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Summary

Gene—chromosome configuration effects may be generated in at least two
different ways. The first results from the position-effect phenomenon, and the
second, which is manifest if the individual is evaluated on the basis of its inbred
progeny, is due to the restriction of independent segregation because of linkage.
The present study is an attempt to generalize the gene model used in quantitative
inheritance and selection theory so that it may accommodate these effects.

Configuration effects are defined and their relationships to the effects in the
conventional model are examined for a random-mating population in equilibrium.
Then, the expectations of various covariances among relatives are developed for the
complete model which includes the configuration effects. Finally, the importance of
this extension is discussed, primarily from the point of view of artificial selection.

I. INTRODUCTION

It is clear that more than one gene-chromosome arrangement is possible for
diploid organisms heterozygous for the same set of genes at two or more linked loci.
Thus, for two linked loci, the two possible genotypes are (AiAf) (A;A:) and
(AiAz) (A;Af), where A7 is the sth allele at the jth locus, and the gene content within
each set of parentheses indicates the association of genes within each homologous
chromosome. More generally, if there are n such loci, the number of different geno-
types for the given set of genes is 21,

From the standpoint of quantitative inheritance and selection theory, there
are at least two ways in which the gene—chromosome arrangement may influence
the evaluation of a genotype.

First, the physical configuration of the genes may induce position effects.

The position-effect phenomenon was first discovered in Drosophila melanogaster by
Sturtevant (1925), and more recently it has been found in a wide range of organisms.

Second, if the various gene arrangements are evaluated on the basis of their
inbred progeny, it is obvious that different configurations may yield different evalua-
tions for the same set of genes. For example, with the simplest situation involving
only two loci, the expected selfed progeny arrays are different for the genotypes
(AiA?) (A;Az) and (AiAZ) (A;A?) if the recombination value is less than one-half.
Hence, the expected means of these progeny arrays may be different if epistasis
ocours.
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In quantitative inheritance theory no attempt has been made to accommodate
effects due solely to the gene—chromosome arrangement. Hence, the objective of this
study is to generalize the gene model used in quantitative inheritance so that it may
do so. This requires both a genotypic representation which permits all possible
gene—chromosome arrangements to be distinguishable, and a definition of configura-
tion effects which may be incorporated into the gene model.

In the next section, an appropriate genotypic representation is developed;
configuration effects are defined and their relationships to the effects in the conven-
tional model are examined for a random-mating population in equilibrium. Then,
the expectations of various covariances among relatives are developed for the com-
plete model which includes the configuration effects. Finally, the importance of this
extension is discussed, primarily from the point of view of artificial selection.

II. EXTENSION OF THE GENE MODEL

A random-mating population in equilibrium may be generated by multiplying
the genotypic arrays for the various loci. Thus, for any number of alleles at each
of two linked loci, the population may be represented as

I = (Sp;p; 4;4;) (kf;p,%p? AzAf)
Y

= 2 pipjpipi A4 AA7,
i
where
z pilpjl AilAj1 = genotypic array at locus 1,
i
and

Spip? AZA} = genotypic array at locus 2.
K

Kempthorne (1957 for general reference) has utilized this representation

for the elaboration of his gene model. Thus, if d,;;;, = genotypic value for AgA;A,%Alz ,
such that

Z pipjpipi digws = 0,
then the Kempthorne model may be set out as follows:
Ay = a;+aj +a 4oy +8j+85 +(aa)s + (aa)u+-(aa) i +(aa);
+(a8) i1 +(08) 0 +(80) g5 +(8) i3 +(88) s,

where
af = additive genetic effect of the A% allele,
82 = dominance effect for the 4242 genotype,
(aa);, = additive x additive epistatic effect associated with genes Ail and A,f,
(ad)s; = additive X dominance epistatic effect associated with the gene Ai1
and the genotype A,%Alz, and
(88);5%, = dominance X dominance epistatic effect associated with the genotypes
AjA} and AZA}.
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This approach, however, does not permit the distinction between genotypic
values for genotypes having the same set of genes but different chromosome arrange-
ments. Hence, it is necessary to generate the population in such a way that the
genotypes are represented by their chromosome constitution. This may be accom-
plished by simply squaring the chromosome array. For example, the population
described above may be set out as follows:

=2 pipy (AFAD]?

z PipPap; (A A}) (4;47),
]

where )
z pgp}: (A:A,%) = chromosome array.
ik

The genotypic value of (A;A,%) (Alelz) may be designated as d;;(,, such that
3 pipipep; dny = 0.
gkl

In the remaining part of this section the argument will be concerned primarily
with a random-mating population involving any number of alleles at each of two
linked loci. Extensions to more than two loci will be briefly discussed at the end
of the section.

(a) Development of Model for Two Linked Loci

The genotypic values in the two representations given above are related as
follows:

dmz = %(d(ik)m) +d(il)(.7’lc))‘

The inverse of this relationéhip leads to

Ay = L+ dan oo —daan)

= dym+Cun i,
where

camin = 3w —daun)
effect due to the difference generated by the different
chromosome configurations.

Il

It is clear that
i = #(danm —danan)
= —Clr -
Various summations involving the ¢ values are of interest in subsequent argu-
ments. These are:

12
(1) . = ZP;Pr Clan(in
12
= —zpjpz Clsn (k)
= —C)0.8)-
. 122
(2) i) = ZP;PEPL Cimin

122
_ijplcpl Can (k)
= 0.
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Hence
iy = 0.

(3) Oyt = ZPEPr Cantin
= —EPI?P? v in)
= —Ci)(5)-

Hence

Ciyy = 0.

The properties of ¢y, for the random-mating population, are as follows
(where E denotes the expectation over s, j, k, and 1):
112 2
E(eiwan) = Hzlzlpipjpkpl Clik) (41)
1]
112 2
=13 [_zkl 2:050xP1 (Aiwiin —anin)]
i

= 0.
Also 12
Elciinin)? = %;'l D2 PxP1 (Camyiin)?
L

2
= 0o¢-

Sinee d(yn = @i +Cam i, it is desirable to show that ¢ (;; is independent
of d;;;,;- This may be accomplished in the following manner:

112 2
E(djnr-comin) = “Zklpipjpkpl [diser-Camiin]
i
112 2
=1 [i%:dpipjpkpl @eawiin Fanan) Qanan —danan)]
)
112 2 42 2
=1 [iﬁlpipjpkpz (@ (o (i)
=0.
Although ¢ (;p is independent of dj;,;, and therefore independent of entire
classes of elements in the gene model, it need not be independent of some of the
individual elements. The following considers the expectations of cross-products of

Csm(sp With entire classes of effects as well as with individual component elements
of the gene model.

(1) Additive Effects
1, 1, 2, 2 1 1 1 1
Bl - (0 a5 Fap+0p)] = Zp; ey o +2D5 ¢ )09
7 J
2 2 2 2
+%Pk C(.k)(..)ar}‘? D1 ¢y

= 0’
since
Gy =Gy =) = =0

(2) Dominance Effects
1 2 11 1 2 2 2
Elein gy - (85+3)] = iszipj (i3 8ij+§ PrPr o) On
—_ 0,

since
Gy = Sy = 0.
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(3) Additive x Additive Effects
E{cin i - [(aa)i+(aa); +(aa), +(aa); ]}
= 3;41’;}’1% an.) (aa)m+§ PiPi Oy (an)y
—|-j2k 20}10% (4. (aa)m+§ P;P? ¢y (aa);
= [353 DiPi (. (aa)m*% PiP; Canc.y (aa)i)
+ [jzl DiPi o (tw)u—jzk DiPi 0w (0)]
= 0.

The fact that the difference within each bracket obviously equals zero does not
imply that the individual terms within the brackets equal zero. Hence quantities
of the type

1 2
% DiPr Can(..) (a’a’)ilc’
U

need not equal zero.
(4) Additive X Dominance Effects

Eiciwmin [(08)sm+(ad)ml} = %l pﬁp}ip? Cm(.p (@8) g+ %P}]’%Plz ctin (a0) g
] O
=A-+B
=0.

The term A is equal to zero, since for each combination of alleles A;, Ai, and
A? there are two ¢ configurations (due to the interchange of alleles at the 42 locus)
with the same frequency. These configurations are equal in magnitude but differ in
sign, i.e.

Chm () = (a0 -

However, the interchange of A2 and A7 does not alter the value of (a8);,;. Hence,
the cross-product contributions involving A; , A%, and Alz are

P;pi}’?[c(ik)(.n (ad)sm+Cianc.r (@8)in) :P}Z’:p?[c(ilc)(.z) (ad)ii—C(imy(.0 (a8)iri]
= 0.

Similarly, the term B is equal to zero.
(6) Dominance X Additive Effects
An argument similar to that given in (4) is applicable.
(6) Dominance x Dominance Effects
Elecinn - (88)im] = ijzl;'l DD v - (88)ism
= 0.

That this summation equals zero can be seen by considering all possible per-
mutations of each combination of A%, A}, AZ, and Alz, which are generated by inter-
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changing A; and A; as well as Ai and A?. ‘Such operations may change the value of
the ¢ values but do not alter the values of the (88) terms. Hence, the cross-product
contribution of the combination A;A;A%A,z is

p;p;pip?[c(ik)(il)(Ss)i:ikl-l—c(jk)(il) (88)jirr+Cianiim (88)um+Cciinin (88)5i]

1122
= P; D PrPr [2¢00 (50 —2C0m (70 J(88) i
= 0.

In summary then, the gene model for the genotype (4] A,%) (A; Alz) is

d(ik)(il) = ‘1% —f—a; +a’2+a?+87}j+8§l+(aa)ik+(aa)il+(aa)jk+(aa)jl
+(0.8) 11y +(a8) 5 4 (80) g3 4 (8@) 10+ (88) 131 +Camy (5 »

where all effects are independent of each other except that the individual (aa)’s are
not independent of ¢ ;;(;;. The total genotypic variance may be partitioned as:

2 2, 2 2 2 2
0% = o4 +op+044+0aptopptoc.

(b) Eaxtension of Model to more than Two Linked Loci

In extending the theory to more than two linked loci, the first problem is to
determine the number of different genotypes which are possible by permuting the two
alleles at each of an arbitrary number of loci.

For the ath locus with alleles 4% and A% the arrangements may be generated by
a permutation group of order two, i.e. [¢ = I, (ij)]. Hence, for n loci, all possible
arrangements may be obtained by application of an Abelian permutation group of
order 2" which results as a direct product of the » permutation groups of order two.

However, not all gene-chromosome arrangements give rise to different geno-
types, since genotypes are invariant to permutation of chromosomes. In fact, the
2" permutations may be paired such that in one member of a pair, alleles at all loci
are interchanged which are not permuted in the other. Such pairs of permutations
generate equivalent arrangements, one of which may be derived from the other by
chromosome interchange. Hence, the number of different genotypes is 27-1,

The following tabulation presents the simplest illustration of the above argu-

ment. It gives the permutation group, gene—chromosome arrangements, and geno-
types which are possible for two linked heterozygous loci.

Pergmtation Gene—Chromosome Genotypes
Toup Arrangements
I (4147 (A1AD) (4;47) (4] 47) = (A}a?) (alad)
(i) (443) (4;47) (4] A7) (414]) = (4347 (4] 43)
(k) (4347) (4;47)
(i) (kD) (4;34) (aj4p

) Finally, there are a total of 2"~ configuration constants for genotypes hetero-
zygous for the same set of n linked loci, since a constant is associated with each



408 B. GRIFFING

genotype. However, since these constants must sum to zero, the number of inde-
pendent effects is 271 —1.

As an illustrative example, consider the situation which arises for three linked
loci. The four possible genotypes are: (A:A:A;o’n) (A}A,?A:’;), (A;A,%Afn) (AgA,zA,:’;),
(AJATAD) (AjAZAD), and (A[AFA]) (A} A7AD).

Since
Digiimn = A irm(iim +Baem (o +8iim e T ien Gim 1,
then
d(z'km)(iln) = diiklrrm —+¢ ikm)(jln) >
AsrmCim) = Digkimn +Cim (my » €bC.,
where
arm G = 2@ srem G — L sem (i1m)) (D army Gim —ivm (e )
(e im (1m — D irm w5
e (e = 2L irm iam) — R atem) Gim)) (D saemy iim) — B ivm o))
H(dsem (1m) —irm (51m))]s
Clam Gren = T @it Gem — S srem) Gim) T+ Dsm Giom — D rm (aim))
([ ivm Grem) —aem (G1my ) s
and

CarmGm = 2@ aam Gim — S iem i) F (D aem Gom) — D rmy (aimy)
(i iem Gim) —iimy e )]

However, since the following linear restriction holds, there are only three inde-
pendent constants:

Citem) (i) FCtem) Givm) T Cavm) Gen) T Cikm) (Gimy = 0.

From this brief discussion, it is clear that it is conceptually possible to define
and enumerate configuration effects for any number of linked loci.

ITII. ExPECTATIONS OF COVARIANCES AMONG RELATIVES

Estimation of the additive variance component is essential if the permanent
gains from selection are to be predicted. In the past, various covariances among
relatives have been used to make this estimation. The covariances of interest are:
parent—offspring covariance, designated as Cov(PO); half-sib covariance, designated
as Cov(HS); and full-sib covariance, designated as Cov(FS).

The objective of this section is to develop the expectations of these covariances
for a two-locus gene model which is generalized to include the following details:
(i) any number of alleles at each locus;
(ii) any system of dominance and epistatic parameters;

(iii) recombination values which may be different for the two sexes, i.e.
Y, = recombination value for males, and
y; = recombination value for females; and

(iv) gene—chromosome configuration effects.
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Since the expectations of the covariances have been derived for a gene model
which is generalized for all but the inclusion of configuration effects (Griffing 19605),
the purpose, here, is to see how these configuration effects disturb the covariances,
and hence the estimation of variance components from these covariances.

The parent—offspring covariance may be defined as the expected cross-product
of the genotypic value of an arbitrary parent individual and the genotypic mean of
the half-sib array associated with the parent individual. If configuration constants
are not considered, it can be shown that linkage does not disturb Cov(PO). However,
when these effects are included, not only does linkage disturb this covariance but the
covariance for males may be different from that for females. Therefore, they must
be treated separately. Consider first the male covariance which may be designated
as Cov,, (PO).

An arbitrary male (A;A,Zg) (A;Alz) produces the following gametic array:
(10— 2] (ATALHATAT) (Y 2) (A7 AT+ AT AD)}
The total female gametic array for the random-mating population is
Sy (4,47).
Therefore, the male half-sib family mean is
hir, v (... .0 = [(1=yw)/2] %p;ptz [y (ro +isnirn ]
+(¥m/2) %p}'p? [einiro + ]

= [(L—ym)/2] (disy(.) 0. 0) HUm/2) (@iinc ) +in.y)-

The male parent—offspring covariance is then

= 4% Hola+(1-20) 0ipieian.)?
+2(1—¥,) E P%Pi(c(ik)( ) (aa)g.
Similarly, the female parent—offspring covariance is
Cov(y(PO) = oy +1o%4+(1—2y) 5; PipElem ()2
+2(1=9) T pipilecan. ] (aa)i
The half-sib covariance may be defined as the expectation of the squares of

the half-sib family means. Again, male and female half-sib covariances may be
different. Consider, first, the derivation of the male half-sib covariance.
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Since the half-sib family mean for an arbitrary male (A;A,%) (A}Alz) has been
given, it is obvious that the male covariance of half-sibs is

— o5y (1 4+8,))/1610% 4 +1(1+8,,)/4] = PP )
(L 48,,)/2] zkp}pi(w..)) (ac) s

where
Bm = (1_2ym)2'
Likewise, the female half-sib covariance is

Cov,(HS) = 53 Db, ety )
rstu

— o5y (1 4+8)/16]07 4 +[(1-+8,)/4] g;pip?(c(..wz
+[(148,)/2] gpip?m ) (@),

where
8 = (1—2y,)%

Finally, the full-sib covariance may be defined as the expected value of the
squares of the full-sib means. Consider, now, the evaluation of Cov(FS).

The mean of the full-sib array which results from the cross between an arbi-
trary male (A;A}Zc) (A}A;Z) and an arbitrary female (A:A?) (A;'A:) is
Bk, v, sw = ALA—¥m) 21 =40 2) 10 F sy 0 TG0 Hiinsw)
FLA—=Y) 120 /2)[ i1 (1) ity (50 om0 Fiin(sn)
+ Y 2)LA =2 200y v s T w0 HEims)
+ WY/ 2) Y4 2)( i1 (0 FEin (50 iy ) T i (s0))} -
The covariance of full-sibs is then
Cov(FS) = X p}p}pipip;ﬁpzzﬁpi(h i, 0(rt, sw)®
ulc{rsm )
= 3o 30+ {E (8, +8,)/16]} 0% 4 + {3 +1(3,+8,)/16]} o
A (L+8,)(1+8,)10pp+ 15 (1 +3,)(1+3,,)10%
L8, (181) -2(01) @) (1Y) (1 —92)] E Bii(Can)?
+{[y(1 —y5) 411 +8,,) H Y (1 =) [4](1 +3¢)}
x{ z;c pﬁpipi(c(mu.))“r i%tpipfﬁ(c(m( )%
T
T3, (148,) — 4w ) (1 —9) (1 =9 )] E Pipilecan.) aa)i
2,

Assuming (i) epistatic interactions involving three or more loci are negligible,
and (ii) configuration effects are absent, it has been shown (Griffing 1960b) that

0"24 and aj 4 can be estimated as follows:
2 _ Cov(PO) 2§, (1 —Fm) —11+2[Cov(,m (HS)]
0y = — -

Gl —Gm)

i
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and

42 _ 2{Cov(PO)—2[Cov,, (HS)]}
ad Y1 =)

’

where 7, represents the recombination value averaged over all possible pairs of
active loci as measured in the male sex.

However, it is now clear that if the configuration effects are taken into con-
sideration, these variance component estimates are no longer unbiased.

IV. Discussion

The question of how far and in what way the inclusion of configuration effects
may disturb prediction theory is discussed below.

Earlier it was pointed out that there are at least two ways in which configura-
tion effects may be generated. First, the physical configuration of the genes may
induce the position-effect phenomenon. Second, linkage may give rise to configura-
tion effects if the various gene—chromosome arrangements are evaluated on the basis
of their inbred progeny. These different sources of disturbance are discussed sep-
arately.

A discussion of the position-effect phenomenon necessitates a brief considera-
tion of the modern concept of the “gene”. This concept postulates that the chromo-
some may be divided into functional regions each of which controls a specific biological
activity. These functional regions may each contain numerous mutational and
recombinational sites. In some cases it has been shown that linear linkage maps
may be obtained from intralocus recombination data. Mutations are assigned to
functional regions on the basis of the position-effect criterion, the site of the mutation
being the muton (see Benzer 1957). Thus, mutations exhibiting position effect are
assigned to the same functional region and those that do not exhibit this effect are
assigned to different regions.

From this concept of the gene two points need to be considered with regard
to the importance of the position-effect phenomenon in prediction theory. First,
there are at least two possibilities in the choice of a basic hereditary unit on which
the selection theory rests. Second, position effects are usually generated by muta-
tions which are very close together, i.e. mutations in the same functional region.

The choice of a basic hereditary unit has been discussed previously (Griffing
1960a) :

“There are at least two methods of representing the genetic situation at a complex locus.
To illustrate, consider a locus which has a simplified structure consisting of only two genetic
conditions (mutant and normal) at each of two mutational sites. In the first method, the locus can
be subdivided into two subloci, one for each of the mutational sites. This approach yields two
sets of alleles, each set being the genetic alternatives at each sublocus. In this case, the gene
model for quantitative inheritance must be extended to accommodate position effect which may
oceur between alleles at different subloci. This, so far, has never been done.

The alternative method is to consider the overall locus as the basic entity, and to regard
all possible genetic structures at this locus as the set of multiple alleles. Thus, in the simplified
example, the four possible gene states are (+ +), (m; +), (+ my), and (m, my). These, then,
would be regarded as the alleles of the locus. Such a representation avoids the introduction of
intralocus position effect because complexities such as the cis—trans relations would be absorbed
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in the dominance parameters. However, a resultant complication of this approach is that muta-
tion of alleles as defined above includes both point mutation in its conventional sense and intralocus
recombination. For example, recombination between mutational sites arranged in a frans con-
figuration, m, -+/-+ m,, results in non-parental locus types, (+ +) and (m; m,). It is of course
clear that the frequency of such intralocus recombination is low compared with the frequency
of recombination between genes at different loci. Hence, it would appear that with the alleles
defined as above, the contribution of locus mutation (point mutation and intralocus recom-
bination) would be negligible in most theoretical plant and animal breeding studies.”

If, then, it is satisfactory to regard the entire functional region as the basic
unit of inheritance, the problem of position effects disappears. Such a solution seems
appropriate for short-term selection theory. However, it might not be completely
satisfactory for a theory pertaining to selection sustained for a very long time. In
this case, it may be best to consider the mutational site as the basic hereditary unit,
and hence the disturbance due to position effects should be examined.

Assuming, then, that the basic hereditary unit is the muton, the following
argument considers the relative frequency, and hence the importance, of the position-
effect phenomenon as it occurs among all possible pairwise combinations of mutons.
Tt is assumed that the genotypic variability associated with the given quantitative
variable is controlled by mutations, each of small effect at many mutons which are
scattered at random over the chromosome complement.

The argument is: (i) the position-effect phenomenon is generated only by
mutons in the same functional region and not by mutons in different regions, and
(i) in general, as the number of active regions increases, the frequency of pairwise
combinations of mutational sites in different functional regions increases relative
to the frequency of pairwise combinations of sites in the same functional region.
Hence, when considering all possible pairs of mutons, the phenomenon becomes
increasingly rare as the number of active functional regions increases.

This argument can be set out more rigorously as follows: Let there be n muta-
tional sites (mutons) in each of N functional regions. Thus, there are a total of Nn

sites. Of the total number of pairwise combinations (Z\;n)’ there are N (g) com-

binations of mutons in which both members of the pair are in the same functional
region and hence may give rise to position effects. The remaining combinations,

which number (lg)nz, have one muton in one functional region and the other in

a different region. Hence they cannot give rise to positional effects. The relative
proportion of pairs of sites in which position effects cannot occur is

N\,
n
2 __n[1—(1/N)]
Nn\ — [n—(1/N)]°
2
Therefore, as the number of functional regions becomes large this proportion approxi-
mates one, irrespective of the number of mutons per functional unit.

The conclusion is that, even if position effects are widespread, the disturbance
they cause to selection theory is negligible if the assumption holds that the genetic
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variability is generated by genetic alternatives of small effect at many mutons (i.e.
by genes of small effect at many loci).

Consider now the second phenomenon in which the individual is evaluated
by its inbred progeny. In this case, the configuration effects are due to linkage and
are not confined only to genes in close proximity but to all linked genes which do not
show independent segregation.

Since these effects are directly a function of recombination values, the argument
pertaining to the estimation of the average recombination value, as given by Griffing
(19600), is appropriate. It was shown that a fairly accurate estimate of the recom-
bination value averaged over all possible pairs of active loci may be obtained from the

formula
g = (r—1)/2r,

where 7 = recombination index (Darlington 1958), i.e. the sum of the haploid number
of chromosomes and the average number of chiasmata per cell.

This formula implies, roughly, that, of all pairwise combinations of loci, the
relative proportion which segregates independently is (r—1)/r. Hence, as the recom-
bination index increases, this value rapidly approximates one.

Again, this argument is subject to various assumptions and approximations,
but nevertheless, it appears that if the haploid chromosome number is five or more
(i.e. r > 10, because at least one chiasma per bivalent is obligatory), the disturbance
due to linkage is probably not great. However, there are certainly instances in
which configuration effects cannot be completely ignored. These include (1) cases in
which crossing over is greatly reduced or non-existent (as in male Drosophila) in an
organism which has a low chromosome number, and (2) cases in which interest
centres on the manipulation of the gene content in a small number of chromosome
pairs.

Finally, it is necessary to point out just where the configuration effects cause
a disturbance to the prediction theory, if, in fact, they are appreciable.

It was stated previously that to predict permanent gains from selection, it is
necessary to estimate the additive genetic variance. Configuration effects may then
lead to biased estimates of this variance component. However, the estimation of the
additive genetic variance component is not necessary to predict the immediate
gains from selection. It can be shown that for both configuration-effect phenomena
this prediction may be made directly from certain covariances. Since there is no
theoretical difficulty in estimating these covariances, irrespective of the presence
or absence of conﬁguration effects, there is no bias in the estimation of immediate
gains from artificial selection (ignoring, of course, the effects of natural selection).

It is clear, however, that the immediate gains may not be entirely sustained on
relaxation of selection, and it is the gains which are retained after relaxation that
are termed, here, the permanent gains. It is the prediction of these gains that may
be biased by the presence of the configuration effects.
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