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EFFECTIVENESS OF SELECTION IN REDUCING THE GENETIC LOAD IN
POPULATIONS OF PEROMYSCUS POLIONOTUS DURING GENERATIONS OF
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Abstract.—It has been hypothesized that natural selection reduces the ‘“‘genetic load” of deleterious alleles from
populations that inbreed during bottlenecks, thereby ameliorating impacts of future inbreeding. We tested the efficiency
with which natural selection purges deleterious alleles from three subspecies of Peromyscus polionotus during 10
generations of laboratory inbreeding by monitoring pairing success, litter size, viability, and growth in 3604 litters
produced from 3058 pairs. In P. p. subgriseus, there was no reduction across generations in inbreeding depression in
any of the fitness components. Strongly deleterious recessive alleles may have been removed previously during episodes
of local inbreeding in the wild, and the residual genetic load in this population was not further reduced by selection
in the lab. In P. p. rhoadsi, four of seven fitness components did show a reduction of the genetic load with continued
inbreeding. The average reduction in the genetic load was as expected if inbreeding depression in this population is
caused by highly deleterious recessive alleles that are efficiently removed by selection. For P. p. leucocephalus, a
population that experiences periodic bottlenecks in the wild, the effect of further inbreeding in the laboratory was to
exacerbate rather than reduce the genetic load. Recessive deleterious alleles may have been removed from this
population during repeated bottlenecks in the wild; the population may be close to a threshold level of heterozygosity
below which fitness declines rapidly. Thus, the effects of selection on inbreeding depression varied substantially among

populations, perhaps due to different histories of inbreeding and selection.
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Inbreeding depression was first observed in domesticated
species (Darwin 1868, 1876), later demonstrated in labora-
tory rodents and Drosophila (Wright 1977; Falconer 1989)
and captive populations of nondomesticated species (Ralls et
al. 1988; Lacy et al. 1993), and recently shown to occur in
wild populations (e.g., Stockley et al. 1993; Jiménez et al.
1994; Keller et al. 1994). However, the severity of inbreeding
depression appears to vary among taxa (Ralls et al. 1988;
Brewer et al. 1990), among local populations (Levin 1984;
Kirkkéinen et al. 1996), and among families within the same
population (Pray and Goodnight 1995; Lacy et al. 1996; Du-
dash et al. 1997). While much of the variation among pop-
ulations may be due to the random sampling of genomes that
occurs when wild or experimental populations are established
(Schultz and Willis 1995; Lacy et al. 1996), the breeding
history of a population can change its response to inbreeding
(Charlesworth and Charlesworth 1987). In particular, selec-
tion would reduce or purge the genetic load of deleterious
recessive alleles from populations that regularly inbreed, re-
sulting in populations that had become at least partly ‘“‘adapt-
ed” to inbreeding (Lande and Schemske 1985).

Most of the data on reduction of the genetic load are from
studies of self-compatible plants. Multigenerational studies
of various species and traits have shown strong purging
(McCall et al. 1994), weak purging (Barrett and Charlesworth
1991, Latta and Ritland 1994; Dudash et al. 1997), and no
purging (McCall et al. 1994; Hauser and Loeschcke 1996).
Among species, the trend has been for inbreeding depression
to be weaker in species with higher rates of selfing (Husband
and Schemske 1996), but exceptions are known (Barrett and
Kohn 1991; Mayer et al. 1996).

Some animal species that regularly inbreed and that show
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little inbreeding depression are known (hermaphroditic
snails: Doums et al. 1996). Among normally outcrossing an-
imal species, there is some evidence for reductions in the
genetic load during or following generations of inbreeding.
Bowman and Falconer (1960) observed recovery of initially
depressed litter size in inbred lines of Mus. Latter et al. (1995)
obtained a decrease in the frequency of lethal second chro-
mosomes and an increase in homozygote fitness after 210
generations of slow (1% per generation) inbreeding of D.
melanogaster. Templeton and Read (1983, 1984) described a
breeding program for the Speke’s gazelle, in which inbred
but healthy animals were selected as breeders to reduce the
genetic load in the small captive population. However, their
analysis suffered from several possible biases (Lacy 1997;
Willis and Wiese 1997), and recent reanalyses of the studbook
did not find that inbreeding depression had been reduced
(Ballou 1997; Willis and Wiese 1997). Various other studies
examining effects of multiple generations of inbreeding have
not observed reductions in the effects of inbreeding (White
1972; Lynch 1977; Sharp 1984; Brewer et al. 1990; Lacy and
Horner 1997), but often the tests were not rigorous.

The effectiveness of selection in reducing inbreeding de-
pression depends critically on the nature of the genes causing
inbreeding depression. Alternative hypotheses postulate that
inbreeding depression is caused by the expression of dele-
terious recessive alleles (the dominance hypothesis) or by
reduced heterozygosity at loci with heterozygote advantage
(the overdominance hypothesis) (Crow 1948). Selection can
remove recessive alleles, with substantial additive effects on
fitness, but it cannot directly prevent the reduction in fitness
as overdominant loci become homozygous (Charlesworth and
Charlesworth 1987). Other factors also influence the effec-
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tiveness of selection against inbreeding depression, including
the number of loci contributing to the genetic load (Ehiobu
et al 1989; Charlesworth et al. 1992; Hedrick 1994), the
population size (Charlesworth et al. 1992), the rate of in-
breeding (Ehiobu et al. 1989), epistasis (Charlesworth et al.
1991), linkage disequilibrium (Charlesworth et al. 1992), and
the mutation rate (Lande et al. 1994).

Multiple Components of Inbreeding Depression

In the simplest case, inbreeding depression might be re-
flected in a linear decline in fitness as a population becomes
increasingly inbred. Exponential decline (Morton et al. 1956),
a logistic relationship (Lacy et al. 1996), or other models
(Ballou 1997) might be more appropriate for some fitness
traits or some genetic mechanisms, but the differences be-
tween such models are often small except when inbreeding
depression is severe. Although inbreeding depression is com-
monly attributed to the effects of homozygosity in the inbred
offspring, in taxa with parental care the fitness of progeny
might be determined also or instead by the genotypes of the
parents. Inbreeding depression therefore, might be manifest
either directly or via a maternal or paternal effect (Brewer
et al. 1990; Lacy et al. 1996; Margulis and Altmann 1997;
Margulis 1997, 1998a, 1998b). Inbreeding depression at these
two levels can be partitioned in linear models of the form

w = wy + Bf + Bufu €))

in which w is the fitness of the progeny, wy is the mean fitness
in a noninbred population, f and f; are the inbreeding coef-
ficients of the offspring and dam, respectively, and 8 < 0
and B, < O indicate inbreeding depression caused by inbred
offspring and via a maternal effect.

Purging of the genetic load during generations of inbreed-
ing would result in an effect of the interaction between the
inbreeding coefficient (f) and the amount of inbreeding in
the ancestors of an individual. Ballou (1995, 1997) defined
an “‘ancestral inbreeding coefficient,”” denoted f,, as the cu-
mulative proportion of an individual’s genome that has pre-
viously been autozygous due to inbreeding in its ancestors.
He gave the iterative formula for calculating f, from the in-
breeding and the ancestral inbreeding of the parents

Jo = Uasy + (U= fas)s + fuy + (1 = fya)fal12, (2)

in which the subscripts s and d indicate values for the sire
and dam. If the deleterious alleles that contribute to the in-
breeding depression are effectively removed by selection
when exposed in homozygous ancestors, then the effects of
inbreeding in the current generation would decline as f, in-
creases. This interaction is most simply modeled as a linear
effect on fitness

w

wo + Bef + Bafa + Baffa
=wo + By + BoSISf + Bafas 3)

in which Byis the effect of current or incremental inbreeding
and B, is the effect of ancestral inbreeding. The effect of the
f f. interaction on w may be more complex than the linear
effect in eq. (3), and its precise form would be dependent on
both the structure of the pedigree and the nature of selection
on the genetic load.
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The second form of eq. (3) shows that overall effect of
cumulative inbreeding (B in Eq. 1) can be partitioned into
an effect of incremental inbreeding and an effect of ancestral
inbreeding (B = B, + B, f,). If there is inbreeding depression
that is purged (at least partly) during generations of inbreed-
ing, then By < 0 and B, > 0. The combined effect, B; + B,,
can be considered a measure of the genetic load that would
remain after selection has removed any component that would
respond to selection during generations of inbreeding.

Likewise, any effect of maternal inbreeding (8 ,) might also
be purged by selection. This would be detected as an inter-
action effect between f; and f, ), as in the following model

w=wy + Bf + Bufu + BawrSaSaw

=wo + Bf + Bst+ Buarfuay)fa 4

In theory, when there are both direct effects of inbreeding
in the offspring and indirect maternal effects, then purging
of inbreeding depression could occur at either or both levels.
However, the ancestral inbreeding of the offspring (f,) con-
tains maternal inbreeding (f,) and the ancestral inbreeding
of the dam (f,,)) (see eq. 2). This prevents robust statistical
partitioning of the effects of ancestral inbreeding into its
direct and indirect (maternal) components.

Here we use the above models to evaluate the effect of
selection on reducing the genetic load on aspects of fitness
from a large, multigenerational study of inbreeding in three
subspecies of Peromyscus polionotus mice. The effects of
inbreeding in these experimental populations were reported
in Lacy et al. (1996). Significant variation in inbreeding de-
pression was reported among replicate stocks of each taxon,
but the variation among replicates could be wholly attributed
to random variation among founder lineages. The existence
of these large founder effects suggested that inbreeding de-
pression is caused by relatively few genes in these popula-
tions and that selection within and between lineages might
be effective at removing the deleterious alleles. Here we use
these data to test for changes in inbreeding depression in
each subspecies as a response to selection during 10 gener-
ations of inbreeding.

MATERIALS AND METHODS

Subjects comprised laboratory stocks of three subspecies
of the beach mouse or old-field mouse, Peromyscus polion-
otus. Peromyscus p. subgriseus were collected from the Ocala
National Forest in Marion County, Florida. Peromyscus p.
rhoadsi were collected near Lake Placid, Highlands County,
Florida. Peromyscus p. leucocephalus were collected from a
section of Eglin Air Force Base on Santa Rosa Island, Florida.
The laboratory stocks of subgriseus, rhoadsi, and leuco-
cephalus descended from 52, 52, and 50 wild-caught foun-
ders, respectively. The founders were randomly assigned to
three replicate laboratory populations for each subspecies.
The replicate stocks were kept separate through 10 genera-
tions of laboratory breeding.

In each generation, some mice of low inbreeding coeffi-
cients (f < 0.10) were paired to produce progeny with sim-
ilarly low inbreeding; some noninbred but related mice were
paired to produce inbred litters; some inbred but unrelated
mice were paired to produce noninbred litters; and some in-
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bred and related mice were paired to produce more highly
inbred progeny. Inbred pairings often consisted of full-sib or
half-sib matings, but littermates were never paired for breed-
ing. The breeding design was not regular. As a result, the
highest inbreeding coefficients achieved (f = 0.594) were
lower than would have been produced from line-breeding of
first-order relatives. Details on stock maintenance and breed-
ing protocols are provided in Lacy et al. (1996).

Six components of reproductive performance were record-
ed: the proportion of pairs producing litters conceived within
the up to 63 days that each pair was kept together (P[litter}]);
the proportion of breeding pairs (those that produced at least
one litter and were housed together through the rearing of
the first litter) that rebred during the postpartum estrous and
produced a second litter (P[2nd litter]); the number of pups
born in each litter (litter size); the survival of pups from birth
to weaning (viability); the mass of pups at weaning (mass);
and the within-litter variance in mass at weaning (for those
litters with two or more offspring weaned), expressed as a
standard deviation (SD[mass]). The fates of pups within lit-
ters are not independent. Therefore, each litter rather than
each offspring was considered as an independent data point
for analysis. Viability was analyzed as a categorical trait, and
was assigned a value of one if more than half of the progeny
of a litter survived and zero otherwise. Mass at weaning was
averaged across the surviving progeny per litter. To evaluate
the combined effects of fertility, fecundity, infant survival,
and growth, overall reproductive success (RS) was assessed
as the total mass of offspring weaned for the zero, one, or
two litters produced by each pair.

The probability of pairs producing at least one litter
(P[litter]), the probability of those breeding pairs producing
a second litter (P[2nd litter]), and viability were scored as 0/
1 categorical responses and are presumed to result from bi-
nomial processes. (When viability is assessed as the propor-
tion of pups surviving, the distribution is strongly bimodal.
In the majority of litters either all pups survived or all died.)
Responses of these variables to inbreeding were examined
with logistic multiple regression models. The regression co-
efficients were fitted by maximum-likelihood estimation,
with significance determined by likelihood-ratio tests (Hos-
mer and Lemeshow 1989).

The distributions of litter size, mass, and SD[mass] were
approximately normal. The distribution of the total mass of
offspring weaned per pair (RS) deviated considerably from
normality. Analyses of this composite measure of fitness are
presented in the results, but the tests of statistical significance
of effects on RS should not be considered accurate, and they
would not be independent of the tests of effects on the fitness
components. The responses of the continuous variables to
inbreeding were assessed by least-squares linear regressions.

For each fitness measure, we examined the effects of in-
breeding, maternal inbreeding, and the interaction of inbreed-
ing depression at one or the other of these levels with an-
cestral inbreeding. When the direct inbreeding depression
was greater than the indirect maternal effect (—B, > —B,)
for a trait, a regression model of the form of equation (3)
was used to examine the effects of ancestral inbreeding, while
recognizing that the maternal effect (8,) would encompass
the deleterious effects of maternal inbreeding as moderated
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by any purging of the genetic load in the dam. When the
effect of maternal inbreeding was greater than the effect of
inbreeding of the offspring (—B, > — By, a model of the form
of equation (4) was used to examine purging of the maternal
inbreeding depression.

Primiparous female mice typically produce smaller litters
with slower growth and lower viability (Brewer et al. 1990;
Lacy et al. 1996). Therefore, the effect of parity was included
in all analyses of litter size, viability, mass, and SD[mass],
by adding a term (8,p, in which p is either zero or one for
first vs. second litters produced by each breeding pair) to the
regression models.

Statistical analyses were conducted with SYSTAT (Wil-
kinson 1994). The multiple regressions used Type III sums
of squares (SS), in which the effect attributed to each factor
is partitioned from the residuals after all other factors have
been included in the model. Inbreeding of the dam (f;) can
contribute to inbreeding depression (a negative 3, effect) and
is also a component of ancestral inbreeding of the litter (f,),
so the net effect of maternal inbreeding can be either positive
or negative. Maternal effects (8,) were removed prior to es-
timating ancestral effects (3,,), and ancestral effects were re-
moved prior to estimating maternal effects. Therefore, tests
of both effects are conservative. For each of the levels of
inbreeding depression (B and B,) and ancestral effects (B,
or 3,4, significance values for the seven fitness components
examined were adjusted with sequential Bonferroni inequal-
ities (Rice 1989) to account for the multiple tests of the
hypothesis that inbreeding at that level impacts fitness in the
population.

The laboratory stocks of each subspecies were maintained
as three independent replicates; significant variation among
replicates in the magnitude of overall inbreeding depression
in mass was reported previously (Lacy et al. 1996). Although
the purpose of this study was to examine the effectiveness
of selection in reducing the average genetic load in each
taxon, large variation between replicates in the extent of purg-
ing would suggest that any observed between-taxa trends
could have arisen due to the random sampling of founders
for each laboratory population. Therefore, variation between
replicates was tested by comparing models in which separate
effects of inbreeding (B, and ancestral inbreeding (B,) were
fitted for each replicate to models in which the effects of
ancestral inbreeding were assumed to be the same across the
three replicates of each taxon. Across the three subspecies
and seven fitness measures, in only one of 21 cases was the
variation among replicates in the effect of ancestral inbreed-
ing nominally significant (P = 0.03, without adjustment for
multiple tests), as could be expected to occur by chance. In
addition to the relative consistency among replicates in the
effects of ancestral inbreeding, the different patterns ob-
served in the three subspecies were largely consistent across
the seven measures of fitness. Consequently, in the results
reported here, data are pooled across replicates to minimize
standard errors and to help identify the taxon-level trends.
Variation among subspecies in the effects of ancestral in-
breeding was tested by comparing models in which the effects
were allowed to vary among subspecies to models that es-
timated a common effect.
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TABLE 1.
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Effects of inbreeding of the litter, maternal inbreeding, and the interaction between ancestral inbreeding and litter or maternal

inbreeding on measures of reproductive performance in Peromyscus polionotus subgriseus. Effects on the probability of breeding (P{litter]),
probability of producing a second litter (P[2nd litter]), and litter viability are coefficients from logistic regressions. Effects on litter size,
mass, within-litter variation in mass (SD[mass]), and total mass weaned (RS) are coefficients from linear regressions.

Litter inbreeding

Maternal inbreeding Ancestral inbreeding

n! By (SE) Bs (SE) Ba or By (SE)
P(litter] 1075 0.04 (0.55) —2.45%  (0.80) -0.262 (1.74)
P[2nd litter] 822 0.10 (0.69) —2.86* (1.00) 2.342 (2.46)
Litter size 1475 —1.73%** (0.35) —1.13*%** (0.26) 0.64 (0.82)
Viability 1486 —-1.80%  (0.75) 1.21 (0.61) 0.29 (1.72)
Mass 1191 —0.84*  (0.34) 0.17 (0.24) —-0.98 (0.79)
SD[mass] 1143 0.43*** (0.11) -0.12 0.07) 0.14 (0.25)
RS 1054 —26.3*%%* (7.0) —33.2**  (10.5) 6.22 (24.0)

* P < 0.05; ¥* P < 0.01; *** P < 0.001 after sequential Bonferroni adjustment for the seven tests of each effect.
! Sample sizes are numbers of pairs for P{litter], P[2nd litter], and RS; numbers of litters for litter size, viability, mass, and SD[mass].
2 Effect of the interaction between maternal inbreeding and the ancestral inbreeding of the dam.

RESULTS

The presence or absence of purging of the genetic load
was largely consistent across replicates of each subspecies,
although taxon-level effects that were significant when data
were pooled across replicates were often not significant with-
in some individual replicates. The only nominally significant
variation among replicates in the extent of purging was ob-
served in P. p. leucocephalus. One replicate showed signif-
icant (P = 0.004) negative effects of ancestral inbreeding on
RS, but the other two replicates showed no effect and the
pooled effect was not significant for this subspecies. Variation
among subspecies in the effect of ancestral inbreeding was
significant for three of seven fitness measures (litter size: P
= 0.032; mass: P = 0.012; RS: P = 0.012), and the ranking
of effects across the three subspecies (rhoadsi > subgriseus
> leucocephalus) was consistent for these three and for two
other fitness measures.

Tables 1-3 show the regression coefficients from ancestral
inbreeding models for the three subspecies. The effects of
parity were removed from all regression models for litter size,
viability, mass, and SD[mass]. Inbreeding depression (Byand/
or B, significant) was observed in every fitness component
measured for subgriseus and in six of seven measures in
rhoadsi. Production of litters was depressed if the dam was
inbred. Litter size and RS were depressed by both inbreeding
of the litter and of the dam; viability and mass were depressed
by litter inbreeding; while within-litter variance in mass
(SD[mass]) was elevated in inbred litters, as would be ex-

pected if inbred litters are more susceptible to environmental
variation. The same trends were generally observed in leu-
cocephalus, but the effects were often weaker and nonsig-
nificant. This difference between leucocephalus and the other
two subspecies is much less pronounced, however, in re-
gression models that do not include ancestral inbreeding as
a factor (Lacy et al. 1996).

Ancestral inbreeding of the litter or the dam, as appropriate
depending on at what level inbreeding depression was ex-
pressed, was not a significant contributor to the regression
model for any of the fitness measures in subgriseus (Table
1). In contrast, ancestral inbreeding had strong positive ef-
fects (countering the effects of current inbreeding) for four
fitness traits in rhoadsi (Table 2). The interaction between f,
and f was significant for SD[mass] in leucocephalus, but the
effect of ancestral inbreeding was to worsen the effect of f
on this trait, as it was (but not significantly so) for five other
fitness measures.

Figure 1 illustrates the effects of inbreeding of the litter
on the composite measure of reproductive success (RS). Solid
lines show the linear regressions estimated from the coeffi-
cients given in Tables 1-3 for the three subspecies, when
adjusted for f; = 0 and f, = 0. Dashed lines show the in-
breeding depression estimated when f; = 0 and f, = 0.25
(approximately the mean f, in the study). The changes in
slope between pairs of lines indicate purging (in rhoadsi), no
change (in subgriseus), or exacerbation (in leucocephalus) of
the genetic load. Comparable figures for the six components

TaBLE 2. Effects of inbreeding of the litter, maternal inbreeding, and the interaction between ancestral inbreeding and litter or maternal
inbreeding on measures of reproductive performance in Peromyscus polionotus rhoadsi.

Litter inbreeding

Maternal inbreeding Ancestral inbreeding

n' By (SE) By (SE) Ba or By (SE)
P(litter] 1071 0.00 (0.55) —3.01*** (0.78) 4.29*%2  (1.67)
P[2nd litter] 844 0.42 0.64) —1.94 0.94) 1.082 (1.85)
Litter size 1492 —2.25%%* (0.37) —1.05*%** (0.28) 3.00%** (0.73)
Viability 1520 —=1.79*%  (0.65) -0.23 0.5 1.10 (1.28)
Mass 1119 —0.79%*  (0.24) -0.25 (0.36) 3.05%*%2 (0.74)
SD[mass] 1069 0.42%* (0.12) —0.08 (0.09) 0.02 (0.26)
RS 1041 —46.2*%*%* (10.2) —27.6** (7.5 68.7** (20.4)

* P < 0.05; ** P < 0.01; *** P < 0.001 after sequential Bonferroni adjustment for the seven tests of each effect.
! Sample sizes are numbers of pairs for P{litter], P[2nd litter], and RS, and numbers of litters for litter size, viability, mass, and SD{mass].
2 Effect of the interaction between maternal inbreeding and the ancestral inbreeding of the dam.






