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Abstract. Covariance between relatives in a multi-
breed population was derived for an additive model
with multiple unlinked loci, An efficient algorithm to
compute the inverse of the additive genetic covariance
matrix is given. For an additive model, the variance for
a crossbred individual is a function of the additive vari-
ances for the pure breeds, the covariance between parents,
and segregation variances. Provided that the variance
of a crossbred individual is computed as presented here,
the covariance between crossbred relatives can be com-
puted using formulae for purebred populations. For
additive traits the inverse of the genotypic covariance
matrix given here can be used both to obtain genetic
evaluations by best linear unbiased prediction and to
estimate genetic parameters by maximum likelihood in
multibreed populations. For nonadditive traits, the
procedure currently used to analyze multibreed data
can be improved using the theory presented here to
compute additive covariances together with a suitable
approximation for nonadditive covariances.
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Introduction

The theory for covariance between relatives provides
the basis to estimate genetic parameters and to use data
from relatives in genetic evaluation. Covariance theo-
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ry is relatively well understood for a purebred popula-
tion (e.g., Kempthorne 1954). This is not the case,
however, for a multibreed population, which is com-
posed of several breed groups, each of which is made up
of individuals belonging to a pure breed (e.g., Landrace
of Duroc in swine) or a cross breed (e.g, Fy, F,, or
backcross).

The genetic value for an individual can be modelled
as the sum of the additive and nonadditive components
(Kempthorne 1954). In modelling the additive compo-
nent, it is often assumed that variances are equal across
breed groups (Hakim et al. 1990; Lo et al. 1992; Swan
and Kinghorn 1992; Van Vleck et al. 1992). It has been
shown, however, that this assumption is not appropri-
ate for a multibreed population (Elzo 1983, 1990; Wei
etal 1991a,b).

To address the above problem, Eizo (1983, 1990)
computed additive variance for a crossbred group as a
weighted mean of additive variances of the pure breeds
plus one half the covariance between parents, where
cach weight is the proportion of the corresponding
pure breed in the crossbred, Mulibreed data have been
analyzed using this approach in several studies (Elzo
and Bradford 1985; Elzo and Famula 1985; Arnold
etal. 1992). It can be shown, however, that this ap-
proach does not always lead to the correct additive
variance for a crossbred group. The additive variance
for the Fy, for example, is different from that for the F,
even though the F, has the same breed composition as
the F, crossbred (c.g., Lande 1981).

The objective of the present paper is to develop a
general approach to compute genotypic variances and
covariances between relatives in a multibreed popula-
tion comprising an arbitrary number of pure breeds
and all crosses involving these breeds, under a model
with additive inheritance and multiple unlinked loci.
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Method

Consider a genotypic model with n unlinked loci in a
random mating multibreed population. It is assumed
that the pure breeds are in gametic equilibrium so that
the covariance between alleles at any two loci will be
null. Atlocus ¢, let S} be the random allele that offspring
iinherited from its sire j, and let D} be the random allele
that i inherited from its dam k. The paternal and
maternal alleles of sire j will be denoted as S and D;
those of dam k will be denoted as S, and D; (Fig. 1).
The genotypic value of offspring i is denoted G,

Genotypic model

Consider as a reference breed group one that contains
all alleles at each locus that are present in the multi-
breed population at thatlocus. In a multibreed popula-
tion involving two pure breeds, for example, F, is a
suitable reference breed group. In any breed group, the
genotypic value of individual i, G, can be modelled as

G=p+ il(“sf"‘%i) (1)
where t

n=E(G,) @)
is the genotypic mean in the reference breed group;
og = E(G,[S) — u (3)

is the additive effect of paternal allele S/ in the reference
breed group; and

E(G,| DY) — 4
is the additive effect of maternal allele D} in the refer-

ence breed group. Note that E(ug) = E(2p) =0 in the
reference breed group.

OCDS =

Covariance

Covariance between relatives is the covariance be-
tween genotypic values of related individuals. The
well-known tabular method used to construct the
matrix of additive covariances in purebred populations
(Henderson 1976; Quaas et al. 1984) is based on defin-
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Fig. 1. Notation for alleles at locus ¢ in individual i and in its
parents, j and k

ing the additive covariance between individuals i and i’
as the average covariance between i’ and the parents of
i, if i’ is not a direct descendent of i (Chang et al. 1991).
In the following development, we will show that the
above result is also true for multibreed populations,
under an additive model.

Let G, be the genotypic value for individual i,
where i’ is not a direct descendent of individual i. From
the genotypic model (1), the covariance between indi-
viduals i and i’ is

= Cov( 2 e Gi,> + C0v< D s Gi,>
t=1 t=1

= ). Cov(og, Gi) + ). Cov(ey, Gy (5)
t=1

t=1

Cov(G,, G

At locus t, random allele S¢ of indivudual i is either
allele S’ or D’ from its sire j. Thus, let Z be a random
variable that is Sj<=S7 if S} is a copy of S or is
Si<=D}if S7is a copy of Dj and Pr(S{<=S5%) = Pr(Si<=

DY) = 1 The first term in (S) therefore, can be written as

E[COV(O(S? G412)]
+ Cov[E(ugl Z), E(G,| Z) ] (6)

{Kempthorne and Folks 1971).
Note that G, is independent of Z because individual
i’ is not a direct descendent of individual i, so that
E(G,|Z)= E(G,) and the second term in (6) is null.
For the first term in (6), if Z is S{<=S", then
O = tge; While if Z is S;«=D7, then o = Ay Thus, (6)
can be written as

Cov(ag:, Gy) = Pr(S;<=S)[Cov(ag, G;|S; =51
+ Pr(SﬁcDg)[Cov(ocsg, G;|8{<=D")]
G;) + COV(“D? Gi)] Q)

Further, using (7), the covariance between the additive
effect of the paternal allele, ag,, and the genotypic value
of individual 7, G,, summed over n loci is

COV(OCSE’ i’) =

=2[Cov(ag,

Z Cov(a, Gy, Z Cov(ag:, G;) + Covl(ay, Gy)]

t=1
1
=35 Cov(G;, G)) ®)

which is one half the covariance between genotypic
values for individuals i’ and j, the sire of i.

Similarly, the covariance between the additive ef-
fect of the maternal allele, a,, and the genotypic value
of individual #, G,, summed over n loci is

Y Cov(ay, Gy) =

=1

[Cov(ocst,G ) + Cov(ap, G,)]

IIM:

t

I\)r—a | —

=-Cov(G,, G;) )



which is one half the convariance between genotypic

values for individuals i and k, the dam of i.
Therefore, the covariance between genotypic

values for individuals i and i’ can be computed as

Cov(G,G,) = 1[Cov(G,G,) + Cov(G,, G,)] (10)

which is the average covariance between genotypic
values for individual ¢ and the parents j and k of
indivudual i. This is the well-known result used in the
tabular method to construct the matrix of additive
covariances in purebred populations (Emik and Terrill
1949; Henderson 1976; Quaas et al. 1984), and has
been used by Elzo (1983, 1990) to compute covariances
in multibreed populations. These covariances, how-
ever, should not be computed using the usual tabular
method because off-diagonal elements (covariances)
are funcitons of diagonals (variances), and some of
these variances are computed incorrectly, as shown
below.

Variance

We will first present the theory for a multibreed popu-
lation comprising three pure breeds (4, B, and C) and
all crosses involving these breeds. The gametic disequi-
librium for an arbitarary pair of alleles at loci ¢ and ¢’
(A) is the difference between the joint probability of the
pair of alleles and the product of their marginal prob-
abilities. The gametic disequlibrium of a cross (A®) can
be written in terms of the gametic disequilibria of the
parental breed groups (AS and AP):

A% =4(1 — (A + A?)

+ 10 =20(p] = p2)( P} —pP) (11)

(Nyquist 1990), where r is the probability of recom-
bination between loci ¢t and ¢', and, for example, p? is the
marginal probability of the allele at locus ¢ in the sire
breed group.

From (11), if parental breeds are in gametic equilib-
rium (A%, = A2 = 0) and loci are unlinked (r =4), then
gametic equilibrium is maintained in the cross. Thus if
the pure breeds are in gametic equilibrium and loci are
unlinked, gametic equilibrium will be maintained in all
the successive breed groups. Therefore, alleles at differ-
ent loci are independent, and covariances between
their additive effects are null, ie, Cov(xg,ag)=
Cov(args, ape = Cov(apg, oge) = Covlap o) =0 for 't #
t'. The genotypic variance of individual i, from (1), is
the sum of variances and covariances across the n
unlinked loci and can be written as

Var(G)) = i [Var(eg) +Var(o¢D§)]
t=1

+ 2 Z COV(OCS? OCD§) (12)

t=1
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Atlocus t, let W be a random variable that is Ste 4
if 8% 1is from pure breed 4, is SieB if S is from pure
breed B, or is SieC if S} is from pure breed C. The
variance of the additive effect of paternal allele S} can
be written as
Var(ocsg) = E[Var(ocsgl W]+ Var[E(ocS?] W) (13)
{Kempthorne and Folks 1971). The first term in (13)
can be written as
E[Var(og|W)] = Pr(Sied)Var(xg|Sie4)

+ Pr(Sie B)Var(ag|SieB)
+ Pr(SﬁeC)Var(szﬂSﬁeC)

= ier(ocsg) +f;§V§lr(ocS§)
+f¢ Var(og) (14)
s

where, for example, /5, the breed A composition for
the sire, is the probability that paternal allele, S%, is from
pure breed 4 and Var is the variance using allelic

A
frequencies of the breed 4. Thus, in (14) E [Var(os:| W)]
is the mean of the variances of the additive effects of
paternal allele S%, weighted by the proportion of cach
pure breed 4, B, and C in the cross breed group.
The second term in (13), the variance of E(og| W),
can be written as

Var[E(og| W)] = E{[E(crgs| W)1?}
— {E[E(ag| W)]}? (15)

The expectation term E[E(ocslgl W)] in (15) can be ex-
pressed as:

E[E(as|W)1 =136 + el +f2ef (16)
where, for example,
6} = E(ug:/ Sie A) (17)

is the conditional mean of o, given that allele S%is from
pure breed A. Using (16) in (15) and rearranging
yields

Var[E(og| W) 1 =15(e/) + £l +1e)
— (f5e! + el +fEer)
=[Sl — &) + el —ef)?
+/3 el — &) (18)
Now, substituting (14) and (18) in (13), the variance of

the additive effect of paternal allele S¢ at locus ¢ can be
computed as

Var(og) =% Var(og) + 15 Var(ag) + f2 Var(ug)
A ! B ' C !
+ 53l — el IS et — )
+ /3! =€) (19)
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Similarly, the variance of the additive effect of
maternal allele D} at locus ¢ can be computed as

Var(oy) =4 Var(oc p) +f DVar(oth) + e & (o)

+ R Bt — &) + A ele! — &)
+fRfeEl — &) (20)

where, for example, f4 the breed 4 composition for
the dam, is the probability that maternal allele, D,
is from pure breed 4. Now, the sum of (19) and (20)
gives

Var(ug) + Var(oy) =5 ler(ocsg) +f ﬂler(ac )

+ f$Var(og) + f5Var(o,)
B ' B !
+f ngr(%g) +f QV?Y(%;)

+ (S5 + A — &)

+ (S ASDE — &)

+(fREHRfDET~&) (21)
In (21), note that Vfr(ozsg) and ler(cx py) are identical in
the pure breed 4, so that Var(og)=Var(ay) =05,
Similarly, V;lr(ocsg) = Vlz;r(och)A= 05 anci1 Vgr (orse) =

Var(ay) = of,. Then (21) can be written as
Pl

Var(“sg) + Var(“ug) = (fi +f2)‘7§1t + (f% + fIB)) (7129
+(fe+f2)et,
+ (SRR RE! — ey

+(fSSEFE e —e0)
(SIS0 (22)

The breed composition for an offspring breed group is
the average of the breed composition in the sire and the
dam breed groups (Mather and Jinks 1971), e.g,
f9=4(f5+5), where 4 is the breed 4 composition
for the offspring. Thus, (22) can be written as

Var(xg) + Var(ey) = 2905, + 21903 +2f20¢,
+(f AR =)
(A ArOE — &)

+RE IR — ) (23)

Now, for n unlinked loci, the additive variance of

the pure breed A, o2, for example, is

and the genetic variance deriving from differences in
allelic frequencies between the pure breeds A and B,
8%, for example, is

Fan= Z (& — &y’ (25)

Wright (1968) and Lande (1981) introduced the
term segregation variance, g2, as the additional genetic
variance segregating in the F, over that in the F,. In
(23), the term (f5 5+ /5 fP), has value O if the oﬂ—
spring is an F, individual (e, f5=1, f5=
and f2=0, f2=1) and has value } if the oﬁ"sprmg
is an F, individual (e, f5=f3=f4=f0=1%).
Therefore, the additional genetic variance due to segre-
gation from F, to F, is equal to 362, as defined here
(e, 05,,= 154243)

For n loci, the variance terms in (12), from (23) is

Zn: [Var(ag) + Var(up)]=1905 +f50

t=1

+fcac

+ 2SS+ D0d
+ 2SS L+ L)% .

+ 2[5 S+ 5/ D055c
(26)

To complete the computation of the variance for
individual i using (12), we need the covariance bet-
ween og and ap. Recall that allele S} of individual
i is either allele’ S or D% from its sire j and that
allele D! of individual i is either allele S}, or D} from its
dam k (Fig. 1). The same reasoning used to obtain (8)
from (6) can be used to compute the covariance be-
tween the additive effects of alleles S§ and D¥:

Cov(ogs ope) = %[Cov(cxg? %g) + Cov(fxg? 3

+ Covlage, ag: ) + Cov(af,;, ape)]

The covariance between the additive effects of paternal
and maternal alleles summed over n loci, is

n
Y. Cov(ogg, o) =

t=1

n
Z [Coviogs, xg) + Cov(oge, xpe)

IEON

ov(ocf,;, o) + Cov(ap:, up:)]

=-Cov(G,, Gy) (27)

-l>|>--A

Thus covariance between the additive effects of
alleles S¢ and D} in individual i is the average
covariance between the additive effects of alleles in
indivuduals j and k, or one-fourth the covariance
between genotypic values in individuals j and k, the
parents of i. This covariance can be computed using
(10), as shown previously. Now, substituting (26) and



(27) in (12), the additive variance over n loci of individ-
ual iis
Var(G) =90 + 903+ 202 +5Cov(G;, G)

+ 20/ 5+ 4508 s

+ 23S+ AT 05 e

+ 23 Se+ 30055 (28)

Except for terms involving the segregation variances,
(28) is equivalent to the expression given by Elzo (1983)
for the additive variance of a crossbred individual.
Thus, Elzo’s formula is equal to (28) only if both
parents are purebreds, as in the F, crossbred (e.g.,
A x B or B x A). Therefore, (28) provides a general
formula for additive variance for individuals in an
arbitrary breed group from a multibreed population
involving three pure breeds.

It can be shown algebraically that (14) generalizes
to

P

E[Var(ag|W)]= ) f3Var(og) (29)

p=1 p

and (18) generalizes to

Var[E(ag| W)l = Y, 3 f5/560 —ef) (30)

p=1p>p

for a multibreed population comprising P pure breeds.

Table 1. The additive variances for various breed groups

Breed group Variance
Pure breed
A oi
2
B oy
C oe
Two-way cross F
AxB L% + o2
AxC 305 +00)
BxC %(o’,zg + aé)
Backcross
AB X A %o—j + io,z, + %aéw
AB X B iai + %0,23 + %aﬁﬂ
F2
AB x AB Hoh+ o) +oai,,
AB x AC i+ ol +ol,,
BC x BC Hor+ 02+ 03,
Three-way cross
AxBC 204+ 305 +50¢ + 105,
A x ABC® 307 + 505+ 3o¢

1, 2 2 12
T 205,15 T T5.4c) T 8055c

Zl}::lfz?‘fxzz
S
2 e Y oSS+ 0 S 155,

General case

# ABC=A x BC
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Thus, it follows that (28) generalizes to

P
1
Var(G)= ), 902+ ECOV(GJ-, G,
p=1

p P
+23 Y (o fa /D08, (31
p=1p'>p

which is the additive variance of individual i in a
multibreed population comprising an arbitrary num-
ber of pure breeds. In the case of noninbred populations,
the additive variances of various breed groups are
given in Table 1.

In summary, the additive covariance matrix for a
multibreed population can be constructed by a tabular
method using the theory presented here. The same
rules as for purebred populations are used to obtain
covariances, but rule (31) is used to obtain the additive
variances. The only difference between this tabular
method and that presented by Elzo (1983, 1990) is that
his formula for the diagonal part did not include the
term for the segregation variance.

Numerical example

The method to construct the additive covariance
matrix for multibreed populations is illustrated using a
simple pedigree of nine individuals (Fig. 2) in a two-
breed (4 and B) population. Individuals 1 and 3 are
from pure breed A and individuals 2 and 4 are from
pure breed B. A two-locus model is presented.
Consider a hypothetical trait determined by two
loci (U and V) with two alleles at each locus (U, and
U,,V, and V,). The genotypic values (g,,) and fre-
quencies in breed groups 4, B, F,, and F, are given in
Table 2. The F, was chosen to be the reference breed
group. All individuals in breed 4 have the genotype
U,U,V,V,, all those in breed B have the genotype
U,U,V, V,, and all those in the F, have the genotype
U, U,V, V,. Thus, additive variances of individuals 1

afrGe) [safLe)

Fig. 2. Pedigree of nine individuals involving breeds 4 and B;
circles represent females and squares represent males
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through 6 are null. Covariances involving these indi-
viduals are also null. Any individual in the F, breed
group, however, will have one of the 16 possible geno-
types with equal probability (Table 2). Therefore, the
additive variance of individuals 7 and 8 will not be null.
The additive variance for individual 9, the offspring of 7
and 8, will also not be null. The covariances of individ-
vals 7, 8, and 9 with individuals 1 through 6, however,
are null.

To compute the variance for individual 7 using (31),
we first compute the segregation variance, o7, which
requires computing & and &? for each locus. At locus
U, for example, the conditional mean of «,, given that
alleles U, and U, are from pure breed A4, &f, is

e = E(oy|(U, U,)eA)

= O‘Ulpx[{}1 + O‘Ungz (32)

where, for example, p{, is the frequency of allele U, in
pure breed A. Recall that the F, was chosen as a
reference breed group. Thus, the additive effect of allele
U, can be written as

g, = E(G,|U,) — i (33)
where

2 2 2
E(G;|U,)) = kZl 121 Zl 9 1kim prLpI};: pg; (34)

is the conditional mean for G, given U,, where g, is
the value of an individual with genotype U, U,V V,

i 7 m

Table 2. Genotypic values and frequencies in breed groups 4, B,
F,,and F,

Genotype? Genotypic value Genotypic frequency
UjUle Ve G jkim

A B F, F,
U, U,V V, 0 0 0 15
U UV, V, 0 0 0 %
U UV, v, 0 0 0 =
Uu,v,v, 10 1 0 0 &
U UV, v, 5 0 0 0 &
U, u,v, v, 10 0 0 0 &
v.u,v,v, 10 0 0 1 =
U, UV, v, 15 0 0 0 T5
U, UV, V, 5 0 0 0 i
u,u, v, v, 10 0 0 0 s
U,Uu,v, v, 10 0 0 0 i
U,uv,v, 15 0 0 0 5
U,U,v, v, 10 0 1 0 i=
U,U, v vV, 15 0 0 0 i
U,u,v,v, 15 0 0 0 =
U,U,V,V, 20 0 0 0 1=

2 For each locus, the paternal allele is given first

and, for example, py! is the frequency of allele k at locus
Uin the F,,and p§ 1s the frequency of allele [ at locus V/
in the F,. Also

2 2 2 2
=32 2 Y GumPiPoiPV DY (35)
j=lk=1I=1m=1

is the genotypic mean for the F,. Thus, substituting the
frequencies and genotypic values (Table 2) in (35), the
genotypic mean for the F, is

p=-0+5+--+20)=10

The conditional mean for G, given U, using (34} is
EG|U)=30+5+--+15=175

and the conditional mean for G, given U, is
E(G|U,)=35+10+ - +20)=125

To compute & using (32), we need to know pf;, and
pi.. From Table 2, we see that pj =1 and pj, =0.
Thus, & can be obtained using (33) in (32) as

e =(7.5—10)(1) + (12.5 - 10)(0) = — 2.5

Similarly, &8 = 2.5, e = 2.5, and ¢f = — 2.5. Thus, the
segregation variance can be computed by using the
above values in (25), where 63, = 36%;, as

o2, =3leh— el + (ef —p)’]
=1[(— 25252 +(25+25)*]=25

In this example, recall that additive genetic variances
for pure breeds are null and covariances involving
individuals 1 through 6 are also null. Now, using (31),
the additive genetic variance for individual 7 is

Var(G,)=2(f3 /3 +f\S30s,,
=2[(3)(3) +(3)(3)125=25

Note that individuals 5 and 6 are parents of individual
7. If the additive variance for individual 7 were com-
puted by Elzo’s (1983) method, however, the result
would be

Var(G,) = 3(c5 + 03) + £Cov(G,, G)
=0

For this example, the additive variance for individual 7
can also be computed using genotypic frequencies as

Var(G,) = E(G,)* — [E(G,)]?

LIRS 2 2
=157+ + -+ (20)7]

1 2
~[T6(0+5+ ---+20)]

=125—-100=25

which is equal to the variance computed using (31).



Individual 8 has the same additive genetic variance
as individual 7 because they are full sibs. The covari-
ance between individuals 7 and 8 is null because the
covariances of 5 and 6 with 7 are null. For individual 9,
using (31), the additive genetic variance is

Var(Go) = 2(f4 f5 + 4/ 805 .,

=2[(3)3) +(3)(3)]25 =25
because the covariance between the parents of individ-
ual 9 (7 and 8) is null and the additive variances of pure
breeds are also null.

Now, the covariance between individuals 9 and 7
using (10) is

Cov(Gy, G,) =31[Cov(G,, G;) + Cov(Gg, G,)]
=3(254+0)=125

Similarly, the covariance between individuals 9 and 8 is

Cov(Gy, Gg) = 3[Cov(G,, Gg) + Cov(Gg, Gg)]
=30+25=125

This numerical example shows that the variance
computed using (31) is equal to that computed using
genotypic frequencies. In practice, however, genotypic
frequencies will not be known, and covariances will be
computed as functions of additive genetic variances
and segregation variances, which can be estimated by
maximum likelihood.

The example also demonstrates that additive vari-
ances may be different for individuals with the same
breed composition. In addition, it shows that the segre-
gation variance in (31) is the difference between addi-
tive variances in F, and F; breed groups under an
additive model, i, 03, =0} —op =25—0=25.

Inverse of additive covariance matrix

The theory for covariance between relatives in multi-
breed populations developed in the previous sections
can be used to obtain genetic evaluations by best linear
unbiased prediction (BLUP; Henderson 1973). The
usual mixed model formulation for BLUP requires the
inverse of the genotypic covariance matrix. We have
shown that under additive inheritance and for a model
with multiple unlinked loci, the covariance matrix (G,)
for a multibreed population can be constructed by a
tabular method using (10) and (31). Thus, G, can be
inverted efficiently using the approach of Henderson
(1976) and Quaas (1988).

Following Quaas (1988), the inverse of G, can be
obtained as

G ' =0-P)G'I-P) (36)

where I is an identity matrix of order n, P is a matrix
relating progeny to parents, G, is the covariance matrix
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of Mendelian sampling residuals, and # is the number
of individuals in the pedigree. It can be shown that G, is
diagonal (e.g., Fernando and Grossman 1989), and
element i on the diagonal (d;) can be computed as

d; = Var(G) — z[Var(G) + Var(G,)]
~1Cov(G, Gy (37)

where j and k are parents of i. For multibreed popula-
tions, the variance for each individual and the
covariance between parents can be computed using
(31) and (10). Now, let Q=(1—-P) =(q,,95;---,9,),
where q; is a column vector of order # from Q corre-
sponding to individual i. Because G, is diagonal, (36)
can be written as

G, '=QG; Q' =} ¢qd7'q; (38)
i=1

As shown by Quaas (1988), (38) leads to an efficient
algorithm to obtian G ..

Discussion

In the analysis of data from multibreed populations,
the theory for additive genetic covatiances developed
by Elzo (1983, 1990) has been used to model the addi-
tive component of the genotypic value. It is shown here
that Elzo’s (1983) method to compute the additive
variance for a crossbred individual does not give the
correct results in general because it does not account
for segregation variances. The segregation variance is
due to the differences in allelic frequencies between the
pure breeds, and is equal to the difference in additive
variances between F, and F, breed groups (Lande
1981). The segregation of alleles will contribute to the
variance of an individual only if one or both of its
parents are crossbreds.

Provided that the variance of a crossbred individ-
ual is computed as described here, the covariance
between relatives can be computed using formulae for
purebred populations. For traits where nonadditive
inheritance can be ignored, the inverse of the genotypic
covariance matrix given here can be used in Hender-
son’s (1973) mixed model equations to obtian genetic
evaluations in multibreed populations by best linear
unbiased prediction. Further, assuming a normal dis-
tribution, the theory presented here can be used to
estimate by maximum likelihood the additive variance
component for each pure breed and the segregation
variance for each pair of pure breeds. The segregation
variance can also be estimated simply as the difference
between variances for the F; and F, breed groups as
suggested by Lande (1981).

For traits where nonadditive inheritance can not be
ignored, the procedure currently used to analyze multi-
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breed data can be improved using the theory presented
here to compute additive covariances together with a
suitable approximation for nonadditive covariances.
The approach presented here can be extended to ac-
commodate multiple traits and maternal effects in
multibreed populations.
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