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THE GENETIC INTERPRETATION OF INBREEDING DEPRESSION AND
OUTBREEDING DEPRESSION

MICHAEL LYNCH
Department of Biology, University of Oregon, Eugene, OR 97403 USA

Abstract. —Inbreeding with close relatives and outbreeding with members of distant populations
can both result in deleterious shifts in the means of fitness-related characters, most likely for very
different reasons. Such processes often occur simultaneously and have important implications for
the evolution of mating systems, dispersal strategies, and speciation. They are also relevant to the
design of breeding strategies for captive populations of endangered species. A general expression
is presented for the expected phenotype of an individual under the joint influence of inbreeding
and crossbreeding. This expression is a simple function of the inbreeding coefficient, of source and
hybridity indices of crossbreeding, and of specific forms of gene action. Application of the model
may be of use in identifying the mechanistic bases for a number of evolutionary phenomena such
as the shift from outbreeding enhancement to outbreeding depression that occurs with population

divergence.
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Two topics of fundamental importance to
many areas in evolutionary biology are the
consequences of inbreeding within popu-
lations and of outcrossing between popu-
lations. With almost no exception, empir-
ical studies indicate that inbreeding causes
a shift in mean phenotypes in a direction
that causes a reduction in fitness (Wright,
1977, Shields, 1982; Charlesworth and
Charlesworth, 1987; Ralls et al., 1988;
Lynch, 1989). On the other hand, cross-
breeding between populations often has
positive effects on fitness-related traits
(Darwin, 1877; Sheridan, 1981; Turton,
1981; Sprague, 1983; Levin, 1984). It is fre-
quently argued that this response to out-
crossing is simply the recovery from in-
breeding depression that is expected to result
from random genetic drift in isolated pop-
ulations. One problem with this argument
is that outcrossing does not always enhance
fitness. Crosses between different species
usually lead to substantial or complete in-
viability or infertility in the F, or F, gen-
erations (Barton and Hewitt, 1981; Tem-
pleton, 1981; Coyne and Orr, 1989), and
significant outbreeding depression is some-
times observed in crosses between distant
populations of the same species (Dobzhan-
sky, 1948; Geiger, 1988; Waser and Price,
1989).

This nonlinear response to the degree of
outcrossing suggests there is a fundamental
change in the predominant gene interac-

tions as mates become more and more dis-
tantly related, and has led to the suggestion
that there is an optimal degree of outbreed-
ing (Price and Waser, 1979; Shields, 1982;
Bateson, 1983; Waser and Price, 1983).
Dominance is generally believed to be the
primary agent of inbreeding depression
(Crow, 1948, 1952; Lande and Schemske,
1985; Charlesworth and Charlesworth,
1987). On the other hand, the decline in
fitness under outcrossing is usually attrib-
uted to a breakup of coadapted gene com-
plexes or favorable epistatic relationships
(Mayr, 1963; Shields, 1982; Templeton,
1987). Thus, in proceding from theories of
inbreeding depression to those of outbreed-
ing depression, there is a shift in emphasis
from interactions within loci to interactions
between loci.

Unfortunately, this dichotomy is not so
clearcut. For example, although it has re-
ceived little attention from empiricists,
epistasis can contribute to inbreeding de-
pression (Kempthorne, 1957; Bulmer, 1980;
Hill, 1982). Moreover, the possibility that
overdominance between alleles of closely
related species gradually yields to under-
dominance between those of distantly re-
lated species cannot be ruled out currently
on theoretical or empirical grounds. To
complicate matters, individuals can be si-
multaneously inbred within loci and cross-
bred between loci (Shields, 1983; Temple-
ton and Read, 1983, 1984).
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This paper is an attempt to put the con-
cepts of inbreeding depression, outbreeding
enhancement, and outbreeding depression
in a unifying framework and to provide a
methodological basis for evaluating the ge-
netic bases of these phenomena. Most of the
mathematical details are left out as these
are developed rigorously in the seminal pa-
pers of Cockerham (1954) and Kempthorne
(1954). Full credit should go to Cockerham
(1980), Mather and Jinks (1982), and Hill
(1982), who developed the line-cross theory
from which I have drawn heavily. The ma-
jor technical innovation of this paper is the
development of a simple generalization that
accounts for the joint operation of inbreed-
ing and outcrossing and that allows the re-
sultant changes in mean phenotypes to be
interpreted in terms of conventional genetic
concepts.

A GENETIC INTERPRETATION OF
MEAN PHENOTYPES

As a point of departure, consider two pa-
rental populations (P, and P,) with an ar-
bitrary genetic distance. So that differences
in mean phenotypes can be interpreted as
consequences of shifts in the genetic back-
ground, these and all subsequent popula-
tions derived from them are assumed to be
raised and evaluated in a common envi-
ronment. Whether this is a source environ-
ment or an environment unique to both pa-
rental species, the interpretation of results
from the genetic analysis should be confined
to be experimental setting until the possi-
bility of genotype X environment interac-
tion can be ruled out. It is also assumed that
the two source populations are in gametic-
phase equilibrium, that the major constit-
uent loci for the characters of interest are
unlinked, and that within a class of indi-
viduals there is no variance in pedigree
structure. The following theory is restricted
to autosomal loci with additive, dominance,
and two-locus epistatic gene action, but ex-
tension to sex-linked loci and higher level
interactions is straightforward. No assump-
tions are made us to the number of alleles
per locus.

Under the above conditions, an F, pop-
ulation (obtained by random crossing of the
P, and P, and subsequently random mating
within the F,) should be in Hardy-Wein-
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berg equilibrium both within and between
loci for genes derived within and between
source populations. Thus, it is logical to treat
the F, as the reference population. Its mean
phenotype is represented as u,, and all of
the average effects of various types of gene
action are defined to be zero in the F, back-
ground.

For crossbred populations, it is useful to
define two summary coefficients that de-
scribe the genetic composition from the
standpoint of the two parental sources. Let
m and f represent a mother and a father,
and p,, and p; be the fractions of their au-
tosomal genes that descended from the P,
population. The expected fraction of P,
genes in the offspring of m and f is then .S
= (D + Po)/2. The source index 4, = 25 —
1 provides a linear scale that ranges from
—1 when all of an individual’s genes derive
from the P, population to +1 when they all
derive from the P, population. The prob-
ability that an individual has one P, gene
and one P, gene at a locus is H = p,,(1 —
po + p{1 — pn). The hybridity index, 0 =
2H — 1, ranges from —1 when the individ-
ual contains genes from only one source to
+1 when the individual is crossbred at ev-
ery locus.

In statistical genetics, the effects of vari-
ous types of gene action are defined in a
hierarchical fashion, the additive effects first
being extracted to account for as much of
the genetic variance as possible, the domi-
nance effects accounting for nonlinear in-
teractions within loci and describing as much
of the remaining variance as possible, the
additive x additive effects coming in next,
and so on (Fisher, 1918; Cockerham, 1954;
Kempthorne, 1954). The focus here is on
the summed effects for all loci, which will
be called crossbreeding effects. These are
equivalent to Hill’s (1982) composite ef-
fects. Additive and dominance effects are
denoted by « and 4, respectively. The num-
ber of loci involved in a particular type of
effect are denoted by a numerical subscript
and an X indicates that a contrast is being
made between source genes. Thus, «,, is
the mean additive crossbreeding effect, 4, ,
the mean dominance crossbreeding effect,
and o, ,, (¢,0,), and §, . are the mean cross-
breeding effects for additive x additive, ad-
ditive X dominance, and dominance X
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dominance epistasis. The magnitude of these
effects is a function of the contrasts in gene
frequencies and effects in the two source
populations.

With this notation in hand, a general ex-
pression for the expected phenotype of any
crossbred (but noninbred) individual is

m=po + 00, + Op 015 + OZas
+ 0,0u(c0)x + 00, + -0 (1)

Note that the coefficients for the crossbreed-
ing effects are of the form 656{; where i and
j refer to the number of additive and dom-
inance effects involved. For example, the
term for additive x additive X dominance
epistasis would be 030;;(c,6,) . Equation (1)
is much easier to use than the table of co-
efficients and contrasts in Hill (1982) and
gives the same results.

At the other extreme, we can consider a
population that is potentially inbred but not
crossbred. Let the random-mating popula-
tion have a mean phenotype equal to u’,
with all average effects being equal to zero.
Inbreeding causes an increase in homozy-
gosity, but without selection does not in-
duce a change in gene frequencies. Thus, the
average additive and additive X additive
effects are not modified by inbreeding. Let
f be the inbreeding coefficient, i.e., the prob-
ability that two alleles at a locus are identical
by descent, and let 6! be the expected change
in the mean caused by dominance effects
under complete inbreeding. (The subscript
1 again indicates that single-locus effects are
under consideration, while the superscript
indicates the presence of inbreeding at sin-
gle loci). The shift in the mean caused by
dominance is then f6}. For pairs of loci, the
probability of joint inbreeding is 2, whereas
the probability of being inbred at one but
not the other locus is 2f{1 — f). Both situ-
ations can cause a shift in the mean through
their influence on the average dominance X
dominance effect—f2 63 in the first case, 2/(1
— f)6} in the second. (The superscript on &
again denotes the number of interacting loci
that are inbred.) Finally, the average addi-
tive X dominance effect is altered under
inbreeding by an amount f{«,6,)!.

Summing up terms, the mean phenotype
of an inbred population can be written

= w0} + 288+ (@,8)]

+ (03 — 262 (2a)
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which abbreviates to
”’=,“L,+f61 +f262+"' (2b)

(Anderson and Kempthorne, 1954; Bulmer,
1980). This shows that dominance, additive
x dominance, and dominance X domi-
nance effects can all contribute to inbreed-
ing depression, although these effects are not
entirely separable. Thus, the mean is a sim-
ple quadratic function of the inbreeding co-
efficient (assuming higher order epistatic ef-
fects are of negligible importance), where 4,
and 6, represent the composite linear and
quadratic effects of inbreeding.

Finally, we consider the joint conse-
quences of crossbreeding and inbreeding.
This introduces the need to discriminate be-
tween the probability of identity by descent
of alleles through parental populations 1 and
2. We let these probabilities be f; and f,,
respectively, where f; + f, < 1 is the total
inbreeding coefficient. The two composite
inbreeding effects for population k are de-
noted 6,4, and 0,¢y.

Five additional crossbreeding terms also
arise. For the additive X dominance effects,
we must account for the possibility that the
two alleles at one locus are identical by de-
scent through population 1 or 2 while a ran-
dom gene at a second locus is from the op-
posite population. The sums of these effects
for all gene combinations are denoted («,0,);
and («,0,), respectively. For the domi-
nance X dominance effects, we account for
the possibility that either or both loci are
inbred by the terms 0, (1), 02x(2)» and 8, (1,2)-

Weighting these five types of interactions
by their probabilities of occurrence and in-
cluding the inbreeding terms, Equation (1)
generalizes to

B=to + Osai, + (Budix + [161, + f1812)
+ 030,
+ [0s0(cid,)x + (1 — 6)
Siled)gy + (1 + 0)o(@id)e)l

+ [0%152x + 1021 + 3022

B + 1

+
2

(f162 x(1) + f252 x(2))

+ 2flf262x(l,2):| + ... (3)
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TABLE 1.
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Coefficients for the line mean components in Equation (3) under various types of mating. For the

cases with inbreeding, it is assumed that no inbreeding has occurred prior to the specified mating.

Relationship Os [} N f
Outcrossing, no inbreeding
P 1 -1 0 0
Py -1 -1 0 0
F 0 1 0 0
Fp(n=2) 0 0 0 0
B 172 0 0 0
By -1/2 0 0 0
Outcrossing, inbreeding
P; parent x F offspring 1/2 0 1/4 0
P, parent x F) offspring —-1/2 0 0 1/4
F) parent x F, offspring 0 0 1/8 1/8
F,, full-sib mating (n = 1) 0 0 1/8 1/8
B, full-sib mating 172 —-1/4 3/16 1/16
B, full-sib mating -1/2 —-1/4 1/16 3/16
Fy, selfing (n = 1) 0 21 -1 [1 = (1/2)"/2 [1 - (1/2)"M/2
B selfing 1/2 —-1/2 3/8 1/8
Bj selfing —-1/2 -1/2 1/8 3/8
P uncle x F) niece 1/2 0 1/8 0
P, uncle x Fp niece —-1/2 0 0 1/8
F1 uncle x F; niece 0 0 1/16 1/16
F> first cousins 0 0 1/32 1/32
F3 second cousins 0 0 1/128 1/128
Inbreeding, no outcrossing (source population 1)
Parent x offspring 1 -1 1/4 0
Full-sib mating 1 -1 1/4 0
Selfing 1 -1 172 0
Uncle-niece 1 -1 1/8 0
First cousins 1 -1 1/16 0
Second cousins 1 -1 1/64 0

This formula gives the expected mean phe-
notype of a cohort of individuals with prop-
erties 0, 0y, f;, and f,. Individual pheno-
types will deviate from this expectation as
a consequence of segregation and environ-
mental effects. Table 1 summarizes the co-
efficients for progeny derived from several
types of outcrossing and inbreeding.

DiIscuUsSION

The inbreeding and crossbreeding effects
defined above can provide some insight into
the genetic basis of interdemic differentia-
tion and the mechanisms responsible for the
phenotypic response to inbreeding and out-
breeding. Consider, for example, the crosses
between two populations (without inbreed-
ing, and ignoring epistasis involving more
than pairs of loci). From Table 1, the ex-
pected phenotypes for the midparent (mean
of P, and P,), F,, and F, individuals are u,
— 0« T @y + 05, Mo + 01« T 055, and py,
respectively. Thus, outcrossing enhance-

ment in the F, can be caused by dominance
of favorable genes isolated in the two pa-
rental populations (6, > 0), or by the ex-
istence of favorable additive X additive ep-
istatic interactions between genes from
different sources (o, < 0), or both. (It may
be a bit bothersome that positive a,, im-
plies a breakdown of coadapted gene com-
plexes on outcrossing, but it should be kept
in mind that the coefficient 83 approaches a
maximum value of 1 as a population be-
comes more purebred.) Generally, it is be-
lieved that isolated populations evolve
coadapted complexes of genes with favor-
able epistatic effects (o, > 0). If so, then
the loss of favorable additive X additive
epistasis would have to exceed twice the
benefit from the between-population dom-
inance (a,, < 26,,) for the F, population
to exhibit a decline in fitness relative to the
midparent value. Since F, individuals have
only half the between-source heterozygosity
as F, individuals, a further decline in per-
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FiG. 1. A hypothetical example in which domi-

nance and additive x additive crossbreeding effects
increase hyperbolically with geographic distance be-
tween mates. The consequences for mean fitness in F,
and F, descendents relative to mean fitness in the mates
are evaluated by use of Equation (1), such that the F,
— P difference is 20, — a,, and the F, — P difference
1S 0y — oy

formance is expected in the F, generation
unless there is highly favorable between-
source dominance X dominance epistasis
(62x < _61 x)'

Most studies of the consequences of out-
crossing have confined the analysis to the
F, generation. Figure 1 illustrates some of
the difficulties with that approach. In this
simple hypothetical example, additive X
additive interactions are assumed to be the
only epistatic effects. Dominance of favor-
able genes (6, ) increases rapidly to a max-
imum with physical distance between mates.
The break-up of coadapted gene complexes
(25 ) has consequences that build up more
slowly with distance, but eventually they
become more substantial than the advan-
tages of dominance. However, since «,, is
always less than 26, ,, F, progeny of distant
parents always have enhanced fitness rela-
tive to progeny of contiguous parents. Al-
though there is an optimal outcrossing dis-
tance, this is not transmitted to the next
generation. Due to the loss of favorable
epistasis, there is only a slight enhancement
of fitness for F, progeny derived from par-
ents separated by a relatively short distance,
and for all greater distances F, progeny ac-
tually have depressed fitness relative to the
native population. Thus, the advantages of
outcrossing revealed in the F, individuals
can be completely reversed in the following
generation.

MICHAEL LYNCH

As emphasized by Templeton and Read
(1984), there are many practical situations
in which inbreeding and crossbreeding oc-
cur simultaneously. This can cause prob-
lems, for example, in captive breeding pro-
grams involving individuals of mixed
ancestry when one is attempting to evaluate
whether an observed decline in fitness is
caused by initial outcrossing of individuals
from different subpopulations, subsequent
inbreeding, or both. To separate these fac-
tors, Templeton and Read (1984) developed
a model in which the two determinants of
an individual’s fitness were its inbreeding
coefficient and the hybridity of its parents.
Inbreeding depression was taken to be a lin-
ear function of /. Such treatment ignores the
potential contribution of epistasis to in-
breeding depression, but may be adequate
since in most cases the regression of mean
phenotype on fis very close to linear (Lynch
and Walsh, in prep). However, Templeton
and Read’s (1984) treatment of cross-pop-
ulation epistasis is less satisfactory. First,
such effects are not simply linear functions
of hybridity. Depending on the nature of
the epistatic interaction, they depend on
0%, 050, and/or 6%4. Second, although the
additive X dominance and dominance X
dominance effects depend on an individual’s
hybridity, none of the effects is a conse-
quence of the hybridity of its parents.

The full model given by Equation (3) in-
dicates that a genetic interpretation of the
joint influence of inbreeding and outcross-
ing on phenotypic expression is quite com-
plex if there is any epistasis. Since Equation
(3) contains 15 unknowns, individuals with
at least 15 types of ancestry need to be eval-
uated in order to obtain the complete set of
parameter estimates. The situation is ren-
dered even more complex when one con-
siders that the inbreeding effects are actually
linear functions of several more fundamen-
tal composite effects, as shown above for §,
and 8, and further discussed by Cockerham
(1980). It should also be kept in mind that
Equation (3) applies to ideal experimental
populations consisting of individuals with
identical pedigree structure. Natural and/or
captive populations will usually consist of
individuals that vary with respect to g, 0y,
and/or f, and that may also be hybrid with
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respect to more than two parental sources.
This can only further complicate the genetic
interpretation of crossbred/inbred perfor-
mance.

For experimental situations in which the
number of equations is exactly equal to the
number of unknowns, estimates of the pa-
rameters for Equation (3) can be obtained
by the solution of the set of simultaneous
equations. This, however, constrains the
predicted line means to equal the observed
means so the goodness-of-fit of the model
cannot be evaluated. Significance testing re-
quires that there be more classes of indi-
viduals than unknowns. If this can be ac-
complished, the entire set of data can be
subjected to weighted least-squares analysis
(Cavalli, 1952; Hayman, 1960) or to more
recent estimation procedures (Henderson,
1984; Kennedy and Sorensen, 1988; Gian-
ola et al., 1986). Exploratory analyses with
these procedures can be used to eliminate
nonsignificant terms from the full model.
There may also be situations in which the
general model can be reduced on biological
grounds. For example, if it is known in ad-
vance that the response to inbreeding is lin-
ear and not significantly different between
two parental populations, then the two lin-
ear inbreeding effects (9,(,, and §,.,) can be
set equal to each other, and the quadratic
inbreeding effects (0,,, and 0,,)) set equal to
Zero.

As noted above, the model provides a
potential tool for interpreting the pheno-
typic consequences of crossing populations
that have been isolated for different periods
of time or that are located at various posi-
tions across a landscape. A comparison of
the composite effects within and between
source populations may be useful in eval-
uating whether there is a fundamental change
in the ways genes interact as they diverge
in evolutionary time. For example, if del-
eterious genes are unconditionally reces-
sive, either partially or entirely, then 6, .,
0,01y and 0, should all be positive regard-
less of the evolutionary distance between
hybridizing populations or species. Such an
analysis would require that the appropriate
crosses be carried out between demes at var-
ious points along the temporal or ecological
gradient, which would be a lot of work.
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FiG. 2. Heterosis of grain yield (difference between
F, and midparent means) in various crosses of maize
grown in a common environment. The hypothesized
dominance and additive x additive composite effects
were computed as described in the text. The data from
each of the seven experiments were standardized to
have F, means equal to one. Data from Moll et al.
(1965). Note that F, — P = 26,, — a,y.

However, if the primary interest is in the
consequences of interdemic crosses, in-
breeding generations do not need to be car-
ried out, as seen in the following example.

Moll et al. (1965) produced F, and F,
generations from crosses between several
pairs of maize populations with varying de-
grees of genetic divergence “based on an-
cestral relationships and differences in ad-
aptation.” All crosses exhibited F, hybrid
superiority with respect to grain yield, but
this was most pronounced in crosses in-
volving populations with intermediate lev-
els of divergence (Fig. 2). As a possible in-
terpretation of this pattern, suppose that all
forms of epistasis except additive X addi-
tive are of negligible importance, as in Fig-
ure 1. The expected midparent, F,, and F,
generation mean phenotypes can then be
represented as gy — 0;x T &y, Mo + O;x,
and p,. Substituting the observed means
(represented by Z) for their expected values,
the dominance and additive x additive
crossbreeding effects can then be estimated
with the linear functions

01x = Z(Fy) — Z(Fy) _

by = Z(F)) — 2Z(F,) + Z(P)
The solutions are plotted in the figure. As-
suming the genetic model is correct, it ap-

pears that the net dominance effects be-
tween the two parental lines have a favorable
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influence on grain yield at all levels of ge-
netic divergence but that the magnitude of
this effect is maximized at an intermediate
genetic distance. Except at the lowest level
of divergence, a,, is negative. This suggests
that pairs of (nonallelic) genes from distant
populations have favorable epistatic effects
on grain yield, contrary to the expectation
that local populations harbor coadapted gene
complexes.

To further evaluate the adequacy of this
genetic interpretation, additional genera-
tion means (such as backcrosses) would have
to be available so that the significance of the
model and of other composite effects could
be determined. The standard errors of the
composite effect estimates can be computed
from linear functions of the sampling vari-
ances of the means. For_example, for the
preceding equations, SE(9,,) = {Var[z(F,)]
+ Var[z(F,)]}""? and SE(&,,) = {Var[z(F))]
+ 4Var[z(F,)] + Var(P)}2.

If this type of analysis were extended to
multiple environments, it would be possible
to evaluate how the crossbreeding effects
can be modified by a change in the envi-
ronmental background. It is well known that
the magnitude of inbreeding depression and
outbreeding enhancement depends on hab-
itat quality (Barlow, 1981; Levin and Bu-
linska-Radomska, 1988; Schmitt and Ehr-
hardt, 1990), but little is known about the
genetic basis of such environmental depen-
dence.

Finally, it should be recalled that the
model presented above is derived under the
assumption of negligible linkage. The re-
sults still hold in the presence of linkage
provided there are no significant epistatic
effects. However, in the presence of epis-
tasis, the coeflicients of the epistatic effects
need to be increased to account for the fact
that pairs of genes that are linked in the
parental lines will tend to stay associated (in
excess of expectations under free recombi-
nation). The matter is complicated by the
fact that the correction factor declines with
each generation of recombination and var-
ies between pairs of loci (Mather and Jinks,
1982). However, for species with large num-
bers of chromosomes, most pairs of segre-
gating loci will be on different chromo-
somes, so the problem of linkage may be of
minor importance.
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