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Summary. Tests for linkage based on covariances among
relatives in self-pollinated species are usually based upon
an assumption that epistasis is not important. This study
was conducted to determine the impact of epistasis on,
and to investigate the sensitivity of, such tests. Thirty
covariances were calculated for each of ten non-epistatic
and ten epistatic genetic models with varying probabili-
ties of recombination between two coupling or repulsion
loci. Each set of covariances was tested for linkage by
comparing covariances calculated for the model with
those expected for an additive-dominance model with no
linkage. Results showed that the test for linkage is quite
insensitive to the effects of linkage due to the dispropor-
tionate influence of inbreeding. Repulsion linkages
should be easier to detect than coupling linkages for all
models. Epistasis was found to mimic or counteract the
effects of linkage. Tests for linkage based on covariances
within a hierarchical mating design appear to be insensi-
tive to linkage and may confuse the effects of linkage and
epistasis.
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Introduction

Linkages among genes at different loci can alter genetic
variances of quantitative traits and can affect correla-
tions between traits. Theoretically, coupling linkages
among genes that affect a single quantitative trait will
result in increased genetic variance, while repulsion link-
ages will result in decreased genetic variance. Genetic
correlations will be positive with coupling linkages be-
tween desirable alleles for each of two traits, and negative

with repulsion linkages. In general, coupling linkages
between desirable alleles for one or more traits will in-
crease response to selection, while repulsion linkages will
restrict response.

Linkage disequilibrium must be anticipated in self-
pollinated crops where selected populations in most
breeding programs are developed by inbreeding after a
cross of two (single cross or backcross), three (three-way
cross) or four (double cross) inbred lines. Whether or not
linkages among genes are primarily in the coupling or
repulsion phase will depend upon the nature of associa-
tion among genes in the inbred parents. A major issue in
crop improvement concerns whether or not intermating
should be used to help break linkage groups (Hanson
1959; Pederson 1974). Proper resolution of this issue
could be facilitated if one could estimate the extent and
phase of linkages among genes that affect quantitative
traits.

Two basic approaches have been used to assess the
importance of linkage in self-pollinated species. One ap-
proach is based on theoretical considerations of the im-
pact of linkage on genetic variances and correlations, and
consists of comparing estimates of these parameters in
inbred and random-mated populations. Miller and
Rawlings (1967) showed that natural intercrossing after
a cross of two contrasting inbred lines of cotton (Gossy-
pium hirsutum L.) helped reduce linkage disequilibrium
to the extent that genetic variance was decreased in six
traits and increased in one. Genetic correlations in all
cases approached what would be expected in an equilib-
rium population. Meredith and Bridge (1971) used man-
ual intermating in cotton and found that genetic correla-
tions were generally reduced in magnitude.

While comparisons of inbred and intermating popu-
lations within the same cross provide a sound basis for
detecting linkages among genes, the method is generally
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too tedious in self-pollinated species, where intermating
has to be facilitated through hand crossing.

The second method for detecting linkage is through
comparison of covariances between relatives in a hierar-
chical set of inbred progeny from a cross of two inbred
lines. Mather and Jinks (1971, pp. 187-201) discussed a
test for presence of linkage among genes controlling ear
conformation in barley (Hordeum vulgare L.). The analy-
sis was based on a consideration of variation among F,
plants and among F; plants within F, families, as well as
on covariances between F, plants and the means of their
F, progenies.

Gates et al. (1960) proposed to test for the presence
of linkage by comparing estimates of numerous covari-
ances within a hierarchical set with those expected in the
absence of linkage. The method is equivalent to that of
Mather and Jinks (1971), but utilizes a larger set of co-
variance estimates. Gates et al. (1960) used their own test
to show that repulsion linkages were important among
genes controlling height and yield in a soybean (Glycine
max L.) cross, while coupling linkages were important
among genes controlling flowering time. The method has
since been used by Croissant and Torrie (1971) to inves-
tigate linkage in soybean, and by VandeLogt et al. (1984)
to study two barley crosses.

This method of detecting linkage relies on a compar-
ison of estimated covariances between relatives with
those expected in the absence of linkage and epistasis.
Mather and Jinks (1971) and Opsahl (1956) have shown
that it is not possible to clearly differentiate between the
effects of linkage and epistasis on different genetic co-
variances. There is a possibility that certain types of epis-
tasis may affect genetic variances and genetic correla-
tions in the same way as does linkage, while the effects of
other types of epistasis may counteract those of linkage.
For this reason, the purpose of this research was to inves-
tigate the extent to which epistasis can mimic or counter-
act linkage in its contribution to covariances among rel-
atives in self-pollinated species.

Theory

Let f. be the frequency of genotype / in the F, generation after
selfi’e a cross between two inbred lines. Further, let X; be the
average genotypic value of all progeny of genotype i following
a further n-k generations of selfing, and let ¥, be the average
genotypic value of all progeny of genotype i after a further »'-k
generations of selfing. Then, X; represents the mean genotypic
value of an F-derived F, line, and and ¥ represents the mean
genotypic value of the related F,-derived E, line. The covariance
between pairs of lines, each developed from the same plant in F,
can be written as Cov (k, 1;n,7") (Gates et al. 1960). By defini-
tion.

Cov ik, 1;m, )= f X, ¥, =X LX) E 1 X),

where Y indicates summation over all possible genotypes in % .

Table 1. Expected frequencies of ten genotypes after s genera-
tions of selfing of a coupling (6 = 1) or repulsion (6 = —1)
double heterozygote

Genotype Expected frequency after s generations of selfing
AB/AB (1+90) a/d+ (1-90) paj2—b/2—dc+dj4
AB/Ab b/2 —dr2
ADb/Ab (1—90) a/d+ (1+0) pa/2—b/2+bc+dj4
AB/Ab b2 —dj2
AB/aB dj2+def2
Ab/aB df2—ode/2
Ab/ab b2 —df2
aB/aB (1—=08) a/d+ (1+9) paj2—b[2+bc+d/4
aB/ab b2 —dj2
ab/ab (14 6) af4+ (1—90) pa/2—b/2—dc+df4
where p = probability of recombination between A-a and B-b,
a=1/[1+2],
b=27°%

¢=(14+2p) [ (1 =2p)/2]"/4(1+2p),
d=1(1-2p+2p*/2]°, and
e=(0.5—p)°

In this expression, the second argument (1 in this case)
provides facility for subdividing the covariance into portions
related to various subpopulations of F, i.e., Cov (k, 1;n,#')=
> Cov(k, k—1; n, n') for k>1 (Gates et al. 1960). If n' =n, then
the expression represents the genetic variance among F-derived
E lines. Furthermore, if k=n=r', then the expression becomes
the total genetic variance in the £, generation. Terminology used
by Mather and Jinks (1971) is less general than that used by
Gates et al. (1960). Vi, _,, z, of Mather and Jinks can be written
as Cov(k,k—1;nn) and W, _ .z, as Cov(k,k—1;n,n).
Mather and Jinks (1971) refer to k—1 as the rank of the corre-
sponding variance or covariance, and »n or ' as its generation.
Rank reflects the number of opportunities for recombination
through gametogenesis.

1t is clear that epistasis cannot affect of genotypic frequen-
cies, f, and can therefore have an effect on covariances only
through its impact on genotypic means X; and Y. Linkage, on
the other hand, can affect all three components of covariances,
and is expected to have a major impact on genotypic frequencis.
Mather and Jinks (1971) indicated that the test for linkage is
primarily a test for heterogeneity of estimates of additive and
dominance variance from covariances of different rank.

We proceed now to develop a general expression for
Cov (k, 1; n, #"), the covariance between progenies of a coss be-
tween two homozygous parents, for a two-locus genetic model
with arbitrary linkage and epistasis. The frequencies of ten pos-
sible genotypes for two linked loci in the F, generation after
selfing a cross between two inbred lines were given by Nelder
(1952) and are presented in a modified form in Table 1.

With nine distinct genotypes, genotypic values can be ex-
pressed in terms of nine parameters. The choice of parameters
is somewhat arbitrary. In this research, we use the F, -metric
with values of each genotype represented as linear functions of
m, d,, dy, By, Ry, Ly, Jap> Joa @0d 1, as described by Mather an
Jinks (1971, p. 83).

Mean genotypic values of families produced by s genera-
tions of selfing individuals of each of ten different genotypes are
given in Table 2. These expectations allow for arbitrary levels of
linkage, arbitrary types of two-locus epistasis, and an arbitrary
number of generations of selfing.



Table 2. Mean genotypic values of progeny after s generations
of selfing for each of ten genotypes

Genotype  Mean of progeny after s generations of selfing
of parent

AB/AB m+d,+dy+ iy

AB/Ab m+d,+0.5 h,+0.5

Ab/Ab m+d,—dy—iy

AB/aB m+0.5°h,+d,+0.5j,

AB/ab Mm+0.5h, +0.5 h, + K, i+ Ky Ly
Ab/aB MA0.5h,+0.5h,— K, i+ Ky L,
Ab/ab m+0.5h,—d,— 0.5,

aB/aB m—d,+d,—iy

aB/ab m—d,+0.54,—0.5j,

ab/ab m—d,—d,+i,

where K, = (1—2p) [1-(0.5—p)’1/(1+2p), and
K, = (0-5_17+P2)s

For an arbitrary two-locus genetic model expressed in terms
of the F_-metric (Mather and Jinks 1971), the information in
Tables 1 and 2 can be used to calculate expected genotypic com-
ponents of covariances between relatives. For example, to calcu-
late Cov (k, 1; n, n'), replace s in Table 1 with s=k—1 to calcu-
late the expected frequencies of ten genotypes in the F,
generation after selfing a cross of two inbred parents in coupling
(AB/AB x abjab; d=1) or in repulsion (Ab/AbxAB/aB;
&= —1). Linkage can be specified by the probability of recombi-
nation between two loci (p=0.5 for no linkage, p near zero for
tight linkage). Once the genotypic model has been expressed in
terms of the F,_-metric (Mather and Jinks 1971), the results in
Table 2 can be used to calculate X;, the genotypic means of
£ -derived F, lines, and ¥, the genotypic means of related -
derived E, lines. In using Table 2, s, the number of generations
of selfing, is taken as s=n—k for X, and s=n"—k for ¥,. Use of
the definition of a covariance leads directly to the required
expression.

[t is possible to combine the algebra of Tables 1 and 2 to
derive a single expression for the genetic composition of
Cov (k, 1; n, n') that would be suitable for any linkage value and
any arbitrary two-locus genetic model. The complexity of the
resulting expression suggests that such an approach is of little
practical value. Because of the unwieldly expressions obtained
for variances and covariances under a completely general genetic
model, Weir and Cockerham (1977) suggested use of simplifying
assumptions for approximation in specific cases. Gallais (1974),
in deriving a general expression for covariances between inbred
relatives, restricted consideration to additive types of epistasis
with arbitrary linkage. In this research, we pursued numerical
evaluation of a specific set of covariances.

Use of Table 1 allows one to assess the impact of linkage
value and phase on the frequencies of genotypes in generation K,
after k-1 generations of selfing from a cross between two ho-
mozygous lines. Table 2 then allows one to incorporate the ef-
fects of epistasis, as well as linkage, on the genotypic means of
E-derived F, lines. Any covariance between progenies of a single
cross can be calculated from these two sets of results.

In some cases, it may be desirable to calculate covariances
within subpopulation, and to then average those values over all
such subpopulations. Gates et al. (1960} used the term
Cov (k, X'; n, ) to indicate the average of covariances between
E-derived F, and F-derived E, lines within subpopulations
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derived from individuals in generations K, (1 <k'<k<n<n').
The hierarchical nature of the mating scheme leads to the rela-
tionships Cov (k, k'; n, n')=Cov (k, 1; n, n)—Cov (K, L; n, ).
This relationship provides a basis for calculating any covariance
from considerations given above.

The test for linkage described by Gates et al. (1960) is based
upon a comparison of estimated Cov (k, 1; n, #'), with approxi-
mate expectations derived under the assumption of no epistasis.
Briefly, the method consists of using estimated covariances from
a hierarchical mating structure as the response variable (Y)in a
multiple regression analysis with six predictor variables. The six
predictor variables (Gates et al. 1960) are:

X, =2-227%

XZ :(2k— 1_ 1)/(2n+n'~4)=
Xy=k/(2"7%) -4,

Xy= =242 (k=3)]/2" 7,
X =8—(k,—k+2)/(2"3), and
Xg=[24"2 (k> —Tk-+14]/2" " %),

Provided that estimates of at least seven covariances are
available for analysis, the sum of squares for deviations from
regression of covariances y on X, — X, provides an estimate of
etror variation that can be used to test for linkage. The difference
in the residual sum of squares for regression on X, and X, and
the residual sum of squares for regression on X, —X , provides a
sum of squares for linkage with four degrees of freedom. All
regressions are calculated with an intercept of zero (Gates et al.
1960). In the absence of epistasis, significant regression on pre-
dictors X5, X, X5 or X, indicates linkage (Gates et al. 1960).
The signs and magnitudes of significant regressions on these
predictors can provide evidence as to whether linkages are pre-
dominantly in the coupling or repulsion phases.

Mather and Jinks (1971) used a similar approach to test for
linkage. They used separate estimates of environmental variance,
rather than deviations from regression of X, — X4, as the denom-
inator for testing significance of linkage. Furthermore, they re-
stricted consideration to covariances in early generations
(Mather and Jinks 1971, pp. 187-201), while the method of
Gates et al. (1960) can be generalized to any generation. The
linkage tests of Gates et al. (1960) and Mather and Jinks (1971)
ate both based upon analysis of deviations of covariances from
what is expected in the absence of linkage and epistasis.

In the absence of linkage and epistasis,

Covik, 1;n,n)=X, 05+ X, 03,

where ¢ is the additive genetic variance and o3 is the domi-
nance genetic variance (Gates et al. 1960). In the absence of
environmental variation, the test for linkage requires that the
sum of squares due to regression covariances on X; and X, be
significantly less than the uncorrected sum of squares of covari-
ance.

Computations

Twenty genetic models (Table 3), with varying levels of
additive, dominance, and epistatic effects, were evaluated
at different levels of linkage in both coupling and repul-
sion crosses, to determine the impact of epistasis on the
test for linkage and to assess the sensitivity of the test. The
relationships shown in Table 3 were derived from the
F,-metric (Mather and Jinks 1971). The relative impor-
tance of epistasis in each of these 20 models was evaluat-
ed by considering the contribution to total variation in an
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Table 3. Relationships among gene effects, F, segregation ratios, and proportions of total variation in an equilibrium ¥, population

accounted for by additive, dominance, and epistatic variation for each of 20 genetic models

Model no.  Relationships Segregation ratio Proportion of variation in F,
Additive Dominance Epistatic
1 d,=dy; h,=hy=i4=J0,=jp=1lp=0 1:4:6:4:1 1.00 0.00 0.00
2 d=dy=h,=hy; i y=f=Jp=Ilp=0 9:6:1 0.67 0.33 0.00
3 d,=dy=—h,=—hy; iy=Ju=Jlpa=lp=0 1:6:9 0.67 0.33 0.00
4 2d,=2d,=h,=hy; tpy=Jap=Jpa =1z =0 4:4:1:4:2:1 0.33 0.67 0.00
5 2d,=2dy=—h,= —hy; Iy =Jp=Jpa =1 =0 1:2:4:1:4:4 0.33 0.67 0.00
6 2d,=dy ; h,=hy=l4=Jp=lp=lp=0 1:2:3:4:3:2:1 1.00 0.00 0.00
7 2d,=dy=2h,=hy; iy =jup=Jpa=1yp=0 9:3:3:1 0.70 0.30 0.00
8 2d,=dy=—2h,= —hy; iy =] =jpa=lp=0 1:3:3:9 0.70 0.30 0.00
9 4d,=2d,=2h,=hy; {3, =j.=Jpa=1p=0 1:2:2:4:1:2:1:2:1 0.30 0.70 0.00
10 4d =2dy=—2h,= —hy; iy =T =Jpa=lw=0 1:2:1:2:1:4:2:2:1 0.30 0.70 0.00
11 d=dy=h,=h,=i,=]p=Jr=ls 9.7 0.57 0.28 0.15
12 d,y=dy=1i,=1,; h,=h=j,=j,,=0 1:8:6 0.70 0.09 0.21
13 dy=dy=h,=hy=—i,=—ju=—Jp=—ln 15:1 0.26 0.13 0.61
14 —d,=dy=—h,=hy=ip = =jn=1ls 13:3 0.49 0.26 0.25
15 dy=hy=i=F=lpa=lu; d;=h,=0 9:3:4 0.51 0.26 0.23
16 df3=h=d3=h=i,=]0=la=ln 12:3:1 0.60 0.30 0.10
17 —d,=dy=—h, =iy =jpe; M=jp=1p=0 7:6:3 0.72 0.11 0.17
18 d,=dyf3=h,=hy[5=i=]/3=]pa=lp/3 6:3:3:4 0.39 0.52 0.09
19 dy=h,=h,=ip=—ju/4=jpa= —lp/4; d,=0 7:4:3:2 0.14 0.11 0.75
20 d,=dy=h,=hy=i4/2=j,/2=],/2=1,/2 9:1:6 0.48 0.24 0.28

equilibrium F, population due to additive, dominance,
and epistatic effects (Table 3). Models 1 through 10 were
non-epistatic and differed only in the levels of dominance
and the size of effects at the two loci. The remaining ten
models (Models 11-20) included various levels of epista-
sis and were chose to represent known models of epista-
sis. Model 13 (duplicate epistasis) and Model 19 were the
most epistatic of the models considered, with epistasis
accounting for more than 60% of the equilibrium F,
genetic variance in both cases.

For each of the 20 genetic models, 30 Cov (k, k; n, 1)
were calculated for 15 levels of coupling and repulsion
linkages varying from p=0.005 to p=0.50. Covariances
were those used by Gates et al. (1960) in testing for link-
age in soybean, and consisted of partial combinations of
k=21to 6, n=k to 7 and n'=n to 7. For each set of 30
covariances, multiple regression (with intercept =0) of co-
variances on predictors X ; and X, was calculated. The
sum of squares due to regression was expressed as a
proportion of the total uncorrected sum of squares of
covariances.

Results and discussion

Proportions of the total uncorrected sums of squares of
covariances attributable to regression on X, and X, were

generally close to unity for all models and all probabili-
ties of recombination between the two loci (Table 4). Re-
sults can be adequately represented by presentation of 7
of the 15 cases that were evaluated. For models without
epistasis (Models 1 through 10), additive and dominance
effects accounted for all of the sums of squares when there
was no linkage. Comparison of the left side of Table 4
with its right side showed that repulsion linkages general-
ly led to greater deviations from values expected in the
absence of linkage than did coupling linkages.

Except for Model 1, all non-epistatic models showed
greatest deviations when probabilities of recombination
were at intermediate levels. In these cases, tight linkages
make the two-locus model appear similar to a single
locus, while probabilities of recombination close to 0.5
resembled two unlinked loci. Model 1 consists of two loci
with equal and additive effects. With this model, dis-
crepancies due to linkage were large with tight repulsion
linkages than with intermediate linkages This difference
from the typical pattern for non-epistatic models proba-
bly reflects the fact that inbreeding will have less of an
impact on the relationship between covariances for an
additive model than for any model that includes domi-
nance genetic effects.

For Models 110, the greatest discrepancy from an
additive-dominance model was observed with tight re-
pulsion linkages for Model 1 (proportion=0.968 for
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Table 4. Proportion of the total uncorrected sum of squares of 30 covariances that can be attributed to additive and dominance effects

for 20 models and various probabilities of recombination

Model* Probability of recombination
Repulsion Coupling
0.025 0.10 0.30 0.50 0.30 0.10 0.025
1 0.9680 0.9776 0.9946 1.0000 0.9986 0.9995 1.0000
2 0.9927 0.9845 0.9952 1.0000 0.9986 0.9995 1.0000
3 0.9927 0.9845 0.9952 1.0000 0.9986 0.9995 1.0000
4 0.9993 0.9951 0.9966 1.0000 0.9987 0.9995 1.0000
5 0.9993 0.9951 0.9966 1.0000 0.9987 0.9995 1.0000
6 0.9985 0.9942 0.9971 1.0000 0.9990 0.9996 1.0000
7 0.9990 0.9954 0.9974 1.0000 0.9990 0.9996 1.0000
8 0.9990 0.9954 0.9974 1.0000 0.9990 0.9996 1.0000
9 0.9997 0.9979 0.9981 1.0000 0.9991 0.9996 1.0000
10 0.9997 0.9979 0.9981 1.0000 0.9991 0.9996 1.0000
1 0.9987 0.9955 0.9965 0.9985 0.9996 1.0000 1.0000
12 0.9814 0.9744 0.9871 0.9965 0.9998 1.0000 1.0000
13 0.8701 0.8891 0.9376 0.9797 0.9977 1.0000 1.0000
14 1.0000 1.0000 0.9999 0.9968 0.9864 0.9724 0.9663
15 0.9998 0.9991 0.9981 0.9976 0.9966 0.9975 0.9993
16 1.0000 0.9997 0.9991 0.9994 0.9997 0.9998 1.0000
17 1.0000 1.0000 0.9999 0.9989 0.9950 0.9886 0.9910
18 0.9999 0.9992 0.9983 0.9984 0.9991 0.9998 1.0000
19 0.9981 0.9822 0.9145 0.8623 0.8719 0.9536 0.9953
20 0.9982 0.9939 0.9942 0.9957 0.9969 0.9984 0.9997

* Genetic models from Table 3

p=0.025, Table 4). With such small deviations from the
non-linkage model (3.2% of the total sum of squares of
covariances), there is a question as to whether or not
the test is sufficiently sensitive to detect linkage. In the
study by Gates et al. (1960), linkage was detected for
flowering time, height, and yield. For flowering time, the
estimated ratio of sum of squares due to regression on X |
and X, to the sum of squares due to regression on X —
X 18 (6%1,013.51 —4x64.844)/(6+1,013.51)=5,818.624/
6,081.060=0.957. Corresponding ratios were 0.948 for
height and 0.880 for yield. While not strictly equivalent to
values reported in Table 4, the similarity in magnitude
serves to emphasize the observation that, for two-locus
models, linkage in the absence of epistasis has rather little
impact on the relationships among covariances in a
hierarchical mating design.

In this case, inbreeding may overpower the impact of
linkage on covariances. Heterozygosity decreases one-half
in each successive generation of selfing. The effect of link-
age can be expressed only when the double heterozygotes
are present. Thus, the impact of linkage on the covari-
ances decreases as the generation number increases. In
the absence of epistasis (i,, =, =Jp, = ls» =0), the general
expression for Cov (k, k—1; n, n') is found, by using the
results of Tables 1 and 2, to be

Cov (k, k—1;n, ) =(0.5F"1 Dy, +(0.50 " “* H, _,,

where k—1 is the rank of the covariance (Mather and
Jinks 1971),

D,_, =(d§+d§) +2 (1—2p)k_l d,d,, and
H,_,=(M+h)+20=2p*(1—-2p+2p>F 2h h,.

The + sign in D, _, should be + for coupling and — for
repulsion linkages. From this expression, one can see that
cross products of additive and dominance effects at differ-
ent loci occur only in the presence of linkage, and that
these cross products decrease geometrically as the rank
(k—1) of the covariances increase arithmetically.
Comparisons of discrepancies due to epistasis in the
absence of linkage (Models 11-20 with probability of
recombination =0.50} with discrepancies due to linkage
in the absence of epistasis (Models 1—-10) show that cer-
tain types of epistasis can mimic the effects of linkage on
the proportions of the total sum of squares attributable
to an additive-dominance model. With model 19, ¢.g., in
the absence of linkage, only 86.23% of the total sum of
squares could be explained by an additive-dominance
model. With the linkage test of Gates et al. (1960), such a
discrepancy (13.77%) would be incorrectly attributed to
linkage of non-epistatic genes rather than to epistatic
interaction among unlinked genes. In this extreme case,
epistasis of unlinked genes produced much larger effects
on the magnitude of covariances than did linkage of
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genes in all non-epistatic models. Duplicate epistasis
{Model 13) can also cause discrepancies in the absence of
linkage that are as large as those due to linkage in non-
epistatic models. This finding raises considerable doubt
as to whether purported detection of linkage is, in fact,
due to linkage or to epistasis. These results suggest that
analysis of covariances between inbred relatives is not a
reliable test for linkage.

It is interesting to note that the effects of epistasis can
sometimes cancel the effects of linkage. With Models 14
and 17, for example, the proportions of total sum of
squares attributable to an additive-dominance model ap-
proached unity as the level of repulsion linkage increased
(Table 4). This is yet another weakness of the test for
linkage.

This research has concerned a general treatment of
only a two-locus model. It is felt that similar trends would
be observed with more complex genetic models. With
several loci, the frequency of repulsion linkages would be
reduced, so that discrepancies due to linkage would likely
be less than calculated for the two-locus model. It is
unlikely that the test for linkage would be more sensitive
for linkages among several loci than it appears to be for
linkage between two loci.

It is more difficult to assess the probable effects of
multi-locus epistatic models on tests for linkage. There is
a great difficulty in trying to define what would be rea-
sonable epistatic interaction for a multi-locus model.
However, Crow and Kimura (1970) argued that three-lo-
cus and higher order interactions probably have smaller
impact on genetic variances than interactions between
pairs of loci.

In this research, it was assumed that environment had
no effect on covariances between relatives. Even if this
were true, it would be difficult to detect linkage in any of
the genetic models considered. With environmental vari-
ation and genotype-environmental interaction, it would
be even more difficult to identify patterns in estimates of
genetic covariances that would clearly indicate the effects
of linkage.

This research has shown that tests for linkage based
on analysis of covariances among relatives in a hierarchi-
cal mating design are rather insensitive to linkage. This
insensitivity is due in part to the overpowering effect of
inbreeding on the relationships among the different co-
variances that might be studied. Moreover, epistasis can
mimic or counteract the effects of linkage, even when
genes are not linked. For these reasons, these types of

tests hold little promise for clearly identifying cases in
which linkage is important. One should proceed to test
for linkage only after showing that epistasies is unimpor-
tant. Unfortunately, unequivocal tests for epistasis, such
as that decribed by Kearsey and Jinks (1968), require
considerable effort and are only suited to a few crops.
Perhaps the approach of comparisons among inbred and
random-mated populations continues to be the best
method for detecting linkage.
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