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“THE effects of inbreeding may not be as noticeable in the first
generation as the invigoration immediately apparent after cross-
ing”'. This statement, published in 1919, has received little atten-
tion, and has apparently never been tested empirically, although
the reduction of the genetic load of populations by inbreeding is
well known in theoretical terms®. Because inbreeding increases
homozygosity, and hence the effectiveness of selection against
recessive or partially recessive detrimental alleles, changes in levels
of inbreeding can lead to a reduction in the frequencies of such
mutant alleles. This results in equilibration at higher population
mean fitness® and is referred to as ‘purging’ populations of their
genetic load. Severe inbreeding can also reduce genetic load due
to overdominant alleles, provided selection coefficients are not
symmetrical at all loci, because alleles giving lower fitness will be
reduced in frequency at equilibrium’®. With either fitness model,
however, reduction in genetic load takes time, and the initial effect
of an increase in inbreeding is reduced fitness due to homozygosity.
There are few data relating to the extent to which fitness is reduced
during inbreeding in a set of lines and to how long the reduction
lasts before increasing again to the initial level, or higher. Inbreed-
ing experiments involving sib mating in mice and Drosophila
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subobscura'’, and successive bottlenecks in house flies'' have
yielded some evidence consistent with the purging hypothesis. Here,
we report results of an experiment demonstrating a prolonged
time-course of recovery of mean fitness under self-fertilization of
a naturally outcrossing plant, and also compare our results with
expectations derived by computer calculations. Our results show
that the genetic load present in an outcrossing population can be
explained only with a high mutation rate to partially recessive
deleterious alleles, and that inbreeding purges the popuiation of
mutant alleles.

The experimental plant was the self-compatible annual water
hyacinth, Eichhornia paniculata (Pontederiaceae). The species
inhabits ephemeral pools and ditches in northeastern Brazil and
the Caribbean, and exhibits a wide range of natural outcrossing
rates'?. The experiments reported here used material from two
populations with contrasting breeding systems. Population B11
from Brazil had an estimated outcrossing rate of 0.94, whereas
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FIG. 1 Mean flower numbers of plants in various inbred and intercrossed
generations. a, Naturally outbred population B11, NE Brazit. b, Naturally inbred
population J13, Jamaica.

METHODS. Seed from open-pollinated families were randomly sampled from
the two populations, B11 and J13. Lines were established in the glasshouse
from each of 30 families from B11, and from each of 10 families from J13.
One plant from each line was selfed and randomly outcrossed to other
plants from the same population, to give the S; and 0, generations,
respectively. A small amount of S, seed was sown and a single randomly
chosen plant was self-pollinated to give the S, generation. The remaining
S, and O, seeds were stored dry at room temperature. The selfing was
repeated for four successive generations with seeds from the S generations
being stored. Plants from the lines were then selfed and outcrossed (within
populations) to give the Sy and Oy generations. Stored seeds (maximum
age 3 years) from all generations were then sown and the multi-generation
plants grown in the glasshouse under uniform conditions. Fitness com-
ponents were compared among generations in a randomized block design
with all lines represented. Sample sizes were n=1007 for population B11
(average 4.8 plants per line per generation), and n=378 for J13 (average
5.4 plants per line per generation). Means and standard errors are shown,
and the letters above the bars indicate statistically significant differences
(5% level).
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TABLE 1 Differences in mean fitness between different generations in
our inbreeding experiments and models, and in experiments with maize’

and mice®.
Source of data Inbred, Inbreds Og

E. paniculata (flower number)

Population B11 0.761 0.732 1.597

Population J13 0.901 1.053 1.062
Maize (yield)

1909 — 0.447 1.072

1910 — 0.394 1.124

1911 — 0.293 1.393
Mice (litter size)

Fy ‘ — 0.924 1.021

F, — 0.923 1.155
Theoretical

Mutational model, initially completely outcrossing

s§=02 h=02U=10 0.482 0.631 1.436

s=02 h=01,U=10 0.147 0.191 1.433

s=02 h=02 U=05 0.746 0.835 1.187

s=09 h=02 U=01 0.930 1.038 1.066
Mutational model, initial outcrossing rate of 0.9

s=02 h=02 U=10 0.559 0.655 1.278
Overdominance model )

4 loci, s,=01, 5,=02 0873 0.782 0.994

Outcrossed generations are denoted by O, and inbred generations by
“Inbred”, and the numbers indicate the generation number when the fitness
was estimated (see legend to Fig. 1). The fitness values are all expressed
relative to the values for the initial outcrossed population (0,), but for the
maize and mouse data, values from families that were maintained by
enforced cross-breeding are used. The numbers of generations of inbreeding
for the maize experiment are not given in ref. 17, but there were certainly
several generations of inbreeding. For the mouse experiment, the inbreeding
coefficient was also non-zero (at least 0.3) when the experiment was stated®,
and the data come from 11 generations of sib-mating followed by intercross-
ing to form F, and F, generations. The methods used to generate the
theoretical results are given in the legend to Fig. 2.

population J13 from Jamaica was highly selfing, with no within-
population heterozygosity observed at 21 allozyme loci'®. A
range of life-history traits was measured on-all plants during
the 8-month experiment. Only data on mean flower number per
plant are presented here, but results for biomass were similar.
Flower number exhibits the strongest inbreeding depression in
E. paniculata. 1t represents the outcome of many developmental
steps and must be influenced by many loci. As the species is
annual, this trait is likely to be highly correlated with fitness.
The results of five generations of self-fertilization of plants from
population B11, followed by intercrossing the inbred lines, are
shown in Fig. 1. Inbreeding had no significant effect on flower
number per plant from the naturally inbreeding J13 population
(Fig. 1; Table 1), showing that the differences observed are
unlikely to be due to ageing of the stored seeds.

The expectations for such an experiment were calculated using
deterministic computer programs that model either over-
dominant selection at several loci'®, or mutation-selection bal-
ance at many unlinked loci®. There was remarkable similarity
between the main features of the experimental results and the
theoretical expectations of the mutational model for the inbred
generations, when the initial populations before inbreeding
begins were subject to a high mutation rate to moderately
detrimental, partially recessive alleles (Figs. 1, 2; Table 1). Mean
fitness values decreased in the first generation of inbreeding,
but subsequently remained at roughly the same level. After five
generations of inbreeding, the mean fitness of progeny derived
from intercrossing the inbred lines was much higher than that
of the inbred progeny, and also considerably higher than the
fitness of the original outbred population. With strongly
deleterious mutations (selection coefficient, 0.9), rapid recovery
of fitness during the five generations of inbreeding was clearly
evident (Fig. 2b; Table 1), unlike the experimental results. With
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FIG. 2 Theoretical results for different selfed and intercrossed generations.
assuming uniinked loci. a Mutational model: selection coefficient s=0.2:
dominance coefficient /=0.2; mutation rate per diploid genome U=1.0. b,
Mutational model: s =0.9; h=0.2; U =0.1. ¢, Overdominance model: selection
coefficients s, =0.1 and s,=0.2 at four loci. '

METHODS. The computer calculations for the mutational model were obtained
using the infinite population size model of Kondrashov?* programmed as
described®. In this model, the fitness of a homozygote for a mutant allele
at one locus was denoted by 1 — s, where s is the selection coefficient, and
the fitness of heterozygotes by 1 — hs, where h is the dominance coefficient.
For the overdominance model, a five-locus deterministic program was used,
with symmetric selection coefficients s, and s, (with the biologically
implausible assumption of symmetrical overdominance, the mean fitness
declines with inbreeding, even though variation is maintained with both
alleles at frequencies of 0.5, and the fitness on intercrossing inbred lines
will not exceed the original outbred value). To combine the fitness effects
of different loci, multiplicative fitnesses were assumed in both models. For
each madel populations were run until equilibrium was reached under almost
complete outcrossing (outcrossing rate 0.99), and then the selfing rate was
altered to a high value (outcrossing rate 0.01). The time-course of changes
in the population was then followed. Each generation, the fitnesses of inbred
and outbred progeny produced in the population were calculated.
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a partially inbred initial population, the results were similar to
those observed (Table 1).

With the asymmetrical overdominance model, populations at
equilibrium under high selfing do not maintain variation, but
will fix the allele least disadvantageous in homozygotes though
an increase will occur if the set of lines has not reached equili-
brium, so that some still remain with the lower fitness allele.
One would thus expect no increase in fitness on intercrossing
the inbred lines after the population reaches equilibrium. During
inbreeding, the fitness values behaved similarly to those in the
mutational model, with a slight decrease, rather than increase,
in fitness (Fig. 2c; Table 1). But the intercross mean fitness,
although higher than the inbred fitness, was never higher than
the fitness of the initial population, unlike the mutational load
model and the observed data (Table 1).

These results support the partial dominance (mutational)
hypothesis®” for genetic load, and suggest that the mutation
rate per genome in E. paniculata must be very high (of the order
of one per generation). This is consistent with most other avail-
able data'*'®. The failure of fitness to recover during inbreeding,
and intercrossed fitness levels higher than those of the original
outbred strains, are also seen in maize'’ and mice® (Table 1).
This suggests that purging of partially recessive mutations
accounts for an important component of heterosis. When the

fitness values under inbreeding are plotted against the inbreeding-

coefficient, the partial dominance model yields an increase with
high F values, due to purging, but the overdominance model
predicts a monotonic decline. The partial dominance model can
thus also explain the observed patterns in inbreeding experi-
ments with conifers'®.

The occurrence of natural selection during the inbreeding
experiment, consistent with purging, was indicated by excess
heterozygosity of five (presumably neutral) allozyme marker
loci scored in the experimental plants, each generation of
inbreeding (data not shown). Under inbreeding, heterozygotes
tend to be produced by outcrosses. Surviving adults in the
progeny generation therefore tend to be heterozygotes'®?®, and

excess heterozygosity compared with the neutral expectation is .

frequently found in inbreeding plants?'.

These results are also relevant to populations undergoing
disturbance by humans. Inbreeding of formerly outbred popula-
tions occurs in many zoo populations, as well as domesticated
populations and populations subjected to severe reductions in
size as a result of human alterations of the environment. Extreme
inbreeding has been recommended to purge genetic load and
force the adaptation of endangered populations to the inbreed-
ing regime they will experience under human management™.
This assumes that lowered fitness inevitably caused by increased
homozygosity during this process will not be too severe or
prolonged. The validity of this assumption depends on the
severity and dominance of the mutant alleles in the population
being inbred™*. Our results indicate that purging by the most
severe inbreeding, self-fertilization, could decrease fitness con-
siderably, with little recovery under inbreeding, and that fitness
is restored only when the inbred lines are intercrossed. O
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