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INTRODUCTION

The consideration of the effects of two or more loci on quan-
titative traits goes back at least as far as Fisher's 1918 paper.
Fisher introduced the concept of epistasis whereby genes at differ-
ent loci act in a dependent fashion. Apart from epistasis there
are the complications of linkage and linkage disequilibrium for
pairs of loci, and a comprehensive theory should also take account
of inbreeding. It is only recently (Gallais, 1974) that all these
factors have been considered simultaneously, although not in full
generality.

Between 1918 and 1974 there were a series of papers dealing
with some of these factors and evaluating some or all of the mean
and variance of a quantitative tralt or,;he covariance (or corre-
1ation) between the genotypic values of relatives. Reviews of the
literature up to that time have been provided by Kempthorne (1955,
1957) and Gallais (1974). Some of the key references are marked
with asterisks in the Bibliography.
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One of the main difficulties with two-locus work in quantita-
tive genetics is that expressions quickly become unwieldy. A sys-
tematic procedure is needed to avoid missing terms and such proce-
dures are heavily dependent on the set ofvparameters chosen to re-
flect the effects of inbreeding, linkage and linkage disequilibrium.
Parameters can be chosen to allow means, variances and covariances
to be expressed as-linear combinations of additive, dominance and
epistatic effects in a reference population,

For genes at one locus, a complete set of parameters was given
by Gillois (1964) and Harris (1964), and methods for calculating an
equivalent set were given by Cockerham (1971). Denniston (1967)
and Gallais (1970) introduced a set of two-locus parameters which
allowed covariances to be found, although those of Denniston were
restricted to non-inbred relatives. Both of these sets of measures
were for eight genes, four at each of two loci.

When we introduced our four-gene descent measures (Cockerham
and Weir, 1973) we remarked that they could be used to provide
means and variances for a two-locus quantitative model of gene ef-
fects. Such expressions are derived here, and the problem of de-
termining the covariance of relatives is discussed.

While the expressions, especially that for the mean, do offer
some insight into the effects of the various dependencies, they
also illustrate our belief that exact treatments of completely gen-
eral situations.are unlikely to be of great use in quantitative

genetics. An adequate approximate treatment is needed.

ONE-LOCUS THEORY

A brief review of one-locus theory will be of considerable
help in introducing our approach for the two-locus case. For com-
pletely independent genes of course, one-locus theory can be ex-
tended directly to multi-locus situations.

For locus A the genotypic value of individuals with genotype
AiAk will be written as Gi and is the sum of a mean, additive ef-

fects for each of the two A genes and a dominance effect for the
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interaction of these genes.
G§=u0+ai+ak+dzk , G;=G1; .
The superscript a on the dominance term emphasizes that the A locus
is being considered.
The mean and effects may be defined for any population, al-
though with difficulty in some cases. We use an infinite random-
mating reference populatidn which has alleles Ai with frequency P;-

Then the usual least squares values for the mean and effects are

i . i . .
bo= T PP G =G, ai=2kalt-G=G-G
Lk . by . . .
a _ i _ i e .
dig =6 - € -G T 6!
= a _ .
so that ? 3y = 0, E pidik 0, i#k-. (L

Means

In any generation after the initial one, the mean genotypic
value is obtained as the expectation of the value of any member of
that generation. Expectation, written as &, refers to the aver-
aging over all possible replicate populations of the same size and
mating system., We write the mean as b to indicate that such popu-
lations may be inbred. If a random member of the population has
genotype AiAk’ then

by = 80 T Blug o ey + ) =g 8

The additive effects have zero expectation from relation (1), but
for the dominance effects we need to take account of the fact that
genes Ai and Ak may be identical by descent, With probability
1 - F, the two genes are not identical by descent and so have
descended from genes on distinct initial gametes. The probability

that a random pair of initial gametes carry gemes A is taken

12 Ak

i .

to be € = p.p, . With probability F, ¢ carries
o K ' CPCRI g

genes which are identical by descent, a ”/Il/ D icended

from a gene on one initial gamete. Th’ I”I//l/l//ll// ne is

A, with probability &' = p_ so that P3se
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a = - a a
8 dik (1-F) iZk PPy dik + F, f pidi
3’

From (1) the first sum here is zero, and we recover the well-known

i

result
_ a
L + F f pidii . (2)

If the mean of a completely inbred population, Fy ='1, is written as

Wy then (2) can be expressed as

bp =B T B (b = kg s
as given by Wright (1951). With inbreeding then, the change in the
population mean is a linear function of the inbreeding coefficient
and involves dominance effects.

By using the inbreeding coefficient we were able to express a
property, the mean, of a population in terms of properties of an
initial population. The inbreeding coefficient summarizes the
progress of the population since the formation of the initial popu-
lation, while the frequencies éi summarize Fhe structure of this
initial population. We assumed here that Gi = PP > with the P,
the same as in the reference population for which effects are de-
fined. This assumption is not necessary and we have previously
(Cockerham and Weir, 1973) discussed other situations. Specific
sets of initial gametes or even specific initial individuals may
be accommodated. For specific gametes éi is modified, and for spe-
cific individuvals 1 - F, is extended to distinguish the cases of two
gametes between or within individuals,

Another aspect of initial populations deserves mention. We
are often interested in the cross population Ji from parental
populations HI and HII' This situation has been considered by
several authors previously. Stuber and Cockerham (1966) used the
terms "dually defined” and "uniquely defined" to refer to the two
cases when gene effects are defined for genes from Hl and H2
separately or for the combined set respectively.

In the dual case Gi now refers to individuals receiving a gam-

ete carrying Ai from HI and a gamete carrying a, from HII’ and we
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write

i _ i ai

Gk ke + a” + ay + d k-

We must also distinguish between pi and Py > the frequencies of Ai
and Ak in populatiéns HI and HII respectively. If Ji is formed by
the random union of gametes from the two parental populations,

then the least squares values for the mean and effects are

_ i i . 1 i i
W= T PP G TG, 8 =Zp G -G =G -G
ik k
P S ai _ i A ., .
a4 =P G -G =G -0 . =G - g T .

The possible relations between uc, the mean of Ji, and the means
of HI’ HII have been discussed by Kempthorne (1957). The dual form-
ulation shows that even though the same alleles may be contained
in both populations, they have different effects unless the two
parental populations are identical.

For the Jé and subsequent generations, when inbreeding is a
possibility, we employ the unique definitions. Care must be taken

of course to account for any relatedness of populations HI and HII'

Variances

In formulating variances we need the expectations of squares
i
k
as headings in a two-way table, and identify the classes with dif-

of effects. It is helpful to write out the linear model for G

ferent expectations.

a
Wo a3 3y dy
ko 1 2 2 3
a; 2 4 5 6
a, 2 5 4 6
a
dik 3 6 6 7
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There are seven classes, the first of which is Just p% and the

second of which has zero expectation . The expectations of four

of the remaining five classes depend on the identity by descent

of the two genes Ai’ A These five expectations are now shown.

X"
Class Expectations
a
3 : bo Fa f P;dss
2
4 Zpsay
i
2
5 Fy ; pid; + 1 -F;) -2 P;PLa,; 8,
i. ik
a a
6 Fo Zpgagdyy + (1= Fy) Zopopyoagdy
ik
a 2 a2
7 F, ? p(d; )" + (1 - Fy) izkpipk(dik)

E

Recognizing that the second sums for classes 5 and 6 are zero, and
defining the familiar additive and dominance variance components
as
o =20, =X Pa; 5 o = = pipk(d:k)z
i i,k
we can now find 6(Gi)2 by collecting terms over classes 1-7. If

we then subtract ug from (2) we have the variance:

2 2 2 a
cGF = (1 +F) o + (1-F) o, *+ 4F, ? piaidii

2 2 2
+F 2 07 - ED° @ el @
1 1

Setting F, = 1 or 0 gives the variances cé or cé for completely
inbred or non-inbred populations respectively and (3) can be re-

written in the form given by Wright (1951):

2 2 2 2

Oc = (1-7) og +F o + F,(1 - Fl)(p.l - p.o) .
F 0 1

The form of equation (3) is helpful in showing how both additive
and dominance effects are involved in the way inbreeding changes

population variances. Without dominance, complete inbreeding will
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increase genetic variance to twice the non-inbred value, but with
dominance nothing can be said. It would be possible for example

for inbreeding to decrease variance.

Covariance Between Relatives

To find the covariance between the genotypic values G of in-

. k
dividual X: AiAk and Gi of individual Y: AjA& we have six classes
of expectations:

a a2
Mo i A ik

Mo 1 2 2 3
a, 2 4 4 5

J

a, 2 4 4 5

a

dj& 3 5 5 6

As in the variance situation, the first class has expectation ug,

the second has zero expectation and the third has expectation

iii
taken of the identity relations between two, three or four of the

Ko F, % p.d?.'. The remaining three classes require account to be

four genes within X and Y. A complete set of four-gene measures
was given by Gillois (1964) and Harris (1964), and we use the equi-
valent set of Cockerham (1971). Recall that the mean and variance
required only the two-gene measure F,.

For individuals W and Z with genes AjA; and AjA, respectively
at the A locus, there are fifteen possible identity states. Gen-
erally we do not wish to distinguish between the two genes within
an individual and so we can work with just nine measures. One
measure, not needed for the expectations, is for the case where no
subset of the four genes are identical by descent. Two further
measures are the inbreeding coefficients Flw, Flz for individuals
W, Z. The remaining six measures are now defined in terms of the
genes which are identical by descent in each case. An equivalence
sign = denotes identity by descent, and nothing is implied about

the identity of genes not connected by an equivalence sign.
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Identity
Measure Definition
49WZ prob(A,=A;) + pProb(A;=A,) + prob(A,=A;) + prob(Ay=A,)
ZYﬁZ prob(A;=A,=A;) + prob(A,=A,=A,)
2YW§ prob(A, SA,=A,) + prob(Ay=A,=A,)
8; 5 prob(A,=A; and Az=A.)
25ﬁ+§ prob(A,;=A, and Ap=A.) + prob(A;=A, and Ag=A;)
éwz prob(A; =A,=A.=A,)

We recognize ewz as the coancestry coefficient of individuals W and
Z.
These identity measures are now applied directly to give the

expectations for the remaining three classes needed in the co-

variance of G; and Gi. Only non-zero terms are shown.
Class Expectations
4 46, % a2
xy 2 Pi%
i
5 2(V" + YXY) E P al ii
6 8 v (T p.d%)% + sz ¥ op, (d2))
X.Y i1 ii Xy i i
a2
+ 2855 Py (dyy)

Collectlng terms over classes 1-6, and subtracting the product

8 Gk é GJ leads to the desired covariance

z
= 20, o> )+ 26,y o + 2(vs, + ) 2 psa d]
Coy %+Y %D ¥v T Vx¥ A A £
+ 8u T p (da )2 + (8 s - By F )(E p.d ) “)
XY § Vil X.Y 1x1y iii

As a check on this result we see that it reduces to (3) when

X and Y are the same individual. The reduction uses
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20px = 1+ Figs 2800 = 1 - Fags Yygx = Fays O35 = Fays 8y 4 = 0.

If there is no dominance, equation (4) shows that the covariance
of relatives
2
Cey = 2%y o
depends explicitly only on the degree of relatedness of the rela-

tives. If neither relative is inbred -
2 2
Cqy = 28y on + 28,y o

involves only the additive and dominance variance components. In
other situations, however, the use of covariances in estimating
variance components must take proper account of the three sums in-
volving d:i terms.

There is great simplification for the case of only two alleles
at a locus. ExpliFit expressions for the effects and variance com-

ponents are

—pa
a = ;: a; = palp1 (G1 - G3) + pa(G3 - G3)]
Py P2
—d} = —d3 = -4} = p,;py(G] + G2 - 2GL)
Pz Py

2 2
gy = 2mpalpi (G - 63) + pa(G; - )17,

2 2

op = BIR3(G + G5 - 263)° .

For two equally frequent alleles, p; = py = 0.5, equations (3) and
(4) reduce to

2
%

A+l + 1 -F) ]

2 . 2
GXY = ZQXYO'A + (26§+.Y. + 65& + GX.Y - FIXFIY)GD .
Two general comments are in order at this point. In the first

place, just as discussed for the mean, the treatment of variances
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and covariances can be extended to include other types of initial
population. Equations (3), (4) were based on the simple assump=-
tion that the initial population was constituted from the random
pairing of gametes drawn at random from the infinite random-mat-
ing reference population. Secondly, the expressions for means,
variances and covariances involve various identity measures. Pro-
cedures are well established (e.g. Cockerham, 1971) for the eval-

uation of these measures in any generation of an inbreeding system,

TWO-LOCUS THEORY

We have seen that one-locus theory is concerned with the de-
pendencies between the actions or frequencies of allelic genes
caused by dominance or inbreeding. To these features we must add
epistasis, linkage and linkage disequilibrium when two-locus models
are constructed.

The general two-locus model for the genotypic value of indi-

formed by the union of gametes

viduals with genotype AiBj/AkBL

A B, and A B, is written as
i3 k4
cli o
k& Ko + a, + a, + b + b& + ab, i3 abi& + abk. + abk&
b b b a.b
+ A+ dyy +ad), o+ ad MTRALNES LA dikie

where the effects are defined for an infinite random-mating refer-
ence population in linkage equilibrium. Additive or dominance
effects at the B locus are written as b or db respectively. The
epistatic effects are written as ab (additive by additive), adb
or bd? (additive by dominance), and dadb (dominance by dominance).
Least squares values of the effects may be found as in the one-locus
case.

Means and variances are sought for a population initiated
from the random union of gametes Aiijin frequency (piqj +'£Ej)’
where P, and qj are allelic frequencies and .5, ;?e initial linkage
disequilibria. When expectations are taken of Gk or (G )
need to take notice of which genes have descended from the same

initial gamete so that the effects of such initial linkage
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disequilibria may be incorporated. We use our two-locus descent
measures for this purpose.

A pair of genes are said to be equivalent by descent if they
both descend from genes on one initial gamete. Allelic genes
which are equivalent by descent are also identical by descent.
For a random individual with genes A; B, /A,B; in the population
of interest there are six pairs of genes, and fifteen possible
arrangements on gametes of the initial genes from which 4,, B,,
A;, By are descended. The number of arrangements reduces to nine
when each locus is assumed to be equally inbred. The probabili-
ties, or descent measures, of these nine arrangements sum to one
and we choose to work with an equivalent set of eight summary
measures. These eight measures, and the corresponding set of

equivalent genes, are as follows.

Descent Descent

Measure Equivalent Genes Measure Equivalent Genes
F, A=A, or B, =B, Fiy Ay=A, and B, =B,
F A)=B, or A;=B, P A;=B, and A,=B,
1F A1 =By or A= 11F Ay=Bp and A;=B,
1B A)SB,=B, or A;=B =B, B A =B, =A,=B,

or A;=A,=B, or A;=A>=B,

In each of these definitions, nothing is implied about the equi-
valence by descent of genes not mentioned. The measures hold for
an arbitrary number of alleles at a locus and allow the treatment
of populations descending from a random sample or a specific set
of initial gametes. They can be modified to accommodate specific
initial individuals. We have also established general procedures
for evaluating the measures in any situation, and have given de-
tailed results for selfing, sib mating, mixed self and random mat-
ing, and random mating in finite monoecious populations (Cockerham
and Weir, 1973, Weir and Cockerham, 1973, 1974).

Means

The descent measures allow genes on a random member of a
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population to be related to genes on initial gametes. This treat-
ment is the essence of the expectation process. Frequencies of
initial gametes are needed and the notation used is as follows.

Two initial gametes carry genes A, BJ and A, B  respectively with

1By

. cqsas ij 1j t
Ak, B& 1 with probabilities 9%1& or leL respec

tively. Appropriate sums, denoted by dots, give frequencies for

k L
probability 0 J Three or four initial gametes carry genes A

or Ai’ Bj’ Ak’ B

one, two or three genes and these initial frequencies were dis-
cussed by Cockerham and Weir (1973).

The expectations of the mean, the additive and dominance ef-
fects were given in the one-locus treatment. For the expecta-
tions of the remaining effects in Gii we make use of the fact that
effects where any one of the genes is independent of the others
have zero expectations (Gallais, 1974). Specifically, each of the

following sums is zero:

b b b
? piabij . %q jab . Z 1 ad, ij4° Z q. adi.&, ? piadijj R
a.b a.b a b ab
Z Pid dlkJ{’ 2 q d d, ikjs’ E Pid d, kjj’ z qu dlij& .

Terms leading only to such sums are omitted in the following list

of expectations.

Effect Expectation
additive by additive
ab, F = éﬂJab =F' T b5, .ab,
13 1,3 13 1,5 1
. ] =
ab,, F T é’l."abJ 1F I B ab,
i,] i,j
additive by dominance
b 1 ij b b
ad;, F £ ¢, =5 z B, jad
ije 171 i, -+ 133 72 iij
a

1 ) ij a
Jik WFi izj L \F} z_ ﬁljbdjil
s

dominance by dominance

a.b 11 PL b
ddﬂd& i ?39“ 1ijj

i, .a b
+ (Fyy - F11) izj 9 °d dlijj

~
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\

A
j.a.b

+ @ -8B T gl Srsn

i,j,k’{l ’ b
it .a

+ (,F-FHy) © €77d%, .
1,4,k,4 ki~ Tikjd
a.b

=F, = dd; ..

111,j P195% “i153

11 a.b
+ iz s 4%
i3 "53¢ %ity3
a.b

11 11
+ 11F - 2F11 Z -D'. ..B d d- .
i,§,k,q 13 kL~ Tikjl
Collecting the expectations of all sixteen terms in & Gti gives

+ (F

_ a b a.b
bp = Mo ¥+ Fu(Z pydyy + X qdy) + Fyy T pyqydidyy oy
1 J 1,]
1 : 1 b a
+ 2(F° + 1F)-Z’ abijﬁij + 2, Fy R (adijj + bdjii)’&ij
;,J i,] b
Ll a 11l 1l a

+ F11 Z d d.-. -8.. + (F +11F'2F11) 2 d d s ‘.D. .-B .
i, iijji~ij 1,3,k ikjLTii7 ke
)

This result is equivalent to that given by Gallais (1974).
For the non-inbred initial population, F* = F*! = 1 and all

other descent measures are zero so that the mean becomes

_ a.b
Wy T Hg t 21?3 ab; 4B 5 +i,j?k,& 441081 7,

which reflects the effects of initial linkage disequilibrium. For
completely inbred populations we know (Cockerham and Weir, 1973)
that

F, =F, =1, F' = F=,F =F"=,,F=F

and the common value of the last six measures is written as F?w).

Equation (5) then gives

a b . a.b
Wy =g F IRy H 2 qd T pidididy
i J i,j
+F % (4ab,. + 2ad’. . + 2bd®,. + a®d®. . )5, . .
(“)i j ij ijj jii i1j3°7i]
s
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Evidently there is no longer a simple relation between Bo» Wy and
bpe

In the absence of linkage disequilibrium, the mean is seen to
involve only dominance and dominance by dominance effects. The re-
sult for this special case was given by van Aarde (1974), who then
equated F;; and F; in the case of no linkage to duplicate the re-
sult of Kempthorne (1957). 1In general however, we know that
F, 2 F, 2 (F’l)2 with the last equality holding in the case of no
linkage only when all matings are specified and all members of a
generation have the same pedigree. Previously (Weir and Cockerham,
1969) we discussed the identity disequilibrium

Nix = Fyqp - (FE)Z

and showed that, although it is quite small, it is still non-zero

for no linkage in finite random-mating populations.

Variances

The first step in the evaluation of 6(Gii)2 is to identify
the distinct classes of expectations of squares and products of
effects, as was done in the one-locus situation. Recognizing
symmetry between loci, there are 34 classes, the first 7 of which
were treated in that previous case. The classes are now listed

and the expectation process illustrated for classes 23 and 24.

Typical No. of terms Typical No. of terms
Class element in class Class element in class
2 a (2
1 ko 1 ‘ 7 (dik> 2
2 Fo2i 8 8 uoabij 8
a b
8
3wl 4 9 Hg3diy,
2 a.b
4 ay 4 10 pod dikj& 2
5 asa, 4 11 ale 8
a
6 8 12 a.ab 16
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Typical No. of terms Typical No. of terms
Class element in class Class element in class
b
13 aiabkj 16 24 abi jadk i1 16
2 ! b
14 abij 4 25 dikadij{,, 8
a,.a
15 abijabik 8 26 dikbdj ik 8
16 ab,,ab 4 27 (adb, )2 4
13kt 134
b b b
17 aidjL 8 28 adijoﬁadkjo{, 4
a b a
18 abijdik 16 29 adij{,bd 8
a ,b a,b
19 dikdj{, 2 30 aid dikj.{, 8 |
b a.b
-20 aiadij{, 8 31 ab d dikj{, 8
b a ,ab
21 aiadkjl,- 8 32 dikd dikj{, 4
22 a,bd? 16 33 ad® dadb 8
i jik ijt ikjL
23 ab, adb 16 3w (d%P, 2 1
a ij4 ikjt
b b
8(ab, jady, ) = 1} izj ¢an, j2diyy B - o FD zj O.jab 1159115
+ @ +,F- 282 £ 6ap ad®
X AP ARG AR § 4
i,js2
b - pll i b
8(ab, jadl ) = Fi} i?j Oi.'.abijadijj+(Fn Fl) zj ot "jaby jadb,
ij b
+ GF - F7) I 9 ab, ,ad
11 _ 11
+ (F Fry) = k& 1Jadkj'£

i,3,k,2

L b
+ F-EH = ota ad .
1k k3L st
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Simplification of the sum of all these expectations follows the

introduction of the following familiar variance components:

o = 2% + 2% = 2 : pas + 2T quﬁ, oay = ol = 4 R piqjabij
j i,j

"g = dja + cjb = i‘fk PP (d5y)’ +.2 qjq&(d]j):u)z

cy:D = Zo‘:db + zcida = 21,?,:, (ad jL)z + zi’ik p,d, pk(delk)z

"IZJD = czadb =i,j?k,{, P;94Pd,(d dl:kyc)z

When the square of the mean is subtracted from 6(G ) we ob-
tain the general variance formula displayed in equation (6) on the
next two pages. Some features of this unwieldy result can be noted.

The coefficients of the five variance components in the first
line of (6) almost show the kind of pattern often suggested in the
literature. The coefficients of the epistatic components differ
from the products of the corresponding additive and dominance com-

ponents by identity disequilibrium:

0'(2; =(1+F1)c +(1-F1)c + (1 +F)

F

2 2
%A

2 2 2
+ (1+F)QA-F) %ap + (1 - Fy) %p

2 2
+ Ty (o, - AD+cy Y+ ...

The identity disequilibrium again features in the variance of genes
which are unlinked, for which there is no linkage disequilibrium,
and for which there are no epistatic effects. We find from equa-
tion (6) that

(locus A only) + 02

F F GF

a b
+ 2T, ? pidii ? qidjj .

(locus B only)
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The first two, one-locus, variances are as given in equation (3)
and the last term may be regarded as the covariance between the

effects at the two loci., There is still a dependence between the
loci, caused by the inbreeding system, depending on dominance at

each locus and the amount of identity disequilibrium.

2 2 2 2 2
GGF = (1+F1)cyA+ (1-F1)0D+ (1+2F, +F11)0AA+ (1-F11)GAD
+ (1-2F, +Fpy doo +F (5 p, (4a, +d2)d?, +5 q, (4b
17 11/%pp T 1 PERE SR S & S £ j j
+ 26, (T p.d2,) (T q.d‘,’,)+2(1=1 +F,) £ p,q.[(ad’,
1 217035 i,5 4 ijj
a 2 b
+ (bd,,.) t4ab, (ad, + 4F. z d ad
(bdjy,) 1J( 133+ Pd511)] B P p;39;(
+ d&® ba®,  +2ad”, b 1) *Fi1 T pya laCa; +b)) +8ab,
33705aat 280450 1
’
)+d a®

b..b
+d,,)d;,
k| JJ) JJ]

)2

b
ijj

ij

142aP

a b
+ 2(dii+djj)+4(ad. iijj

133 iijj
b a
+ 4(F, +F11) T p. 19 (a;ad, +bjbdjii)

ijj
i,j b
a a a.b a
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Covariances
Expectatlons of terms in the product G;i Gmn for relatives
X: A, B /A,B, and Y: A P /A B require elght-gene descent measures.,

k™%
Such measures would give the probabilities of all the ways in

which eight genes shared by two individuals could be located on

one to eight initial gametes. In the one-locus case we found

many more four-gene measures than there were two-gene measures, so
in this two-locus case we expect many more eight-gene measures

than there are four-gene measures. There is great reduction in

the number of eight-gene measures however when symmetry between

the loci is assumed and if the two individuals X, Y are in the same
generation of a regular pedigree or monoecious random-mating sys-
tem, This latter case allows the arrangement of the four gametes
among individuals X, Y to be ignored.

Regardless of the number of measures, however, we know that
the covariance of Gki and qu will contain exactly the same terms
involving effects, linkage disequilibria and gene frequencies as
does the variance expression (6). The difference will be in the
descent measure coefficients. The variance has coefficients which
are measures defined for genes in one individual while the co-
variance has coefficients which are measures defined for genes in
two individuals. The same relationship is apparent between equa-
tions (3) and (4).

We have not identified or evaluated the measures for two in-
dividuals. Gallais (1974) has identified one set, but gave no

general indication of how to evaluate components of the set. By

restricting epistasis to additive by additive he could list an ex
pression for covariance. (This expression contains two omissions:
EBililgj:i; s EBi1*j1§j1k2* in his notation). The terms he gives
reduce to the appropriate terms in equation (6) when the two
individuals are the same.

The task is made considerably easier if linkage equilibrium

is assumed. It is then not necessary to consider the equivalence
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by descent of non-allelic genes, as the initial frequency of any
set of such genes is just the product of the corresponding
allelic frequencies regardless of on how many gametes these
initial non-allelic genes are located. We can work entirely
with identity measures. For one individual there are 2 identity
measures, F,, F,,. For two individuals there are 9 identity
measures at each locus, and so 81 at two loci. However we do not
need the measure for complete non-identity, and we generally
assume that each locus is equally inbred so that we need to work
with 44 identity measures. 1In this case of linkage equilibrium,
the two~locus variance has 33 terms, the coefficients of which
are combinations of 2 identity measures and the two-locus covar-
iance will have the same 33 terms but with coefficients that are
combinations of 44 identity measures.

Denniston (1967, 1975) and van Aarde (1963, 1975) both made
the further assumption that individuals are not inbred. Identity
by descent is still possible for genes in different individuals
(relatives) however. The two-locus variance and covariance in
such cases of linkage equilibrium and no inbreeding involve only
the five variance components. Both van Aarde and Denniston dis-
cussed the evaluation of the various measures of '"between indivi-

dual" identity by descent.

DISCUSSION

We have sought to demonstrate. the use of our two-locus descent
measures in finding two-locus means, variances and covariances.
Both positive and negative features emerge.

On the positive side we believe that the measures, for means
and variances, provide coefficients that are capable of immediate
interpretation. The two-locus inbreeding coefficient F,, for ex-
ample is an obvious extension of the one-locus coefficient F,.

The expressions also explicitly demonstrate the effects of linkage
disequilibrium on means and variances, and initial allelic fre-

quencies enter explicitly. The effects of linkage and inbreeding
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are accounted for by the descent measures. A variety of assump-
tions about the initial population can be made. Of some impor-
tance we feel is that procedures have been established (Cockerham
and Weir, 1973), and illustrated (Weir and Cockerham, 1973, 1974),
for evaluating these measures in any situation. The effects of
mating system, linkage and time are thus accommodated and demon-
strated.

Balancing these factors are two negative ones. We do not
have a detailed theory of eight-gene measures, and hesitate to
establish what would necessarily be a complex machinery. The
complexity of the expressions, such as equation (6), is the
second negative feature. As it stands, the result is of little
use. The most promising approach would seem to be to find simple
approximations for descent measures, maybe in terms of the one-
locus inbreeding coefficient as has been suggested recently by

Gillois (this conference).
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