
The harmful effects of inbreeding were first documented 
in detail and quantified by Charles Darwin, who car-
ried out experiments on 57 plant species that involved 
self-fertilization and outcrossing between unrelated 
individuals1. Darwin’s laborious study was motivated 
by the desire to explain why reproduction by outcross-
ing is prevalent in nature, what maintains the some-
times complex outcrossing mechanisms of flowers2, and 
why numerous plant species have systems that prevent 
self-fertilization3. Darwin’s experiments supported his 
hypothesis that self-fertilization must be strongly dis-
advantageous for the progeny produced — it lowered 
vigour and fertility in most of his study species1.

Inbreeding lowers fitness-related characters in many 
species of plants and animals, including humans (TABLE 1 
lists some non-human examples). Major abnormalities 
are more frequent in inbred (consanguineous) families 
than in outcrosses. These abnormalities include mutant 
phenotypes that are lethal early in life, such as chloro-
phyll-deficient albino seedlings in plants and develop-
mental defects in fish4, or genetic diseases in humans. 
Even when there are no overt major abnormalities, 
inbreeding depression is detectable by the lower fertil-
ity, survival and growth rates of individuals with high 
inbreeding coefficients (BOX 1; TABLE 1).

The survival and fertility of individuals in experi-
mentally produced inbred lines is frequently so low 
that many such lines go extinct. When surviving lines 
are intercrossed, the ‘hybrids’ often have higher qual-
ity than their inbred parents and frequently exceed 
the best parent values for several characters5. This 
increased performance of first filial generation (F1) 
hybrids is called heterosis, or hybrid vigour. In many 
crops, heterosis has been extensively studied for 

characteristics of economic interest, such as drought 
tolerance, disease resistance and yield, and some of 
these characteristics may also be important for fitness 
in natural populations6.

It is important to understand the genetic basis 
of these effects. Inbreeding depression is caused by 
increased homozygosity of individuals, as shown in 
FIG. 1. There are two genetically distinct ways in which 
increased homozygosity can lower fitness: increased 
homozygosity for partially recessive detrimental muta-
tions and increased homozygosity for alleles at loci with 
heterozygote advantage (‘overdominance’). Deleterious 
alleles will generally be present in populations at low fre-
quencies (mutation–selection balance), whereas overdom-
inant alleles at a locus are maintained at intermediate  
frequencies by balancing selection (BOX 2).

Because both genetic mechanisms might also cause 
heterosis when inbred lines are intercrossed (BOX 2; 

TABLE 2), understanding the underlying genetics is 
crucial for crop breeders. If loci with heterozygote 
advantage are common (BOX 3), artificial selection in 
agricultural species should, at least in part, select for 
strains that manifest substantial heterosis. Breeding 
crop plants with a uniform, highly heterozygous geno-
type with high fitness could also be desirable, and could 
perhaps be achieved by asexual seed production7. If, 
however, heterosis in crops is mainly due to detri-
mental mutations, it is potentially possible to ‘purge’ 
these alleles to produce high-yield mutant-free strains. 
Understanding the genetic basis of inbreeding depres-
sion can also help to answer the long-debated question 
in evolutionary biology of why genetic variation in  
fitness-related characteristics exists in so many species, 
including humans8.

*Institute for Evolutionary 
Biology, Ashworth 
Laboratories, King’s Buildings, 
University of Edinburgh,  
West Mains Road,  
Edinburgh EH9 3JT, UK.
‡Department of Biology, 
Box 90338, 3314 French 
Family Science Center, 
Science Drive,  
Duke University, Durham, 
North Carolina 27708, USA.
Correspondence to D.C.  
e-mail: deborah.charlesworth 
@ed.ac.uk
doi:10.1038/nrg2664

Fitness-related characters
Survival, growth rate  
and fertility.

Inbreeding coefficient
The probability that two alleles 
in an individual were both 
descended from a single allele 
in an ancestor (that is, that 
they are ‘identical by descent’).

Mutation–selection balance
The balance between 
mutations that introduce 
deleterious alleles into the 
population and the removal  
of such alleles by natural 
selection. The result is that 
such mutations are present  
at low frequencies but,  
despite selection, are never 
entirely absent.

The genetics of inbreeding depression
Deborah Charlesworth* and John H. Willis‡

Abstract | Inbreeding depression — the reduced survival and fertility of offspring of 
related individuals — occurs in wild animal and plant populations as well as in humans, 
indicating that genetic variation in fitness traits exists in natural populations. Inbreeding 
depression is important in the evolution of outcrossing mating systems and, because 
intercrossing inbred strains improves yield (heterosis), which is important in crop 
breeding, the genetic basis of these effects has been debated since the early twentieth 
century. Classical genetic studies and modern molecular evolutionary approaches now 
suggest that inbreeding depression and heterosis are predominantly caused by the 
presence of recessive deleterious mutations in populations.
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Balancing selection
Selection — such as 
heterozygote advantage and 
frequency-dependent selection 
— that maintains genetic 
variants in a population.

Purging
Reducing the frequencies of 
deleterious mutations in inbred 
populations, thereby lowering 
the mutational load (the 
presence of deleterious 
mutations in populations).

Balancer stock
A strain of fly that contains a 
chromosome with genetic 
markers and with an inversion 
to prevent recombination with 
other arrangements. Such 
chromosomes are used to 
breed stocks with ‘extracted’ 
wild-type chromosomes for 
estimates of homozygous and 
heterozygous effects.

 We begin by describing evidence showing that  
natural populations contain deleterious mutations 
(mutational load) and then explain how several argu-
ments based on studies of heterosis, including gene 
expression studies, that seemingly support a major role 
for overdominance are also readily explicable by delete-
rious mutations. We then describe how molecular evo-
lutionary studies and fine mapping of genes involved 
in fitness variation support the view that inbreeding 
depression is predominantly caused by the cumulative 
effects of deleterious mutations at many loci, probably 
with a contribution from overdominance at a few loci.

the evidence for deleterious recessive mutations
Both inbreeding depression due to increased homozy-
gosity and the benefits of intercrossing (heterosis) 
arise from the generally lower fitness of one or both 
homozygotes compared with the heterozygotes. The 
genetic explanations for both (BOX 2) therefore involve 
the dominance levels of the alleles — they either 
hypothesize overdominance (heterozygote advantage), 
or partially or entirely recessive mutant alleles lowering 
homozygous fitness (FIG. 1). It is difficult to quantify the 
different genetic contributions to inbreeding depres-
sion or heterosis because many proposed tests (see 
below) cannot distinguish between linked deleterious 

mutations in a genome region and a single locus with 
heterozygote advantage (FIG. 1).

The genetic causes of inbreeding depression are 
therefore studied by integrating genetic and population 
results from genetically tractable organisms rather than 
from humans, despite the interest in understanding the 
genetic basis of human genetic variation for fitness and 
inbreeding effects (BOX 1). one helpful approach is to test 
whether mutations can account for the observed extent 
of inbreeding depression. Therefore, we first review 
evidence that mutations that are deleterious for fitness 
are invariably found in populations whenever they have 
been tested for.

Rare recessive lethals in natural populations of Drosophila 
melanogaster. Deleterious mutations are certainly present 
in natural populations. In experiments that used balancer 
stocks to make entire chromosomes homozygous to test 
them for viability, natural Drosophila melanogaster popu-
lations were shown to carry many individually rare, highly 
recessive and highly detrimental mutations9, which is con-
sistent with mutation–selection balance. about 30% of the 
wild-type second or third chromosomes isolated from 
males sampled in the wild are lethal when homozygous9. 
Heterozygotes for lethal chromosomes isolated from dif-
ferent wild individuals are almost always viable, which 

Table 1 | detecting inbreeding depression and genetic load

type of organism Method Quantities estimated Refs

Direct detection (experiments or pedigree information)

Self-compatible 
hermaphrodite animal or 
plant (or monoecious plant*)

Comparisons of offspring produced by self-fertilization with offspring produced 
by outcrossing

δ‡ for one generation 
of selfing

1,96

Cyclically asexual animals§ Mating females with their brothers from the same asexual clone; this is 
genetically equivalent to self-fertilization

δ for one generation of 
selfing

19

Organisms with separate 
sexes

Sib-mating for one or more generations and other types of mating to produce 
experimental individuals with various inbreeding coefficients

Inbreeding load 140,141

Haplodiploid organisms Mother–son inbreeding (generating higher inbreeding coefficients than ordinary 
diploid sib-matings)

None (detection only) 142

Ferns or mosses Intragametophyte selfing|| Effect of complete 
genome homozygosity

143,144

All organisms Analyses of the relationship between trait values and inbreeding coefficients 
based on pedigree information 

Inbreeding load 145

Indirect detection (using genetic markers)

All organisms Use of inbreeding coefficients estimated from frequencies of homozygotes and 
heterozygotes for genetic markers or SNPs

Inbreeding load 146–149

All organisms Examination of genetic ratios at marker loci: deficiency of one homozygote in 
families or a significant heterozygote excess in a family (or in inbred lines relative 
to the heterozygote frequency predicted for neutral alleles by the inbreeding 
coefficient) suggests inbreeding depression due to identity-by-descent for a 
gene linked to the marker

Detection; estimates 
of selection 
and dominance 
coefficients

10, 
150–153

Cyclical parthenogens§ Detection of an increase in heterozygote frequency over asexual generations None (detection only) 154

Inbreeding depression can be detected by direct experiments or by detecting the effects of inbreeding indirectly using genetic markers. Many of the approaches listed 
in the table detect the ill effects of inbreeding (that is, they reveal ‘inbreeding load’) but do not quantify the load or inbreeding depression. Quantification of both 
the degree of inbreeding and its effects are necessary to evaluate whether a given genetic model can explain the magnitude of the effects observed and to 
compare the magnitude of effects between species or experiments. Approaches that provide quantitative estimates of inbreeding depression are therefore noted. 
In natural population studies, measures for individual characters are often multiplied to estimate overall fitness (assuming that genetic effects in different life 
stages act independently). *A plant that has separate male and female flowers. ‡δ is a measure of the reduction in fitness trait values (BOX 1). §Cyclical 
parthenogenesis is the alternation, over the year, of sexual and asexual reproduction, with the latter leading to the production of genetically identical males and 
females that can mate with one another. || The fertilization of female gametes that are produced by a haploid gametophyte (by mitosis) by male gametes that are 
produced by the same gametophyte, which yields completely homozygous zygotes.
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Box 1 | How inbreeding depression is detected and measured

In humans, consanguinity adversely affects health; this effect is often 
slight, however, because the low degree of inbreeding in humans leads to 
weak effects57. Despite inbred individuals occasionally performing better 
— for example, Icelandic families that are more closely related than 
second cousins have more offspring91 — overall they show fitness 
reductions, including increased stillbirth and infant death, birth 
defects92–94, and probably lowered post-reproductive health95. Inbreeding 
depression often affects fertility44,96,97.

Inbreeding depression is usually studied in organisms that can 
self-fertilize, such as self-compatible plants or hermaphrodite animals, 
because here intense inbreeding has the strongest effects. Even a single 
generation of selfing often more than halves measures of lifetime fitness 
in normally outbreeding plants27,29,98 and animals99. Inbreeding over 
multiple generations, including milder inbreeding, such as sib-mating in 
mice or Drosophila melanogaster, almost always reduces fitness compared 
with the outbred initial population. Outbreeding Caenorhabditis species 
suffer severe inbreeding depression100, and multiple generations of forced 
inbreeding failed to make some parts of the genome homozygous, 
probably because these regions carry deleterious recessive mutations10.

Detecting inbreeding depression in self-fertile species
In self-fertile organisms, such as plants and some hermaphrodite animals 
(for example, snails), inbreeding depression can simply be studied by 
measuring the survival and/or reproduction of individuals after a single 
generation of self-fertilization, as in Darwin’s experiments (TABLE 1). Seeds 
are generated by self-fertilization and by outcrossing, and are planted 
together in paired trials in the same pots in an effort to equalize 
differences in the growth environment1. The offspring are evaluated for 
traits that are closely related to what is now called Darwinian fitness: 
survival from the zygote or seed stage to some convenient later life stage, 
or fertility characters. The reduced values of such traits are often 
quantified by δ = (w

X 
– w

S
)/w

X
, in which w

X 
and w

S
 are, respectively, the 

values for outcrossed progeny and progeny produced by self-fertilization. 
In the figure, part a shows an example of the variation in fitness-related 
traits among species that have different outcrossing rates: inbreeding 
depression was estimated using self-fertilization of hermaphrodite 
individuals in six species of the flowering plant genus Schiedea101. The 
figure shows the tendency for less inbreeding depression in the species 
with more inbreeding, as predicted (see main text).

Detecting inbreeding depression in outcrossing species
In outcrossing species, including humans, the fitness traits of outcrossed 
individuals can be compared with those of individuals that have been 
inbred to different known degrees, measured by the inbreeding 
coefficient. The ‘inbreeding load’, B, is defined as the rate at which fitness 
declines with increased inbreeding coefficient (which determines the 
proportion of homozygous loci in the genome). In the figure, part b shows 
the theoretical fitness decline (measured as the regression slope on a 
logarithmic scale) with increased inbreeding coefficient; a single 
generation of self-fertilization gives progeny with an inbreeding 
coefficient of 0.5, assuming that the parents are unrelated (that is, they 
have an inbreeding coefficient of 0). Part c shows the observed linear 
decline in a fitness-related character in a sib-mating experiment in the 
outcrossing plant Silene latifolia (white campion)102.

Quantifying the load allows tests of the prediction that inbreeding 
populations will generally show little decline in fitness with inbreeding (due 
to purging, see main text). Note that a given fitness difference between 
selfed and outcrossed progeny in an outcrossing population implies a 
higher inbreeding load than the same fitness difference between selfed 
and outcrossed progeny in an inbreeding population. This is because  
the progeny inbreeding coefficients being compared are 0–0.5 for the 
outbreeder, versus a much higher inbreeding coefficient for the inbreeder 
(for the inbreeder, the initial inbreeding coefficient is almost 1, versus 0 for 
its outbred progeny). Part a is modified, with permission, from REF. 101  
(2005) Wiley. Part c is reproduced, with permission, from REF. 102  (2000) 
University of Chicago Press.

R E V I E W S

naTUrE rEvIEWs | Genetics  volUME 10 | novEMBEr 2009 | 785

© 2009 Macmillan Publishers Limited. All rights reserved



a / a B / B

Nature Reviews | Genetics

F1 hybrid genotypes and their fitness 
(or quality) relative to the parent genotypes

Parent
genotypes

Model

Higher fitness than the 
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Recessive deleterious mutations 
at closely linked loci
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and inbreeding depression 
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Single loci with 
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Figure 1 | summary of the main genetic hypotheses for inbreeding depression. These hypotheses were developed 
by maize geneticists early in the twentieth century but have proved difficult to test (see main text). The increased 
homozygosity of inbred individuals can lower fitness either because of deleterious mutations with recessive effects, 
which cause homozygotes to have lower survival or fertility (top and middle rows), or because loci exist with different 
alleles that result in the higher fitness of heterozygotes (overdominance, bottom row). For the dominance and 
pseudo-overdominance (mutational) hypotheses, the figure shows how the higher homozygote frequencies for 
recessive deleterious mutant alleles (indicated as a and b) among inbred individuals will cause lower fitness than in 
more heterozygous outbred individuals or hybrids. In the overdominance hypothesis, inbred individuals are less likely 
to be heterozygous for the two alleles (A

1
/A

2
) than outbred individuals or hybrids and therefore have lower fitness. 

See BOX 2 for a more detailed explanation of these hypotheses.

Hermaphrodite
An individual with both male 
and female reproductive 
functions (including 
monoecious plants, which  
have separate male and  
female flowers).

Darwinian fitness
Survival from zygote to 
maturity (viability) and 
reproductive performance 
(fertility); often measured as 
the product of viability and 
fertility measures.

shows that the mutations are recessive. Different wild 
lethal chromosomes carry different lethal mutations 
(they map to many different single loci); if balancing 
selection, such as heterozygote advantage, were impor-
tant, the alleles that cause low homozygote fitness should 
be at intermediate (rather than low) frequencies and  
would often be shared between different individuals.

Unlike the autosomes, X chromosomes from wild 
fly populations are rarely homozygous lethal. This also 
supports mutation–selection balance, because males 
are XY: the D. melanogaster Y chromosome lacks nearly 
all of the genes that are present on the X chromosome, 
so X-linked lethal mutations kill their male carriers 
and are quickly lost from populations. similarly, in 
outcrossing nematodes, most of the X chromosome 
can be made homozygous after inbreeding, unlike the  
other chromosomes10.

Do the 70% of D. melanogaster chromosomes that are 
non-lethal when homozygous carry milder deleterious 
mutations? Their effects on viability can be estimated in 
balancer chromosome experiments by comparing the 
adult ratios of wild-type homozygotes and their heterozy-
gotes with the balancer. lower than Mendelian frequen-
cies of homozygous flies show that homozygosity usually 
lowers survival to the adult stage9, revealing the presence 

of minor-effect variants in populations. Quantitative 
experiments that competed individual non-lethal second 
chromosomes against balancer chromosomes in labora-
tory fly populations11,12 have shown that whole chromo-
somal homozygosity in D. melanogaster reduces fitness 
over the whole lifetime by about 84% on average.

Visible lethal and sterility mutations in plants and 
animals other than D. melanogaster. In most species 
other than D. melanogaster, it is unknown how much 
inbreeding depression is due to lethal mutations, because 
homozygous embryos often die during the earliest stages 
of development, which makes such mutations difficult 
to detect. However, embryonic lethals that cause vis-
ible developmental defects can be studied in offspring 
from controlled inbred crosses. By self-fertilizing (self-
ing) Mimulus guttatus plants collected from the wild 
and examining large numbers of progeny, it was found 
that 2.4–6.5% of plants from natural populations were 
heterozygous carriers of recessive chlorophyll-deficient 
lethal mutations13. similar results were found in natural 
mangrove tree populations14 and in sib-mated buck-
wheat15,16. The genetic factors present in M. guttatus 
and buckwheat were tested for allelism by intercross-
ing heterozygotes, and all of the lethal alleles that were 
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Box 2 | Genetic hypotheses for inbreeding depression and heterosis

The main genetic hypotheses for inbreeding depression (FIG. 1) fall into single-locus explanations and hypotheses 
involving more than one locus.

single-locus hypotheses
Detrimental mutant alleles that are largely recessive and are present at low frequencies in populations can contribute to 
inbreeding depression because homozygotes are rare except after inbreeding. This hypothesis (FIG. 1, top row) is often 
called ‘the dominance model’. Heterozygotes for a loss-of-function or large-effect mutation indeed often have almost the 
same level of function as wild-type homozygotes (‘directional dominance’). Mildly deleterious mutations, however, are 
often only partially recessive, so heterozygote fitness is only ~5–25% higher than the homozygote average103. Each such 
mutation contributes little to inbreeding depression, although these mutations are abundant in populations and in 
aggregate their effects may be large.

In contrast, overdominant alleles (FIG. 1, bottom row) are maintained by balancing selection, often at intermediate 
frequencies in populations, even if one or both homozygotes have low fitness. Balancing selection also sometimes 
maintains chromosomal inversion polymorphisms104 and polymorphisms for other large genome regions with suppressed 
recombination (including the meiotic drive regions of chromosomes105). These may accumulate different mutations that lower 
fitness when homozygous, making the region overdominant106. Claims of single-locus overdominance (for example, REF. 107) 
should therefore exclude inversions. In Mimulus guttatus, much of the inbreeding depression for male fertility is caused by 
polymorphic chromosomal rearrangements that are associated with recessive partial male sterility and meiotic drive108,109.

Other forms of balancing selection also maintain genetic variation, but probably rarely contribute to inbreeding 
depression. For instance, recessive alleles with harmful effects on a fitness trait may be common in populations because 
of their beneficial effects on other traits or life stages or in other environments (antagonistic pleiotropy), but dominant 
alleles are unlikely to always give higher fitness44.

two or more loci
Two very different types of situations that involve multiple loci are important for understanding inbreeding depression.

Pseudo-overdominance may often underlie inbreeding depression and heterosis. Complementation can occur between 
unlinked deleterious alleles in a hybrid, producing heterosis (FIG. 1, top row). Similarly, a genome region may contain two  
or more closely linked genes, with each parental chromosome having different deleterious recessive alleles in repulsion  
(FIG. 1, middle row). Homozygotes for the chromosomal region will suffer reduced performance, which will produce 
apparently overdominant factors in quantitative trait locus studies, even though two distinct loci are actually involved.

Multiplicative and non-multiplicative interactions
If many moderately or slightly deleterious alleles are present in an outbred population, the numbers that are homozygous 
in an inbred genotype will determine its fitness. Different genes can interact in many possible ways, but often the fitness- 
reducing effects of homozygosity for deleterious alleles (mutant alleles or alleles at loci with overdominance) act roughly 
multiplicatively. This will occur when different deleterious mutations affect the trait independently. In the figure below, part a 
shows how the scale on which the trait is measured can affect whether epistasis is detected. Multiplicative effects result in 
a linear decline on a logarithmic scale (therefore this scale is used in part b in the figure in BOX 1), whereas additive 
effects produce epistasis of the synergistic form (with increasingly severe losses of fitness as the number of homozygous 
alleles increases; see part a). If mutations reduce fitness more than additively, synergism can be even stronger.

Although individual loci with completely additive alleles (no dominance) will not contribute to inbreeding depression, 
two or more such loci can cause heterosis when they affect a trait, such as yield or fitness, that results from  
the multiplicative combination of component traits110,111. In the figure, part c shows an example: total seed number is the 
product of flower number (trait A, controlled by locus A) and seeds produced per flower (trait B, controlled by locus B).
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Inversion
Rearrangement in which part 
of a chromosome is inverted  
in order with respect to a 
homologous chromosome  
in the same species or in a 
different species.

Meiotic drive regions
Regions containing genes  
that have non-Mendelian 
segregation in heterozygotes 
because one allelic version  
of the region is rendered 
non-functional during meiosis.

Complementation
Restoration of function  
in heterozygotes for two  
genes with recessive 
loss-of-function mutations 
(unless both mutations are in 
the trans configuration in the 
same gene, so that neither 
allele is functional).
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Haplodiploidy
The system in Hymenoptera 
(bees, wasps and their 
relatives) in which fertilized 
eggs develop into females and 
unfertilized eggs develop into 
(haploid) males.

Large-effect mutations
In the context of this Review, 
mutations that cause major 
phenotypic abnormality, 
disease, lethality or sterility.

detected were again found to be at a low frequency15,16 
(as in D. melanogaster). In zebrafish and killifish, sib-
mated families often segregated for recessive alleles that 
were lethal during egg development4, and the numbers 
of heterozygous lethal mutations were estimated to be 
similar to those in D. melanogaster.

Mutations that act later in the life cycle, including 
sterility mutations, can also be detected. In outcrossing 
plants, inbreeding experiments commonly reveal car-
riers for recessive male sterility mutations, and cross-
ing experiments typically indicate that these alleles are 
individually rare17.

Purging mutant alleles: indirect evidence for deleteri-
ous mutations. as already mentioned, if rare, highly 
deleterious recessive mutations cause a major portion 
of inbreeding depression, inbreeding should rapidly 
purge these mutations from a population or species. In 
haplodiploid organisms, models of purging predict that 
inbreeding depression due to deleterious mutations 
should be slight because recessive mutant alleles will 
be selected out in each generation of haploid males18. 
Inbreeding depression is indeed weaker in haplodiploids 
than in comparable diploids19.

We have already mentioned Darwin’s prediction 
that inbreeding depression favours the evolution of out-
crossing3. outcrossing is puzzling: compared with self- 
fertilization or asexual reproduction, it carries the risk of 
reproductive failure when potential mates are scarce, and 
it seems to waste the resources and time of organisms in 
terms of finding and attracting mates (or, in plants, attract-
ing pollinators). self-fertilization also has a strong genetic 
advantage because an individual contributes two copies 
of its genes to each progeny produced by self-fertilization,  
versus just one copy to each outbred progeny20,21. The 
intuitively appealing view that outcrossing is beneficial to 
populations — because the higher variability of outcross-
ing populations compared with inbreeding populations 
might allow the former to evolve in response to changes 
in their environments22 — is no longer accepted, because 
the long-term advantages to populations cannot prevent 
inbreeding evolving, owing to the strong immediate  
advantages to individuals of self-fertilization.

Many theoretical studies have confirmed Darwin’s 
idea that strong inbreeding depression can overwhelm the 
ecological and genetic advantages of self-fertilization23. 

The underlying genetics of inbreeding depression can 
produce different evolutionary outcomes. If it is mainly 
caused by recessive deleterious mutations, inbreeding in 
small populations may cause purging, which may allow 
selfing to become evolutionarily favoured24. In contrast, 
inbreeding depression due to heterozygote advantage 
can increase with greater inbreeding in a population, 
which will potentially favour the evolution of mating 
systems with mixed outcrossing and selfing25 (although  
such mixed mating can also evolve for other reasons26).

Comparisons of inbreeding depression between 
naturally inbreeding species and naturally outcrossing 
species suggest modest purging (BOX 1), although some 
inbreeding depression is detectable in inbreeding spe-
cies27–29. The mild inbreeding depression and heterosis 
that are commonly observed in highly selfing wild spe-
cies30 are therefore explicable as unpurged mutational 
load. However, this is not conclusive evidence: in highly 
inbreeding populations, overdominant alleles are not 
maintained (selection favours the better homozygote31), 
so both genetic hypotheses predict low inbreeding 
depression in such populations.

Contributions of mildly deleterious mutations. Theoretical 
models predict that purging is most effective and will 
happen especially quickly for large-effect mutations, and 
that inbreeding depression caused by cumulative effects 
of many individually rare, mildly deleterious mutations 
will not easily be purged by inbreeding32,33. We have 
already mentioned experiments that indicate that D. mel-
anogaster populations carry mildly deleterious muta-
tions, as well as lethal mutations. The differential purging 
of major and minor mutations might help in assessing  
their relative contributions to inbreeding depression.

large sets of individuals from outcrossing popula-
tions can be inbred for multiple generations to elimi-
nate major recessive mutations. The remaining unrelated 
inbred individuals can be inter-mated, and the inbreeding 
depression and fitness in this new outbred population can 
be compared with that of the ancestral population. In the  
plant M. guttatus, such an experiment purged little of 
the inbreeding depression, which suggests a minor role 
for large-effect mutations34. In the beetle Stator limbatus,  
however, inbreeding depression decreased by 35% to 
73% in two replicate purged populations, which suggests  
a bigger contribution of large-effect mutations35.

Table 2 | differences between inbreeding depression and heterosis

nature of the difference inbreeding depression Heterosis*

Genetic variation Must be present within the species or population Can appear in F
1
 individuals between genetically uniform 

populations or strains

Effect of genetic drift in small 
populations

Lowers inbreeding depression due to mildly 
deleterious mutations in small populations

Heterosis due to mildly deleterious mutations is highest 
for small populations or highly inbreeding populations

Likelihood of outbreeding 
depression and its 
consequences

Unlikely without strong isolation or local adaptation, 
and therefore unlikely to affect the magnitude of 
inbreeding depression within a population

May lower the magnitude of heterosis

Complementary interactions 
between different deleterious 
recessive mutations

Can cause inbreeding depression if loci are linked, so 
homozygosity for the genome region lowers fitness 
(pseudo-overdominance, see FIG. 1)

Can cause heterosis even if loci are unlinked and even if 
heterozygous alleles at the loci cause phenotypes that are 
between those of the homozygotes (FIG. 2c)

*See BOX 3.
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Outbreeding depression
Reduced fitness of F1 or F2 
individuals after a cross 
between two species or strains.

Genetic variance
The variance of trait values that 
can be ascribed to genetic 
differences among individuals. 
The total genetic variance in a 
trait can be dissected into 
additive, dominance and other 
components; in populations, 
these components depend on 
the frequencies of the alleles at 
loci affecting the trait.

Is continued heterosis in maize evidence for overdomi-
nant alleles? Decades of selective breeding in maize 
might have been expected to eliminate (purge) mutant 
alleles that lower yield, and it is often argued that the 
observed continued heterosis for yield implies an impor-
tant role for overdominance in heterosis. However, this 
evidence is not definitive support for overdominant 
alleles. First, F1 yield has been selected for in maize36, 
so continued heterosis is not surprising. second, purg-
ing during selection for yield may not entirely eliminate 
heterosis due to deleterious mutations. The improved 
inbred line performance could be due to the selection 
of alleles at loci that do not contribute to heterosis, 
whereas the heterosis could be caused by numerous 
small-effect mutations that are not purged by the selec-
tion to improve the line. We have just described evidence 

that deleterious mutations are prevalent in populations, 
so it is plausible that they should be present in maize 
strains. We also explained that genetic models of purg-
ing with inbreeding show that mildly detrimental alle-
les are eliminated only over hundreds or thousands of 
generations32,33. although these models have not (to our 
knowledge) included artificial selection for characters 
such as yield, mutational load can probably persist even 
in highly homozygous strains under strong selection 
against low-yielding genotypes.

Can rare deleterious mutations alone account for most 
inbreeding depression? The results discussed so far show 
that some inbreeding depression is due to individually 
rare large-effect viability and fertility mutations. of the 
remaining, often substantial, inbreeding depression, 
how much is contributed by rare, mildly detrimental 
mutations at many loci, versus loci with intermediate 
frequency alleles maintained by overdominant or other 
forms of balancing selection? Plausible values for spon-
taneous deleterious mutation rates and their effects (in 
the few model species in which they can be estimated 
(BOX 4)) can account for much of the observed inbreeding 
decline and genetic variance in fitness without invoking 
overdominant loci37.

The biometric dissection of genetic variance into 
components of additive variance and dominance variance38 
might be expected to allow more direct tests of whether 
mutational load or heterozygote advantage contributes 
most to genetic variation in fitness. loci with a heterozy-
gote advantage cause high dominance genetic variance in 
populations39, whereas the mutational model (FIG. 1) pre-
dicts that most genetic variation will be additive when the 
mutations are incompletely recessive40,41. Many characters 
related to fitness give results that are consistent with the 
mutational model42 although, interestingly, some fitness-
related characters — such as early female fecundity, via-
bility and male mating success in D. melanogaster42–45 and 
flower size and pollen viability in M. guttatus46,47 — have 
too much additive genetic variation to be explained by 
deleterious mutation alone. However, this does not sug-
gest a major role of heterozygote advantage because, as 
explained above, such loci would cause high dominance, 
rather than additive, genetic variance. These intriguing 
results suggest that some of the inbreeding depression for 
these traits is caused by alleles that are present at inter-
mediate frequencies, perhaps through the action of some 
other form of balancing selection (BOX 2).

Genetic mapping studies
Determining the effects of genes that cause heterosis and 
inbreeding depression. Many of the studies discussed 
above infer the genetic basis of inbreeding depression 
indirectly or as average properties of the genes involved. 
now that genetic markers can be developed in almost 
any organism of interest, modern genome-wide mapping  
approaches — such as quantitative trait locus mapping 
(QTl mapping) — could potentially identify individual 
loci that affect traits related to fitness and agronomic 
value, and could directly show the relative contributions 
of detrimental mutations and overdominant loci.

 Box 3 | Heterosis and outbreeding depression

Heterosis (or hybrid vigour, when the parents are different species) is often measured 
as the difference between the fitness traits of the first filial (F

1
) generation and the 

best parent value. Heterosis and inbreeding depression can be caused by either of the 
major kinds of genetic actions outlined in FIG. 1 (deleterious mutations with largely 
recessive effects or overdominant alleles). If the evidence from studies of heterosis 
suggested great importance of overdominance, this would imply that overdominance 
is also important in causing inbreeding depression within populations. However, one 
must understand the differences between the types and frequencies of genetic 
variants that may cause inbreeding depression and heterosis (summarized in 
TABLE 2 and in the main text).

the genetic variants involved in heterosis
Inbreeding depression requires genetic variation in a population, whereas heterosis 
between two populations (or between the F

1
 individuals of genetically uniform strains) 

depends on genetic differences between them (TABLE 2). Heterosis will largely be due 
to mutations with small detrimental effects, whereas rare mutations with moderately 
large effects predominate in inbreeding depression. One reason for this difference is 
that mild detrimental mutations with almost intermediate dominance can contribute 
to heterosis (part c of the figure in BOX 2). Another reason is that, although 
detrimental mutations remain rare in large populations, small-effect mutations can 
reach high frequencies by genetic drift in small populations. Fixation of different 
mutations in different populations causes heterosis (FIG. 1). It also lowers the 
homozygosity difference between inbred and outbred individuals in a population, 
therefore decreasing inbreeding depression (which will be caused by the remaining 
rare mutations with larger effects112,113).

In contrast, balancing selection maintains similar allele frequencies in different 
populations, unless selection differs between them114. In principle, alleles with 
heterozygote advantage at intermediate frequencies in populations could be the 
sole cause of inbreeding depression (although this is implausible given the evidence 
that most populations have many rare deleterious mutations and that balancing 
selection rarely maintains variants for a long period of time (BOX 4)). Heterozygote 
advantage is, however, much less likely to contribute to heterosis — two alleles from 
different populations or inbred strains might sometimes be overdominant by chance, 
but this is unlikely.

Hybrid breakdown between differently adapted populations
Determining the genetics underlying heterosis between populations is complicated 
by simultaneous hybrid breakdown, which can occur if the species (or lineages  
in inbreeding species) have accumulated adaptive differences. Differences selected in 
one species or the other (or both99) can cause Dobzhansky–Muller incompatibility115 
when homozygotes for recessive ‘incompatible’ multi-locus combinations are 
generated in the F

2
 hybrid generation or in the F

1
 generation when the interacting 

alleles have dominant effects (for example, in some cotton hybrids116). Such 
interactions are a form of outbreeding depression. Recessive genetic incompatibilities 
have been found between natural populations of two highly inbreeding species, 
Arabidopsis thaliana117 and Caenorhabditis elegans118.
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• It also recombined into a haplotype with the red allele
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Additive variance
The component of genetic 
variance that is due to the 
additive effects of alleles.  
It is the primary contributor  
to resemblances between 
parents and offspring and to 
evolutionary responses  
to selection.

Dominance variance
The component of genetic 
variance that arises from 
deviations of heterozygotes 
from the mean of the  
two homozygotes (this will  
be large for loci with 
overdominant alleles).

Quantitative trait locus 
mapping
The use of genetic mapping  
to locate genome regions that 
contain a gene or genes  
that affect character values.

Mutation accumulation lines
Lines developed by multiple 
generations of breeding in  
such a way as to minimize the 
action of natural selection  
(for example, by using the 
same number of progeny  
from each breeding individual 
in each generation).

Box 4 | assessing the action of selection using dna sequences

evidence for deleterious mutation using DnA sequence divergence and diversity
Comparisons of coding sequences of genes between different species show many fewer non-synonymous substitutions 
per site (d

n
 estimates) than synonymous ones (d

s
 values). Synonymous mutations are probably more often neutral with 

respect to fitness or impair fitness only slightly. Therefore d
n
 < d

s
 implies that many non-synonymous mutations are 

deleterious119,120. Using the deficit of such substitutions to estimate the genomic deleterious mutation rate121,122, current 
estimates are close to those obtained by directly ascertaining mutations in sampled genome regions in inbred mutation 
accumulation lines123. These inferences underestimate genomic deleterious mutation rates because they assume that 
selective constraints act only on non-synonymous mutations in coding regions, whereas selection also acts against 
variants in several types of non-coding regions 124–129.

DNA sequence variants segregating in human and other populations also betray the action of selection. In the figure, 
part a shows data from Drosophila melanogaster and Arabidopsis thaliana. If synonymous variants are the least 
deleterious, the deficit of common variants at other types of sites implies selection against variants in these sequences. 
Combining such data with divergence from suitable related species, the strength of selection on mutations segregating in 
human populations is estimated to average a few per cent, with a wide distribution around this value130. The analyses 
suggest a tail of mutations with effects that are too weak to be detected in mutation accumulation experiments131,132,  
and similar conclusions have been obtained in D. melanogaster133–135.

tests for balancing selection using DnA sequence diversity
Few cases of overdominance at single loci are well documented. Because alleles with heterozygote advantage can be 
maintained for long periods of time, their selection might be detectable because their sequences would have high 
nucleotide diversity relative to other genes in the same population. Part b shows the effect of long-term balancing 
selection on sequence variability in nearby regions of a sequence. Different alleles (indicated by red and black circles) 
each accumulate ‘private variants’. Synonymous and non-coding variants in a region close to the site(s) under balancing 
selection (grey and red circles) will therefore have high diversity, but recombination breaks down the associations with 
distant regions (light blue circles). The ‘migration’ of variants through recombination into alleles other than those in which 
they arose (dark blue circles) is slow at the physical scale of a single locus88.

Few such loci are so far known136–139. However, using high DNA sequence diversity to test for balancing selection results  
in an underestimation of its prevalence, because this method only detects alleles that are maintained for long periods of 
time and because the associations caused by mutations are restricted to genome regions very closely linked to variants that 
are the targets of the selection. Although such tests detect all forms of balancing selection, only some of these forms 
cause inbreeding depression (BOX 2). Part a is reproduced, with permission, from REF. 129  (2008) Annual Reviews.
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Repulsion
The situation in a diploid 
organism when an allele of 
interest at one locus (for 
example, a mutant allele)  
came from a gamete 
contributed by one parent,  
and an allele at another  
locus came from the other 
parent (for example, the 
genotype +–/–+, in  
which – denotes mutant  
alleles and+ denotes 
wild-type alleles).

Recombinant inbred lines
A population of fully 
homozygous individuals 
obtained through the repeated 
selfing of an F1 hybrid.

Epistasis
The dependency of the effects 
of alleles at one locus on the 
genotypes at other loci in  
the genome.

Introgression
Crossing strains or species in 
such a way as to introduce 
some of the genome of one  
of the parents into that of the 
other, often by repeated 
backcrossing and selecting  
for certain genetic markers or 
phenotypic characters.

QTl mapping is, however, better suited to investigating 
heterosis in specific crosses than to studying inbreeding  
depression in a genetically diverse wild population. 
This is because, in wild populations, different genotypes 
tend to carry different alleles that lower the fitnesses of 
homozygotes (see above and BOX 2), which causes great 
variation in inbreeding depression from one genotype 
to another48. To adequately sample this diversity, experi-
ments involving crosses between multiple parental geno-
types are needed, which is currently impossible given 
the large effort and expense involved in studying even a 
single cross. Most QTl-mapping studies have therefore 
focused on heterosis in crop plants, which depends on 
inter-strain (or inter-species) differences (BOX 2) and can 
be studied using crosses between F1 individuals.

Distinguishing overdominance from pseudo- 
overdominance in heterotic crosses. The first such study 
involved a cross between two maize inbred lines. Hundreds 
of F3 progeny were backcrossed to both parents, and the 
progeny (grown in several locations) were measured for 
yield and other related traits and genotyped for markers49. 
all but one of the more than ten yield QTls exhibited over-
dominance, and individual plant yields correlated strongly 
with the proportion of heterozygous markers in their 
genomes. a recent reanalysis that used more sophisticated 
methods resulted in more QTls but again found perva-
sive overdominance50. although these results might seem 
to provide strong evidence for overdominance, pseudo-
overdominance (BOX 2) is not excluded. Indeed, when the 
genome region containing the QTl with the largest effect 
identified in the first study was fine mapped, pseudo-
overdominance was confirmed; this overdominant QTl 
was found to consist of at least two linked smaller effect  
QTls with deleterious recessive alleles in repulsion51.

The limited resolution of most QTl studies (which 
rarely have the power to detect loci with small phe-
notypic effects, such as mildly deleterious mutations) 
means that linked genes with individually mild effects 
might often appear as a single major QTl, particularly 
in chromosomal regions with high gene density relative 
to recombination. This was confirmed by simulating 
numerous small-effect mutations distributed randomly 
among genes, taking into account the known patterns of 
recombination rates in the D. melanogaster genome52,53. 
as predicted, when the fitness effects were genetically 
mapped, most mutant loci were not individually detect-
able; instead large QTls, consisting of linked mutations, 
were often detected, particularly in low recombination 
regions53. Indeed, when recombinant inbred lines are made 
in maize, the regions near the centromeres of all chro-
mosomes become homozygous more slowly than regions  
with higher recombination, suggesting that these  
regions contain considerable recessive genetic load54.

QTl-mapping studies in Arabidopsis thaliana55, rape-
seed56 and other plant species have sometimes detected 
apparently overdominant QTls that contribute to het-
erosis, but only rarely has pseudo-overdominance been 
definitively excluded. Breeding for several generations, to 
allow recombination to break down associations between 
deleterious mutations at different loci, has repeatedly 

revealed pseudo-overdominance57; a notable exception 
is the apparently overdominant locus in A. thaliana58. 
none of these cases has been re-examined or tested fur-
ther with genetic markers or by fine-scale mapping. Even 
in cases in which alleles with apparent overdominance 
arose recently by mutation in a genetically homogeneous  
strain, pseudo-overdominance can be shown to have 
developed in the genome region involved59,60.

Involvement of epistasis in heterosis in rice and  
A. thaliana. another difficulty arises if epistatic interac-
tions between genes are important (BOXES 2,3). analyses 
of an early QTl-mapping experiment in a cross between 
the rice subspecies indica and japonica61 suggest that 
pervasive epistasis between QTls was important for 
heterosis50. several other rice QTl-mapping experi-
ments using the same rice subspecies have also detected 
substantial epistasis and apparent overdominance rather 
than true dominance62–64, as have studies of A. thaliana 
crosses65–67. However, these QTl-mapping experiments 
on heterosis may not necessarily illuminate the genetics 
of inbreeding depression in natural populations. They 
involve crosses between divergent subspecies or, in  
A. thaliana, lines from different geographic regions.  
In such highly inbreeding plants, heterozygote advantage 
at any gene seems unlikely (BOX 3), but such ‘wide crosses’ 
often exhibit F1 heterosis. However, subsequent genera-
tions may often have lower fitness owing to harmful 
epistatic interactions between alleles derived from their 
two parents — that is, ‘hybrid breakdown’. such ‘incom-
patibilities’ can also reduce heterosis in the F1 generation 
and complicate its genetic analysis (BOX 3).

Mapping individual regions that cause heterosis using 
genome introgressions. To avoid epistatic interactions 
and the difficulties they pose for quantitative genetic 
analyses, multiple introgression lines were developed, 
each carrying a single small genome region from 
Solanum pennellii in an otherwise homozygous Solanum 
lyco persicum genetic background68. The lines were then 
each crossed to the inbred S. lycopersicum parent to test 
the different heterozygous segments for heterosis. These 
plants were monitored for 35 characters, along with the 
inbred parent and the homozygous introgression lines. 
For reproductive characters, the introgressed S. pennellii 
regions mostly reduced the values, acting like recessive 
deleterious alleles (not surprisingly, as the two species 
do not show overall F1 heterosis69), but some regions 
showed heterozygote superiority.

Because the introgressed regions are large69,70, 
pseudo-overdominance of the regions might explain the 
apparently overdominant regions; however, the authors 
argue against pseudo-overdominance, because only 
0.7% of regions (that is, QTls) for non-reproductive 
characters show apparent overdominance versus 15% 
of reproductive QTls68. If deleterious alleles in repul-
sion phase in any region affect the two kinds of charac-
ters equally often, there should be no such difference. 
However, reproductive traits are the outcome of the 
entire developmental process and may be influenced by 
more genes than other traits — that is, they are more 
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likely, on average, to be affected by several linked genes 
and therefore to show pseudo-overdominance. The aver-
age proportion of introgressions that significantly affect 
a reproductive trait was indeed about twice that for indi-
vidual non-reproductive traits, which suggests that the 
chance of more than one gene in a region affecting a trait 
is higher for reproductive traits. This experiment there-
fore gives uncertain evidence for true overdominance as 
the main contributor to heterosis, and the problems of 
inferences from wide crosses outlined above69 lessen its 
relevance for the genetics of inbreeding depression.

QTL analyses of inbreeding depression. as explained 
above, no study has attempted to sample the natural 
diversity in populations. a mapping study of embryonic 
survival and early growth and survival studied selfed 
progeny from a single loblolly pine71,72. of the 19 QTls 
detected, 16 QTls affected embryonic survival, and these 
were all consistent with deleterious recessive mutations, 
whereas the 2 QTls that affected height growth showed 
large effects with overdominant gene action (or pseudo-
overdominance). To characterize the genetic basis of 
inbreeding depression, this sort of experiment should be 
extended to multiple individuals sampled from popula-
tions. new Dna sequencing technologies may greatly 
lower the costs and time required to genotype mapping 
populations73 and might make population-scale QTl 
studies of inbreeding depression feasible. If inbreeding 
depression is mainly caused by rare mutations (as the 
numerous quantitative genetic studies in D. melanogaster, 
M. guttatus and other species suggest), different fami-
lies should carry different QTls. However, as explained 
above, the low resolution of QTl-mapping experiments 
limits the ability to discriminate the individual genes.

epigenetics and differential gene expression
Many experiments have been done to test whether 
heterotic F1 hybrids exhibit unusual patterns of gene 
expression or epigenetic Dna modification compared 
with their inbred parents. This approach is suggested 
by the observation that gene expression differences are 
common between inbred strains of a range of organisms 
that show hybrid vigour (reviewed in REF. 74), including 
wheat75. In seedlings of two maize inbred lines and their 
F1 heterotic hybrid, for example, about 10% of almost 
14,000 genes studied had significant expression differ-
ences76. In 78% of these, the expression in the F1 hybrid 
was statistically indistinguishable from the mean expres-
sion value of the two parents (that is, the expression of 
the alleles at each locus show additivity), but some dif-
ferentially expressed genes had expression levels in the 
F1 hybrid that were higher or lower than one parent, and 
sometimes expression levels were higher or lower than 
both parents. other studies report more non-additively 
expressed genes, including many with F1 expression levels  
outside the parental range77,78.

In principle, any of these patterns could be caused 
by deleterious mutations (FIG. 2) and could contribute 
to inbreeding depression and heterosis, because gene 
expression levels will not generally be linearly related to 
trait values. a single copy of a wild-type allele for an 

enzyme, in heterozygotes for loss-of-function mutations, 
often provides reaction rates close to those of wild-type 
homozygotes (BOX 2).

It has been suggested that the occurrence of insertion/
deletion (indel) variants in 5′ regions between the alleles 
of genes that are differentially expressed in different rice 
strains may imply that expression differences are impor-
tant for heterosis in these strains5 (although this need 
not imply true overdominance, see FIG. 2b). However, 
there is no direct evidence that gene-expression differ-
ences in any of the genes studied actually contribute to 
heterosis. The few studies of whether the extent of het-
erosis in crosses correlates with the extent of differential 
gene expression have yielded inconsistent conclusions. 
Using 16 maize hybrids and their inbred parents, hybrid 
yield was found to correlate positively with the fraction 
of differentially expressed genes in immature ear tissue 
(which may simply reflect different degrees of related-
ness) and with the fraction of genes with additive expres-
sion patterns79. In a study of 6 hybrids, the number of 
differentially expressed genes indeed correlated strongly 
with estimated sequence divergence between the parents, 
although only 25% of the differentially expressed genes 
were non-additively expressed in the hybrids80. In a larger 
sample of 25 hybrids, however, sequence divergence 
between parental lines correlated only weakly with the 
heterosis of several traits, so this study does not support 
a strong correlation between the fraction of differentially 
expressed genes and heterosis. Furthermore, differences 
in protein sequences were not excluded, and such poly-
morphisms are abundant in natural populations of many 
organisms, and could contribute to heterosis (BOX 4).

The correct control of gene expression is often impor-
tant for fitness and yield and may contribute to inbreed-
ing depression81 (FIG. 2), but there is no evident reason 
why non-optimal gene expression should specifically 
result from inbreeding. Correct gene expression might 
be maintained by epigenetic ‘crosstalk’ between differ-
ent alleles, so prolonged homozygosity might partially 
silence genes and normal expression might be restored 
in heterozygous hybrids. If this is the case, haploids that 
are derived from hybrids should perform better than 
haploids derived from inbreds; however, this was not 
found in maize77. Direct studies of Dna methylation 
in maize inbred lines and their hybrids have also failed 
to find spontaneous changes in methylation state in  
relation to heterozygosity82.

Conclusions and remaining challenges
We have argued that the data on inbreeding depression, 
taken as a whole, are readily interpreted as the effects 
of homozygosity for deleterious mutations with largely 
recessive effects. The evidence suggests that the high fit-
ness of heterozygotes compared with homozygotes rarely 
derives from individual overdominant loci, and only 
seems to do so because single-gene resolution is rarely 
possible in QTl mapping (and has not yet been achieved 
for such multi-locus situations as inbreeding depression). 
The main advance since Darwin’s time is that the work of 
the early maize geneticists (whose hypotheses are sum-
marized in FIG. 1) showed that inbreeding depression and 
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heterosis are genetic phenomena, as Darwin suspected. 
Much of the continued interest in inbreeding depression 
derives from the challenges in elucidating the action of 
the genes responsible and (as we have discussed) devising 
tests to determine whether overdominant genes add sub-
stantially to the contributions of deleterious mutations.

Given that individual overdominant genes have not 
been identified, the role of these genes remains unre-
solved. If the main contribution to inbreeding depres-
sion and heterosis comes from many rare, harmful, 
small-effect mutations that segregate at low frequencies, 

identifying individual loci may be impossible. vast num-
bers of small-effect mutations probably exist at low fre-
quencies in humans and underlie many common diseases, 
such as asthma (which explains why the genes that have 
been mapped in powerful association mapping analyses 
explain little of the total genetic variance83). However, as 
explained in BOX 2, many deleterious mutations prob-
ably have almost intermediate dominance and may not 
contribute much to inbreeding depression. This gives 
hope that alleles with large enough effects for study by 
QTl analyses may be involved in inbreeding depression. 
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Figure 2 | Molecular hypotheses for heterosis or heterozygote functional superiority. Each of the three 
mechanisms shown is a special case of the types of genetic effects outlined in FIG. 1. Parts A and B show two-locus 
situations involving complementary interactions between non-allelic deleterious recessive mutations, whereas part c 
shows a single-locus situation that also involves pseudo-overdominance. A | Protein complexes, including 
trans-acting transcription factors, can yield apparent overdominance. Genes A and B each encode a component of 
such a complex. Each parent has a mutation and lacks one component, whereas their F

1
 progeny receive functional 

alleles for both components and therefore have a functional complex (and higher fitness). Ba | Mutations (red crosses) 
in cis-regulatory regions (blue ovals) result in additive variation. Light grey arrows indicate that no transcript is 
produced, and dark grey arrows indicate high expression. Bb | Mutations in trans-acting transcription factors (beige 
circles) usually result in dominance of expression. Bc | Mutations in cis-regulatory regions and trans-acting 
transcription factors in two parent genotypes can yield (apparent) overdominance in expression levels5; neither 
parent has normal expression, but F

1
 expression is high. c | Single-locus overdominance when optimal expression is 

between that of the two parents74. This might happen if one parent (inbred 1) overexpresses the gene owing to the 
lack of an expression-decreasing cis-regulatory element (cis-element 2; orange oval) and the other parent (inbred 2) 
has an allele that causes suboptimal expression owing to the lack of an expression-increasing cis-regulatory  
element (cis-element 1; blue oval). In the F

1
 hybrid, the two mutations complement one another, to give a form of 

pseudo-overdominance. Part b is modified, with permission, from REF. 5  (2008) Oxford University Press.
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Technical advances are making it possible to detect 
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contribute greatly to inbreeding depression, particularly 
as such polymorphisms are often ephemeral and are 
usually replaced by others that confer the same benefit 
but without the disadvantage (such as the Duffy allele 
that also protects against malaria but does not carry the  
disadvantages of the sickle-cell allele90).

nevertheless, the importance of overdominance 
relative to deleterious mutations cannot yet be quan-
tified accurately. surprisingly, their importance may 
soon be shown by molecular evolutionary approaches 
rather than by identifying individual loci through 
genome mapping.
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