
+ Do) | pipE )
= [Doo — Dy pipi + [2D4 + Do — 2B5 — Doo| pips + [2D4 + Dy — 2D5 — Do o] p7pi
+ [1 4 3Dg + 8D5 — 6B, — 6D] pp5.

Applying the definition of variance, we have
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var[p7] = E[p}] - (E[$}])®
= Dup; + [4D5 + 3Doo — TD4|p? + [12D4 + 6Dy — 12D5 — 6Dy 5| p?
+ [1+ 8By + 8Dy — 6By — 6Dy p? — [Dopi(1 — pi) + p?]°
= Dyp; + [4D5 + 3Doy — TPy — B3| p? + [12D4 + 4Dy + 205 — 1205 — 6Dy o] p?
+ [3Doy + 8D5 — 604 — 4Dy — D3| 1.
Applying the definition of covariance, we have
Cov(p;. p7) = E[pi 7] — E[p|E[57]
= [Dog — Dy pipi + [2D4 + Do — 2D5 — Do o pips + [2D4 + Dy — 23 — Do o] p? pir
+ [14 80y + 8Dy — 604 — 6@ pip7 — [Popi(1 — pi) + pi] [Papr (1 = pr) + ]
= [Doo — Dy — D] pipy + [2B4 + P — 2D5 — oo | pip?
+ (204 + BF — 205 — Doo] pipi + [3Pos + 85 — 6B — 4Dy — B3] pip}

We now utilize Lemma 4 to prove Theorem 2.

Proof of Theorem 2. Applying the definition of variance, we have
I I
Y| - Y
=1 =1 7'=1
] 423 D (it f2)

i=1 =1 i'=i+1

Z {®yp;+ [4D5 + 3Bgy — 70, — B3] p?
=1

Var

M~

~

~

+ [1204 + 4Dy + 203 — 12d5 — 6D | p?
+ [3®0 + 8D5 — 6B, — 4Dy — D] pl}
-1 1
+ 2 Z Z { [62,2 — 64 — 63]171?1' + [264 + 6; — 263 — 6272} Piﬁ?’
=1 =i +1
+ [2D4 + D — 2B5 — Do o | pips
+ [8Do o + 8D3 — 6B, — 4Dy — DI pipi}
I
=d,+ [463 + 362,2 — 7P, — 63] Zﬁ?

=1

1
+ [120, + 40, + 203 — 120 — 6By0) > p?

i=1

I
+ [362,2 + 852 — 664 — 462 — 63] Z[);}

=1

I—1 1
+2[Dgy — Dy — D3 Z Z pipi

= +1
-1 I
+ 220, + B — 2By — Do) Y > ppl
=1 i'=i+1
. . - -1 1
+2[20, + B — 205 — By Z > pipr
=1 i'=i+1
-1 1
+2[3Bg 0 + 8D5 — 6D, — 4Dy — Z Zl’

=1 i=i+1

Simplifying, we get
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1

- B

i=1

1 1
=P, +2 [263 + 62_]2 — 354} Zp? + 4[264 + 62 — 203 — 62‘2} Z[):’

=1 i=1

+ [Bys — By — T (Zpﬁ?Z Zl’l’t>

i=1 i'=i+1

+ [2644'(1) 2(1)% q)22 <QZ% +QZ Z p“b7 +1bpz >

Var|1

i=1 i'=i+1

+ [3Byg g + 8D5 — 6B, — 4Dy — D] (ZlerQZ > p pl>

=1 i'=i+1
1
=Dy +2[2D5 + Doy — 3D, ZP +4[204 + Dy — 205 — Dy o] Zpg

=1 =1

I
+ [Dgo — Dy — D] Z ZP:’PW

=1 i'=1

1 1
+2[204 + D — 2P3 — Doy Z Zﬁf’i’

=1 i'=1
I 1
+ (3002 8y — 60, —ad, 0] ) ) pip}
i=1 i'=1

1

p + 4[264 + 62 — 262 - 62,2} ZP?

=1
I
()
i=1
I 2
Z/ﬁ)
i=1
I

1
= Byy — B+ 2[@F — By] D2+ 4[20, + By — 2B — Boy] Y p?

i=1 =1

M~

= @y +2[205 + Dyy — 304]

I
+ [52,2 — 54 - aﬁ] (sz>
=1
I
2[20, + ®F — 205 — Dy (ZP?)
i=1

N =

+ [3Dgo + 85 — 6D, — 4Dy — P3|

I 2
+ [3®g 9 + 805 — 64 — 4Dy — DF] (Z P?) .

i=1

Applying the identity Var[(1— Y7, p%)/(1— ®y)] =Var[1 — Y1, %] /(1 —52)2 gives Equation 15.

It is interesting (and convenient) that although the derivation requires the use of all 15 A-coefficients, the only
coefficients required in the variance formula are 62, d,, Dy, and 52,2. The 15 A-coefficients in Figure B1 completely
specify the 14 ®-coefficients in Equation B3 (along with the 15th ®-coefficient equal to A;5). Through symmetry of the
6 ®-coefficients involving two individuals, symmetry of the 4 ®-coefficients involving three individuals, and symmetry
of the 3 ®-coefficients involving pairs of pairs of individuals, by averaging over sets of individuals, the variance of gene

diversity becomes a function of only 4 average ®-coefficients.
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Frcure Bl.—Identity states. Two alleles (dots) are identical
by descent if and only if there is a line connecting them. This

figure is similar to Figure 6.2 of JAcQuARD (1974) and is re-
produced here for convenience.




