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Abstract

Deleterious mutations decrease reproductive fitness and are ubiquitous in
genomes. Given that many organisms face ongoing threats of extinction,
there is interest in elucidating the impact of deleterious variation on extinc-
tion risk and optimizing management strategies accounting for such mu-
tations. Quantifying deleterious variation and understanding the effects of
population history on deleterious variation are complex endeavors because
we do not know the strength of selection acting on each mutation. Fur-
ther, the effect of demographic history on deleterious mutations depends on
the strength of selection against the mutation and the degree of dominance.
Here we clarify how deleterious variation can be quantified and studied in
natural populations. We then discuss how different demographic factors,
such as small population size, nonequilibrium population size changes, in-
breeding, and gene flow, affect deleterious variation. Lastly, we provide
guidance on studying deleterious variation in nonmodel populations of
conservation concern.
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Fitness: the ability of
an individual in a
population with a
given genotype to
reproduce

Genetic rescue:
movement of
individuals from a
population into a
smaller population to
increase the
population size and
decrease extinction
risk

Reference genome:
a genome sequence
that is well-assembled
and annotated to
which sequencing
reads from other
individuals can be
mapped

Genetic load:
reduction in
reproductive fitness
due to deleterious
mutations

Inbreeding: mating
among close relatives
that increases
homozygosity
compared to that
expected under
random mating

Dominance
coefficient: the effect
of the heterozygous
genotype relative to
that of the two
homozygous
genotypes

Distribution of
fitness effects (DFE):
a probability
distribution describing
the proportions of
mutations that are
strongly, moderately,
or weakly deleterious;
neutral; or adaptive

INTRODUCTION

As a result of errors inDNA replication or environmental DNAdamage, genomes accumulatemu-
tations. Some mutations may have no effect on reproductive fitness and be evolutionarily neutral.
Other mutations may be beneficial, conferring some fitness advantage to those that carry them.
Lastly, somemutationsmay be deleterious, resulting in lower fitness of individuals that carry them.
Mutation accumulation studies, conceptual models of evolution, andmolecular population genetic
studies all suggest that deleterious mutations are abundant in genomes (1–4).

Deleterious variation is relevant for conservation biology, which is the focus of this review.
Specifically, theoretical models as well as empirical case studies have shown that an accumulation
of deleterious mutations can reduce the health of individuals within a species, potentially leading
to extinction (5–7). Researchers are now studying deleterious variation to inform management of
small and endangered populations and making predictions about the future health of the pop-
ulation. For example, one management strategy often employed to mitigate the risks of a small
population size is to translocate individuals from another population into the small population (8).
This strategy is called genetic rescue. Knowledge of the role of deleterious variation in extinction
and the dynamics of evolutionary processes on deleterious variation will enable more effective
genetic rescue strategies (9).

The study of deleterious variation has benefited greatly from advances in whole-genome se-
quencing technology. In the past decade, it has become possible to build reference genomes for
nonmodel organisms and survey genome-wide patterns of variation in tens to hundreds of individ-
uals (10). As a result, researchers have attempted to quantify the amounts of deleterious variation
in different populations with differing demographic histories and life history traits. Some gen-
eral trends are emerging, which we describe below. However, along with the general trends, new
challenges with respect to interpretation of deleterious variation are also arising.

In this review, we discuss some essential facets of deleterious variation in natural populations.
We begin by introducing the concept of genetic load and the theory behind it.We then discuss em-
pirical strategies aimed at quantifying load in populations.We next turn to discussing how different
evolutionary forces, such as small population size and inbreeding, can affect deleterious variation.
We close by discussing these new challenges of interpretation in studies of deleterious variation.

PRINCIPLES OF DELETERIOUS VARIATION

Quantifying Fitness Effects of Mutations: The Distribution of Fitness Effects

Model-based inferences of natural selection using molecular population genetic data have pro-
vided estimates of fitness effects of mutations. Specifically, if s denotes the fitness effect of a
mutation from A to a, then the three genotypes AA, Aa, and aa have fitnesses of 1, 1 + hs, and
1 + s, respectively. Here h is the dominance coefficient, reflecting the fitness of the heterozygous
genotype relative to that of the two homozygous genotypes. The distribution of fitness effects
(DFE) refers to the distribution of s for new mutations in a particular component of the genome
(Figure 1). Population genetic inferences from many organisms consistently find that new non-
synonymous mutations have fitness effects ranging from neutral to strongly deleterious (2, 11–16).
Very few new mutations are beneficial. In humans, approximately 20% of amino acid–changing
mutations are nearly neutral with s> −0.001. Approximately 17% have s< −0.01.The remainder
have fitness effects that are weakly deleterious (11).

The Fate of Deleterious Mutations in Populations: Selection and Drift

The DFE described above refers to new mutations entering the population. These mutations
comprise the raw material on which evolutionary forces can act. The dynamics of mutations
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Genetic drift: random
changes in allele
frequency as a
consequence of finite
population size

Natural selection

Generations

Genetic drift
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Figure 1

The distribution of fitness effects and the fate of mutations in populations. (a) Each new mutation that occurs in an individual has a
selection coefficient (s) describing its effect on fitness. The distribution of values of s is called the distribution of fitness effects (DFE)
and has been estimated for nonsynonymous mutations in several species. (b) Once a mutation enters the population, its fate is affected
by natural selection and genetic drift. Natural selection will push beneficial alleles to higher frequency and deleterious alleles to lower
frequency, whereas drift could allow for random fluctuations in allele frequency. (c) The distribution of selection coefficients for variants
segregating in the population differs from the DFE of new mutations. The DFE for segregating variants (c) has been affected by
selection and drift. Typically, the distribution of selection coefficients for segregating mutations will be shifted toward more neutral
variants because the most deleterious mutations will have been eliminated by natural selection. The selection coefficients for the
segregating variants are most directly relevant for assessing the genetic load of a population.

in populations are shaped by a combination of deterministic and nondeterministic evolutionary
forces (Figure 1b). Selection is a deterministic force, driving beneficial alleles to increase in fre-
quency and deleterious alleles to decrease in frequency and having no impact on the frequency of
neutral alleles in the absence of linkage. In contrast, genetic drift is a stochastic force, leading to
fluctuations in allele frequencies by chance due to the random sampling of alleles each generation.
The magnitude of drift each generation depends on the population size, having a larger effect on
allele frequencies in smaller populations.

We can think about the interplay of these evolutionary forces by considering the life cycle of a
deleterious mutation. When the mutation first enters the population, it has a frequency of 1/2N,
where N is the number of (diploid) individuals in the population. The mutation will also have a
selective (s) and dominance (h) effect. These two quantities are properties of each mutation and
are what DFE-inference methods estimate (Figure 1a). Then, selection and drift will affect what
happens to the new deleterious mutation over time (Figure 1b). The deleterious mutation may
be removed from the population due to selection, or it may persist due to the effects of drift.
Surveys of genetic variation detect those mutations that are segregating in the population at that
particular point in time in the individuals that were sampled (Figure 1c). This set of mutations
is a nonrandom subset of the mutations that initially entered the population, biased toward those
that are less deleterious and have escaped removal by selection. Nevertheless, as we discuss below,
there are conditions under which deleterious mutations may be segregating in populations and
have biological consequences.
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Selection coefficient:
the change in
reproductive fitness
associated with a
particular mutation,
averaged over
environments and
genetic backgrounds

Drift load: the genetic
load coming from
weakly deleterious
mutations that have
increased in frequency
or become fixed in
small populations

Mutational
meltdown: a process
in which weakly
deleterious mutations
become fixed in small
populations, resulting
in fitness reductions,
further decreases in
population size,
further fixations of
deleterious mutations,
and ultimately
extinction

Inbreeding load:
genetic load carried as
heterozygotes that
becomes expressed
only when inbreeding
increases
homozygosity

Genetic Load

In the 1950s, Muller (17) emphasized the idea that mutations could lead to a decrease in fitness
when he coined the term genetic load, building on Haldane’s (18) earlier mutation-selection bal-
ance theory. Crow (19) later defined load more precisely as the mean fitness of the population
relative to a population free of deleterious mutations. The load (L) can be specified as

L = wmax − w̄

wmax
, 1.

where w̄ is the mean fitness of the population and wmax is the fitness of a population free of dele-
terious mutations. The mean fitness, w̄, is a function of the number of deleterious mutations in
the population, their allele frequencies, and their selection and dominance effects. Specifically, at
locus i, the mean fitness can be written as

w̄ = 1 − q2i si − 2qi
[
1 − qi

]
hisi, 2.

where qi is the frequency of the deleterious allele, si is the selection coefficient, and hi is the domi-
nance coefficient.When considering multiple loci, the mean fitness is the product of the fitnesses
across all loci.

In the simplest models of viability selection, L, or the genetic load, refers to the reduction in
mean fitness of the population compared to the optimal genotype. For example, L = 0.4 implies
that the average individual has a fitness that is 40% of that of an individual without any deleterious
mutations.Under such a scenario, the individual would survive with a probability of 60%. Further,
40% of individuals leave no descendants.This model makes several assumptions, and its biological
applicability is questionable because it postulates a huge burden of genetic deaths (7, 20). Indeed,
load has been interpreted in other models as involving differences in relative fitnesses between
individuals.More work remains to be done in understanding the ecological implications of genetic
load.

Regardless of the precise biological interpretation of genetic load, it still may be relevant to
natural populations and conservation biology. If demographic processes (discussed below) lead to
an accumulation of deleterious variation, this could increase genetic load, increasing the proba-
bility of extinction of the population. Because conservation biology focuses on preserving small
populations, determining the extent to which small population size may lead to higher genetic
load is an important area of research that we discuss below. Further, management strategies of
small populations may focus on trying to minimize or decrease genetic load (6).

As can be seen in Equation 2, any process that would lead to more deleterious alleles segre-
gating in the population (e.g., increase in the number of loci potentially experiencing deleterious
mutations, increase in q, increase in s) would lead to an increase in genetic load. As we discuss
below, genetic drift can lead to an increase in the frequency of weakly deleterious alleles in the
population (21–23). Thus, the term drift load was coined to refer to the increase in load in small
populations.Typically, drift load is driven by the increase in frequency of weakly deleterious alleles
that are codominant or have additive effects (i.e., h = 0.5). Drift load also includes those deleteri-
ous alleles that reach fixation (i.e., frequency of 100% in the population). Drift load is the type of
load that underlies the mutational meltdown scenario (23, 24; see below).

Another type of genetic load that is relevant for populations of conservation concern is the
inbreeding load (B). The inbreeding load refers to the decrease in fitness that would result from
inbreeding occurring in the population (25–27). The inbreeding load for locus i can be written
as

B = qisi − q2i si − 2qi
[
1 − qi

]
hisi. 3.
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To gain some intuition, qisi would be the load if all mutations were homozygous in the popula-
tion.The second two terms, q2i si − 2qi[1 − qi]hisi, represent the actual expressed load in a randomly
mating population. Thus, the inbreeding load is the total possible load minus the currently ex-
pressed load. Note, the inbreeding load is masked if there is no inbreeding in the population.
As such, in the absence of inbreeding, the inbreeding load has no impact on fitness. However, if
inbreeding were to occur, this load would be unmasked and would decrease fitness. As we dis-
cuss below, certain demographic processes can affect drift load and inbreeding load in different
ways.

The applicability of genetic load theory to actual natural populations is not straightforward.
First, the hypothetical mutation-free genotype does not actually exist in a real population. All
individuals carry some number of deleterious mutations. Thus, selection may operate on a relative
scale, not an absolute one, where individuals with a higher load reproduce less than those with a
lower load (soft selection; 7, 28). Under this scenario, L may not have the same meaning as Crow
proposed originally. Typically, in conservation biology, load can be compared between several
closely related populations to measure whether the one of conservation concern has a higher load
(see below). A second challenge is that calculations of load focus only on deleterious mutations,
without regard for ecological processes occurring in real populations. For example, if density-
dependent processes are limiting population size, then loadmay notmatter for the dynamics of the
population because many individuals would likely die anyway. Finally, calculations of load make
several simplifying assumptions, such as multiplicative effects across loci. Multiplicative effects
may not hold if there is epistasis. For example, after a certain threshold, a continued increase in
deleterious mutations may no longer continue to decrease fitness.

Perhaps the biggest challenge in applying genetic load theory to natural populations is that
we do not know the selection coefficients and dominance coefficients for individual variants
segregating in genomes. Thus, it is hard to directly estimate load for particular individuals or pop-
ulations. Below, we describe some existing approaches to estimating load in natural populations,
highlighting the strengths and limitations of each.

QUANTIFYING GENETIC LOAD IN NATURAL POPULATIONS

Method 1: Empirical Characterization of Deleterious Variation

Genome sequencing provides a way to directly quantify variation across the genome and is increas-
ingly applied to populations of conservation concern. If one could distinguish harmful, neutral,
and beneficial variants in genomes, one could simply tabulate the number of harmful variants per
genome to estimate genetic load. However, in practice, differentiating between harmful, neutral,
and beneficial variants is challenging. Nonetheless, several computational approaches attempt to
predict which variants are likely to be deleterious.

One straightforward approach is to identify mutations that are predicted to alter gene structure
or function, such as those that encode premature stop codons, induce frameshifts, disrupt sites in-
volved in messenger RNA transcript splicing, or modify encoded amino acid(s). SnpEff (29) and
ANNOVAR (30) are two of the most commonly used computational tools for identifying such
mutations. The underlying assumption of this approach is that amino acid–changing (nonsynony-
mous) and other mutations predicted to impact gene structure or function tend to be deleterious,
whereas silent (synonymous) mutations are effectively neutral. These may be reasonable assump-
tions on average, but there are undoubtedlymany cases where they are violated. For instance, there
is accumulating evidence that selection acts on synonymous variants, particularly in functionally
important and/or highly expressed genes (e.g., 31–34). Conversely, some mutations that strongly
impact gene structure or function may ultimately have neutral or even adaptive effects.Mutations
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Ancestral/derived
allele: the ancestral
allele is the original
state that existed
before mutation,
whereas the derived
allele is the new
mutation

encoding premature stop codons that lead to truncated gene transcripts, so-called loss-of-function
(LOF) or protein-truncating variants, are generally assumed to be strongly deleterious. However,
such mutations can occasionally be adaptive (35) and are segregating at appreciable frequency in
the population without negative phenotypic consequences (36).Thus, althoughmutations impact-
ing gene structure or function may have deleterious effects on average, the effect of a particular
variant remains uncertain.

A second approach to identify putatively deleterious variants in genomes incorporates the
physicochemical properties of amino acid substitutions to infer deleteriousness. As amino acids
vary in size/weight and polarity, mutations that introduce substitutions between highly dissimi-
lar amino acids are more likely to impact protein structure/function than those that substitute an
amino acid with similar properties. Grantham (37) and Miyata et al. (38), among others, devel-
oped scoring matrices to reflect the degree of dissimilarity between all possible amino acid pairs,
and one application of these scores has been to assign probable deleteriousness to nonsynonymous
mutations. Again, this approach assumes that greater disruptions to protein structure/function are
more likely to be deleterious, which may not always be true; therefore, the caveats noted above
also apply here.

A third approach uses sequence conservation across species to distinguish putatively neutral
from putatively deleterious variants. This approach assumes that mutations in sites under strong
evolutionary constraint are likely to be deleterious, as evolutionary constraint may reflect strong
negative selection. Here, evolutionary constraint is defined by a lack of diversity in alignments of
homologous nucleotide or protein sequences from many species. Methods that use this frame-
work to infer the deleteriousness of mutations in studies of nonhuman species include the GERP
(Genomic Evolutionary Rate Profiling; 39, 40) and SIFT (Sorting Intolerant from Tolerant; 41,
42) algorithms. Other methods, such as PolyPhen-2 (43), PROVEAN (44), and CADD (45), are
designed for use in studies of humans and a small number of model organisms but occasionally
are adapted for use in a wider range of species.

All these approaches have notable limitations in addition to those already mentioned.Most im-
portantly, none of these methods can reliably discern strongly from weakly deleterious mutations
(46–48) or reveal whether mutations are additive or recessive. Also, in many cases, these methods
can be applied only to simple variants (single-nucleotide variants and small indels) within protein-
coding sequences. Evaluating more complex variation or variation outside protein-coding genes
is typically not feasible for nonmodel species. Third, counting the number of deleterious alleles
in a genome requires knowing which allele is deleterious at every variant site. Typically, we would
assume that the ancestral allele (i.e., the type before the mutation) is not likely to be deleterious,
whereas a derived (i.e., the mutant) allele might be. However, most variant annotation tools use
variant call format files as input and apply classifications only to “nonreference” alleles (i.e., those
that differ from the allele in the underlying reference genome), effectively confounding the ref-
erence with the ancestral allele and making it difficult to evaluate fixed mutations. To overcome
this problem, one potential strategy is to use a reference genome from a closely related outgroup
species to assign the ancestral and derived states. However, this can introduce biases when differ-
ent populations have differing levels of divergence from the reference, as variant predictors are
less likely to predict that the reference allele is deleterious.

Moreover, once putatively deleterious variants have been identified, it is not obvious how to
estimate genetic load. Load is typically defined as the difference between the mean fitness and
a theoretical optimal fitness. Immediately, two fundamental questions arise: First, what is the
maximal or theoretically optimal fitness, and second, how do quantities of putatively deleteri-
ous mutations translate to fitness? A common method for circumventing the first problem is to
simply compare the number of deleterious alleles between populations to determine which has
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Simulation:
generation of
outcomes of a random
process from a
probabilistic model

Bottleneck:
a reduction in
population size
followed by an
increase in population
size

higher or lower load, producing a relative rather than an absolute measure. If deleterious muta-
tions are additive and have identical selection coefficients, then the number of deleterious alleles
per genome will be proportional to the load (49). Addressing the second problem is far more
challenging because fitness and genetic load cannot be inferred directly from levels of putatively
deleterious alleles in the absence of information about s, h, epistasis, and the effects of complex or
noncoding variation.

Consequently, various metrics are often used as proxies for load, such as the number, frequency,
or proportion of deleterious alleles and/or genotypes. Further distinctions can be incorporated to
count deleterious alleles found in only one population and not another [e.g., RXY (50)], or to ac-
count for segregating versus fixedmutations, or to normalize quantities with respect to the amount
of putatively neutral variation (e.g., the ratio of nonsynonymous to synonymous variation). There
is currently no agreed-upon standard for quantifying deleterious variation to approximate load
or fitness. Calculating and interpreting many of these metrics is complicated by technical issues,
as noted above, as well as varying sensitivity to demographic factors, such as fluctuating popu-
lation size or inbreeding (51, 52). Lastly, the methods described above are proxies for realized
genetic load and do not incorporate the burden of recessive deleterious heterozygotes. As shown
in Equation 3, such mutations have no impact on fitness until they become homozygous through
inbreeding (6). In summary, no single metric encapsulates the fitness of an individual or popula-
tion from sequence data alone, and there are many pitfalls and challenges in estimating suitable
proxies.

Method 2: Model-Based Studies of Deleterious Variation

Population genetic models implemented through computer simulations provide a powerful com-
plementary approach to empirical studies of genetic load. Simulations are computer programs
designed to emulate simplified real-world processes in silico. The goal of genetic simulations is to
produce pseudogenetic data sets under a model of the evolutionary process. The model specifies
key variables (parameters) such as mutation rate, recombination rate, number of loci or genome
size, and numbers of individuals in the population at various times. Many evolutionary processes
are inherently random (e.g., Mendelian inheritance, drift, mutation); therefore, simulation out-
comes can vary from one iteration to the next. To quantify this stochasticity, simulations should be
run repeatedly under a given set of parameters to bracket the range of potential outcomes.Though
some evolutionary dynamics can be studied analytically (i.e., using mathematical equations), evo-
lutionary models can be infinitely complex, and analytical derivations often become intractable
beyond the simplest cases. Simulations, however, can be arbitrarily complex and are limited only
by their feasibility in terms of computational resources and runtime, and by our ability to design
models that accurately capture the key features of the evolutionary process.

Simulations can be used to explore how deleterious mutations are impacted by evolutionary
forces and to quantify genetic load. Specifically, if one has inferred a model of population history
and has a rough approximation of mutation rates, DFE, and dominance coefficients for new mu-
tations, then the evolutionary history of the population can be simulated and evolutionary forces,
such as a bottleneck, can be observed directly with regard to their impact on deleterious variation.
In a simulation, the values of s and h for eachmutation are known; therefore, load can be computed
from Equations 1 and 2 directly. This approach to measuring load obviates the need to know s and
h for individual mutations in empirical sequence data and may be more accurate than empirical
measures for detecting subtle differences in load (53).

Computer simulations are also not limited to understanding past evolutionary processes; they
can be used to explore hypothetical scenarios or make predictions, which may be especially
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Effective population
size (Ne): a population
size that allows
approximation of the
amount of genetic
diversity in a real
population by the
Wright–Fisher model
of genetic drift

important in applied contexts such as conservation. Examples of questions that could be answered
with simulations include (a) how will population fitness (or some other trait) evolve under a given
management scenario; (b) what is the probability of extinction/recovery/persistence as a function
of population size or inbreeding; and (c) what is the expected level of deleterious variation in a
hypothetical historical or future scenario?

Computing capabilities have increased dramatically over time, and population genetic simula-
tors have also become increasingly sophisticated. In particular, the program SLiM combines high
flexibility with recent innovations to enhance the computational tractability of complex models
(54), making it an especially powerful tool for genetic simulations under more realistic ecological
models (55).

Despite considerable advances in the sophistication of genetic simulation software, several
challenges remain. Simulations involving large amounts of sequence, long time spans, and/or large
population sizes may not be feasible with finite computational resources and time. Modifications
such as rescaling parameter values or narrowing the scope of simulations can help reduce com-
putational overhead, though the implications of these changes are not fully known for models of
genetic load (56). Designing models and choosing appropriate parameter values can also be diffi-
cult, especially when the “true” values are unknown. No model can ever be entirely realistic, and
all models involve simplifications and assumptions. Sensitivity analysis, which involves perturbing
parameters and rerunning simulations to evaluate outcomes, should be done whenever possible
to assess the robustness of results. Thus, although simulations have their limitations, a suite of
powerful tools is available to supplement and enhance empirical analyses.

HOW DO DEMOGRAPHIC FORCES IMPACT LOAD?

Next, we discuss how different demographic forces affect patterns of deleterious variation, sum-
marizing some trends in Table 1. However, as we discuss below, the specific patterns of how
demography impacts deleterious variation may depend on the particular parameter values. Thus,
the predictions inTable 1 are meant to provide some intuition but not serve as absolute rules that
will apply in all circumstances. We recommend that simulations be used to test these predictions
for specific empirical applications.

Small Population Size and Drift

Small populations will experience an increased amount of genetic drift. One effect of increased
genetic drift is decreased heterozygosity across the genome (Figure 2a, subpanel i). Additionally,
genetic drift in small populations may cause deleterious alleles to increase in frequency or even
become fixed (i.e., reach a frequency of 100% in the population) unless selection is sufficiently
strong (21, 57–59) (Figure 2a, subpanel ii). For selection to outweigh the effects of drift and pre-
vent the fixation of deleterious alleles, the |s| against a deleterious allele must be �1/(2Ne), where
Ne is the effective population size. In large populations (i.e., Ne > 1,000), the value of 1/(2Ne)
is small, so selection will ultimately remove even weakly deleterious alleles (s > −5 × 10−4). In
small populations (i.e.,Ne ≤ 1,000), selection against such weakly deleterious alleles is ineffectual,
and therefore these alleles can persist, reach fixation, and accumulate over time. Note that selec-
tion will prevent the fixation of strongly deleterious mutations (s ≤ −0.01) so long as Ne � 50
(Figure 2a, subpanel ii).

Increased drift in populations with small effective sizes is predicted to result in higher frequen-
cies, higher fixation rates, higher total numbers, and higher homozygosity of deleterious alleles.
The increased frequency and accumulation of weakly deleterious mutations due to drift (called
drift load) are predicted to reduce fitness in small populations. Studies have explored the impacts
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Table 1 Summary of how demographic forces affect different types of genetic variation

Demographic scenario
Predictions for neutral

heterozygosity
Predictions for weakly

deleterious additive mutations
Predictions for recessive

strongly deleterious mutations

Long-term small population Low across the genome May accumulate due to drift Few segregating due to increased
drift and purifying selection

Long-term large population High across the genome Efficiently removed by selection Many segregating due to being
masked as heterozygotes

Recent population
contraction

Slight decrease across the
genome

Slight increase due to drift Increased homozygosity;
decreased total number of
alleles after selection

Recent population
expansion/growth

Little effect Depends on parameters; likely
little effect

Possible increases on timescale of
hundreds of generations

Recent inbreeding in small
population

Little effect Little effect Little effect because few are
segregating

Recent inbreeding in large
population

Regions of low heterozygosity
mixed with regions of high
heterozygosity

Little effect Can become exposed due to
inbreeding and decrease fitness

Gene flow from very
heterozygous population

Increase Increase in population size
should decrease effects of drift,
preventing fixation

Can help mask existing recessive
deleterious mutations but also
introduce new recessive
deleterious mutations

Gene flow from moderately
heterozygous population

Slight increase Increase in population size
should decrease effects of drift,
preventing fixation

Can help mask existing recessive
deleterious mutations without
introducing many new recessive
deleterious mutations

of drift on genetic load by investigating deleterious variation in populations with varying historical
population sizes.

Many studies of deleterious variation have focused on domesticated species, which are hy-
pothesized to have elevated load due to the effects of reduced population size and increased drift
(60). Consistent with the predicted effects of drift, many domesticated species harbor lower ge-
netic diversity than their wild counterparts (60, 61). Further, studies of domesticated plants [e.g.,
rice (62–64), barley (65), tomatoes (66), and sunflowers (67)] and animals [e.g., dogs (68), horses
(69), chickens (70), and rabbits (61)] have found elevated rates of putatively deleterious variation
in domesticated relative to wild species. One notable exception is European pigs, which do not
have less diversity or increased levels of deleterious variation relative to wild European boars (71),
suggesting that the effects of domestication on load may be more complex in some cases (60,
61; see the section titled Nonequilibrium Population Size: Bottlenecks and Range Expansions).
Overall, many studies show that domestication is associated with increased numbers and/or pro-
portions of putatively deleterious alleles, consistent with the predicted effects of drift and the “cost
of domestication” (62).

The impacts of drift on genetic load have also been studied in island populations and other
populations with historically low Ne. These studies typically include one or more outgroups with
historically largerNe to provide relative rather than absolute measures of load.Many of these stud-
ies have shown that long-term small population size is associated with reduced overall diversity, as
well as increased homozygosity and other measures of deleterious alleles, consistent with the pre-
dicted effects of drift. Examples of species and populations with historically low Ne and genomic
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Figure 2

Genetic drift and inbreeding have different effects on the genome and on deleterious variation. (a, i) Genetic drift associated with a
small population size leads to low heterozygosity across the genome. (ii) Genetic drift also allows weakly deleterious mutations to
become fixed in the population, contributing to drift load. Subpanel ii shows the probability of fixation for a new mutation with s
specified by the different lines in a population of the size denoted on the x-axis. Probabilities were calculated using equation 10 in
Reference 128. (b, i) Inbreeding can lead to a sawtooth pattern of heterozygosity across the genome. Regions of low heterozygosity
correspond to the regions of the genome that likely are copies of the same ancestral chromosome inherited from both parents.
(ii) Inbreeding results in an increase in the probability of an ancestral chromosome (denoted by a) being inherited from both the
maternal and paternal lineage, increasing homozygosity. Thus, recessive deleterious mutations have a higher probability of becoming
homozygous and thereby affecting fitness.

evidence of elevated load include gorillas from East Africa (72, 73), Channel Island foxes (74, 75),
Indian lions (76), Sumatran rhinoceroses (77), pygmy hogs (78), kākāpō (79), and vaquita porpoises
(80). In a study comparing 14 island and 11 continental songbird species, Leroy et al. (81) found
a clear relationship between population size and the ratio of nonsynonymous to synonymous di-
versity, which is a statistic commonly used as a proxy measure of selection. Importantly, increased
deleterious variation due to drift tends to be associated with long-term small population size on
the coalescent or evolutionary timescale (i.e., on the order of thousands of generations or more)
and might not be detected in populations or species that have experienced very recent declines,
or that have more complex demographic histories. Nonetheless, there is now abundant genomic
evidence that long-term small Ne is associated with elevated measures of genetic load, consistent
with the increased frequency and accumulation of weakly deleterious alleles due to genetic drift.

Nonequilibrium Population Size: Bottlenecks and Range Expansions

Changes in population size cause allele frequencies to shift toward new equilibrium values. Such
shifts proceed at different rates according to population size,mutation rate, and selection strength.
Some statistics used to measure deleterious variation, such as ratios between deleterious and
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Purging: process by
which deleterious
recessive mutations are
eliminated from the
population by negative
selection after
becoming homozygous
due to inbreeding

neutral variation, can be affected by the unequal rates at which deleterious and neutral vari-
ants equilibrate following population size changes (50, 52, 82). Understanding the impacts of
nonequilibrium demography on deleterious variation is therefore essential for measuring load
in real-world populations that are likely not at equilibrium. Below, we discuss load in the context
of two nonequilibrium scenarios: population bottlenecks and range expansions.

A population bottleneck is a reduction in population size, potentially followed by growth.
Population decline is predicted to reduce diversity through the loss of rare alleles, increased ho-
mozygosity, and higher fixation rates induced by drift (83). Population decline can particularly
impact recessive deleterious mutations, which will initially increase in homozygosity and con-
tribute to higher load before being removed from the population by negative selection (84, 85).
If the population remains small, drift can drive the accumulation of weakly deleterious mutations
while overall diversity declines to a new equilibrium. These effects caused by population con-
traction differ from the predicted effects of growth. Growth increases the number of deleterious
mutations, but effective selection at higher Ne maintains deleterious alleles at low frequencies,
primarily as heterozygotes. So, if the population contracts and then later expands, the patterns of
deleterious variation will be a function of both the contraction and the growth and are therefore
hard to predict without modeling the specific demographic scenario (49, 51, 86, 87).

The duration of bottlenecks also determines their impact on genetic diversity (52). Bottlenecks
of short duration (on the coalescent timescale) are predicted to minimally impact diversity, even if
they involve extreme changes in population size, because the population size changes too rapidly
for allele frequencies to re-equilibrate. However, low-frequency deleterious alleles may be lost in
such scenarios. Conversely, low diversity may persist following long-lasting bottlenecks because
the replenishment of diversity through the introduction of new mutations can lag behind popula-
tion growth. In such long bottlenecks, weakly deleterious variation may start to approximate the
equilibrium values established by the small population during the bottleneck, potentially leading
to an increase in drift load. Thus, different stages of the bottleneck have contrasting and poten-
tially persistent effects depending on the parameters of selection, dominance, and demography
(84).

Empirical studies investigating the impacts of population bottlenecks on deleterious variation
have yielded complex results. Reduced neutral diversity is found in virtually all cases, but impacts
on patterns of deleterious variation vary across studies. Evidence for an accumulation of load due
to drift and/or inbreeding has been observed in the genomes of Apennine brown bears (88), sea
otters (89), crested ibises (90), Alpine ibexes (91), andHimalayan red pandas (92). In contrast, some
studies have found reduced levels of deleterious variation in bottlenecked populations, suggesting
enhanced purging of (recessive) deleterious alleles. Evidence of purging has been found in gorillas
from East Africa (72), Alpine ibexes (91), Massasauga rattlesnakes (93), Iberian lynxes (94), and
Chinese crocodile lizards (95). In some cases, evidence of purging has been found among presum-
ably recessive, strongly deleterious variants (e.g., LOF mutations), along with an accumulation
in categories of more weakly deleterious, and presumably less recessive, variants (e.g., nonsyn-
onymous mutations; 72, 91, 93). As exemplified in some studies (e.g., 91, 94–96), simulations
can be used to examine the dynamics of deleterious variation in complex demographic models.
In summary, population bottlenecks can impact genetic load in many, sometimes contrasting,
ways.

A second nonequilibrium scenario predicted to impact the load of deleterious variation is range
expansion. In contrast to a simple growthmodel, the theoretical range expansionmodel is spatially
explicit, such that local population densities are lower at the expansion front relative to the pop-
ulation core, leading to reduced Ne at range margins. Reduced Ne induces stronger genetic drift,
leading to an accumulation of deleterious alleles (known as expansion load) and reduced fitness

www.annualreviews.org • Deleterious Variation in Natural Populations 103

A
nn

u.
 R

ev
. A

ni
m

. B
io

sc
i. 

20
23

.1
1:

93
-1

14
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a 
- 

L
os

 A
ng

el
es

 U
C

L
A

 o
n 

02
/1

7/
23

. S
ee

 c
op

yr
ig

ht
 f

or
 a

pp
ro

ve
d 

us
e.

 



among individuals at the expansion front (97, 98). Empirical support for this model has been found
in humans (87, 99), Arabidopsis lyrata (100, 101), snowshoe hares (102), and Pacific salmon (103).
Thus, even in a scenario of population growth, the dynamics of load may be impacted locally by
drift due to population structure.

Inbreeding and Purging

Reproduction between closely related individuals is known as inbreeding. In the strict sense,
inbreeding refers to reproduction between related individuals beyond what would be expected
under random mating. In a broader sense, inbreeding can refer to any reproduction between
individuals that share a recent common ancestor, even if individuals are mating randomly, as
might occur in very small populations where effectively all individuals may be closely related
to each other. Inbreeding leads to deviations in genotype frequencies from those expected
under random mating by causing an increase in homozygosity and a corresponding decrease in
heterozygosity. Inbreeding can be detected in genomes as long stretches of the genome devoid
of heterozygosity, reflecting the recent common ancestry of the two chromosomes carried by
the individual, interspersed with regions of high heterozygosity, reflecting the regions of the
genome that do not share a recent common ancestor (Figure 2b, subpanel i). An example of how
inbreeding increases homozygosity is shown by the pedigree in Figure 2b, subpanel ii. Here,
we see how a single allele can be passed down from a single ancestor to multiple descendants and
ultimately become homozygous in the offspring of those descendants. In this way, a deleterious
mutation can manifest in the inbred offspring of unaffected parents that each carried one copy of
a recessive allele inherited from a shared ancestor.

The main consequence of inbreeding on deleterious variation is that it will lead to homozy-
gosity of deleterious mutations. Recessive deleterious mutations will then become expressed,
leading to a reduction in reproductive fitness, known as inbreeding depression. Inbreeding leads
to inbreeding depression via two potential mechanisms (104, 105). The first is that inbreeding
depression results from the increased homozygosity of recessive deleterious alleles. The second is
that inbreeding depression results from the loss of heterozygosity at loci where the heterozygote
is the fittest genotype. Most theoretical and empirical evidence suggests the former mechanism
is the primary driver of inbreeding depression. The severity of inbreeding depression is deter-
mined by the load of recessive deleterious alleles hidden in heterozygous genotypes that would
cause fitness decline under inbreeding (inbreeding load). Populations or individuals may possess a
high inbreeding load and still have high fitness, because recessive deleterious mutations will exist
primarily as heterozygotes in a randomly mating population. The reduction in fitness occurs only
through the increased probability of becoming homozygous when inbred.

Inbreeding can drive substantial fitness declines in just a few generations by rapidly shifting
the zygosity of recessive deleterious mutations. However, increased homozygosity of recessive
deleterious alleles induced by inbreeding also exposes these alleles to negative selection and may
ultimately reduce their frequency below that in the ancestral population. Enhanced selection
against recessive deleterious mutations due to excess homozygosity induced by inbreeding (or
drift) is known as purging. Thus, in the long run, inbreeding can reduce the load of recessive
deleterious alleles through purging, but rapid fitness declines are predicted in the short term. Em-
pirical and theoretical experiments have suggested that purging may be effective against strongly
deleterious mutations but is unlikely to be effective against weakly deleterious mutations (75, 85,
106, 107). Consequently, some part of the inbreeding load may be purged, but overall fitness may
still be compromised by excess homozygosity of weakly deleterious recessive alleles that are not
purged effectively.
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Runs of
homozygosity:
long stretches of
homozygosity across
the genome caused by
the two chromosomes
sharing a recent
common ancestor

Gene flow:
the movement of
genetic material from
one population into
another as a result of
mating across
populations

Dominance
heterosis: an increase
in fitness after
hybridization if
different populations
have distinct sets of
recessive deleterious
mutations

Genomic studies have shown how inbreeding leads to large runs of homozygosity and elevated
homozygosity of deleterious alleles. An extreme example is that of the Isle Royale gray wolf
population, which became highly inbred following several generations of isolation at very small
population size (<50 individuals) and suffered from severe inbreeding depression (108, 109). A
severe founding bottleneck and subsequent inbreeding led to long runs of homozygosity across
large fractions of Isle Royale wolf genomes but an equal number of deleterious alleles per genome
relative to the nearby mainland wolf population (110). Thus, severe inbreeding depression in
Isle Royale wolves was driven by increased homozygosity of deleterious alleles, rather than by a
change in the number of deleterious alleles per genome. These results conform to the predicted
effects of very recent inbreeding, in which heterozygous recessive deleterious alleles present
among standing variation can be converted rapidly to homozygotes through inbreeding, leading
to inbreeding depression.

Genomic studies have also found evidence for purging occurring as a consequence of inbreed-
ing. For example, a study of Indian tigers, which exist in patchy habitats of varying sizes and
connectivity, found that LOF mutations were depleted in individuals from isolated and highly in-
bred populations relative to larger and less inbred populations (111).Other studies of bottlenecked
populations have also found evidence of purging along with increased homozygosity caused by
small population size or inbreeding, as discussed previously (72, 91, 93–95, 112).

Gene Flow

Gene flow or migration refers to the movement of individuals from one population to another.
Gene flow generally decreases genetic load. However, the extent to which this decrease occurs
depends on several factors. For example, the effect of gene flow decreasing genetic load can be very
pronounced in small populations. This is due to small populations accumulating a substantial load
of deleterious mutations in the form of both drift load (fixed or high-frequency weakly deleterious
mutations) and inbreeding depression (recessive deleterious mutations exposed by inbreeding), as
described above. Gene flow results in the introduction of novel genetic variants that can reduce
the drift load by counteracting the fixation of weakly deleterious variants and reduce inbreeding
depression by masking recessive deleterious mutations (22).

The effect of masking recessive deleterious variants, known as dominance heterosis, is often
strong in wild and domesticated species (105, 113). For example, substantial heterosis is commonly
observed as an outcome of crosses between different crop strains, and most evidence suggests that
this is due to masking of recessive deleterious variants (105). Moreover, simulation studies have
shown that the effects of dominance heterosis can be substantial enough to mimic the effects of
adaptive introgression (114) and swamp native ancestry (115). In addition, dominance heterosis
probably explains much of the beneficial effects of genetic rescue (9, 116). As noted above, genetic
rescue is a conservation management approach whereby novel genetic variation introduced by
gene flow may increase population growth rates and/or reduce extinction probabilities in small
and inbred populations (8, 117). Simulation studies have shown that large genetic rescue effects
are observed even in the absence of adaptive genetic variation, suggesting that dominance heterosis
may largely explain the positive effects of genetic rescue (9).

A key aspect of dominance heterosis, however, is that its effects are typically short-lived, imply-
ing that the effects of genetic rescue may also be short-lived (116, 117). Specifically, the masking
effects of dominance heterosis are maximized in the F1 generation but are expected to dimin-
ish quickly in subsequent generations after inbreeding again exposes recessive deleterious alleles
and genetic drift enables them to reach high frequency or fixation (116, 117). Although some evi-
dence suggests that the beneficial effects of genetic rescue may persist to the F3 generation (118),
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empirical or experimental studies that track the long-term outcomes of genetic rescue remain
rare. A dramatic example of the ephemeral effects of genetic rescue came from the Isle Royale
wolf population. This population experienced a genetic rescue after a single male migrant arrived
in the late 1990s, though it subsequently declined nearly to extinction within 2.5 generations of
the initial genetic rescue (109, 119). Although this example is extreme, similar short-lived effects
of genetic rescue have also been documented in long-term studies of Arctic foxes (120). Theoret-
ical simulations have also supported the view that the beneficial effects of gene flow in decreasing
genetic load are likely to be short-lived in many cases (9).

Scenarios in Which Genetic Load Leads to Extinction

The ultimate goal for studies of genetic load in species of conservation concern is to avert pop-
ulation declines and extinction. However, the specific ways in which genetic load is most likely
to cause extinction remain uncertain. The classic view of extinction due to genetic load focuses
on the role of weakly deleterious mutations accumulating in populations with long-term small
size, a process often termed mutational meltdown (23, 24, 121). These models emphasize the role
of weakly deleterious mutations gradually drifting to fixation due to increased genetic drift in
small populations (Ne < 100), a process that may eventually lead to extinction over the long term
(hundreds or thousands of generations).

Although studies on mutational meltdown have been highly influential in shaping thinking
about genetic load and extinction, examples of a population going extinct due to mutational
meltdown remain scarce (though see 122).There are several reasons for why this may be. First, ex-
tinction events due to mutational meltdown may be inherently difficult to observe, given that they
are expected to occur gradually over long timescales and interact with other demographic and en-
vironmental factors. Moreover, over such long timescales, compensatory adaptive mutations may
become relevant as a means to rescue populations with a high drift load from extinction (123),
perhaps lessening the threat of extinction due to mutational meltdown. Another key reason why
mutational meltdown might not often drive extinction in populations of conservation concern is
that the demographic conditions required for mutational meltdown to occur (Ne < 100 for hun-
dreds or thousands of generations) may be rare for such populations. Instead, many endangered
or threatened populations have only recently declined to small size due to habitat destruction,
fragmentation, and overharvesting that occurred largely over the past 100 years (124, 125), far
less than 100 generations for long-lived species. Furthermore, many populations with the greatest
conservation concern have dwindled to very small size (Ne < 25), at which point close inbreeding
becomes inevitable.

In populations that have recently declined to very small size (Ne < 25), the threat of inbreed-
ing depression due to exposure of recessive strongly deleterious mutations is likely to be far
more impactful than mutational meltdown. Striking empirical examples of the importance of
recessive strongly deleterious mutations as drivers of extinction come from the Florida panther
and Isle Royale wolf populations, two of the more iconic examples of near-extinction due to
genetic factors. In both cases, these populations were driven to the brink of extinction by severe
inbreeding depression in the form of widespread congenital deformities, consistent with the
impact of strongly deleterious recessive mutations (110, 126). This importance of strongly
deleterious recessive variation is further supported by simulation studies that find the threat of
extinction due to weakly deleterious variation is negligible relative to recessive strongly deleteri-
ous variation (9, 80). These studies confirm that, in scenarios where populations have experienced
recent and severe declines, the exposure of recessive strongly deleterious alleles via inbreeding
can quickly drive extinction, with little or no impact from weakly deleterious variation. These
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studies also demonstrate that historical population size greatly influences the levels of recessive
strongly deleterious variation segregating in a population and resulting risk of extinction due to
inbreeding depression. These considerations suggest that populations that have recently declined
from a very large historical population size (Ne > 10,000) to a very small current size (Ne < 25)
are likely at the greatest risk of extinction due to deleterious genetic variation.

OUTSTANDING PROBLEMS AND FUTURE DIRECTIONS

Although tremendous progress has been made over the previous two decades in understanding
deleterious variation, challenges remain for using this knowledge to improve conservation of small
populations. One major remaining challenge is inferring the fitness effects of individual variants.
As this currently is a central question in human genetics, progress is being made using new com-
putational approaches that integrate different types of genomic and functional data. Efforts should
be made to transfer and apply these new techniques for nonhuman species. Further, from the pop-
ulation genetics side, more work is needed to quantify fundamental evolutionary parameters, such
as mutation rates, DFE, and dominance coefficients for many nonmodel taxa. Such parameter es-
timates will enable more realistic simulations and models of evolution, which will be essential for
conservation purposes.

Beyond these technical challenges, conceptual challenges of integrating deleterious variation
in conservation practice remain. First, the practical significance of elevated genetic load in a pop-
ulation is not always clear. For example, the California Channel Island foxes show an elevated
burden of derived deleterious nonsynonymous alleles compared to the mainland gray foxes yet
show no phenotypic signs of inbreeding depression (74, 75). Similarly, not detecting an elevated
genetic load does not mean that a population is impervious to risk from deleterious mutations.
For example, the iconic Isle Royale wolf population that shows extensive phenotypic evidence of
inbreeding depression and has gone extinct does not show an elevated count of derived deleterious
nonsynonymous alleles (110). Instead, strongly deleterious recessive alleles, which are not easily
counted in genome-wide surveys of variation, are likely responsible for this species decline. More
generally, conservation genetics would benefit from additional empirical and theoretical studies
quantifying the relative importance of drift load compared to inbreeding load at affecting extinc-
tion risk at different timescales and under different conditions. Additional field-based studies of
fitness in natural populations would support such studies.

CONSIDERATIONS FOR CONSERVATION PRACTICE

Despite these challenges, deleterious variation can be integrated into conservation genetics.
Given the many nuances of how demography can impact deleterious variation, we recommend
researchers employ a simulation-based strategy to examine the effects of deleterious variation
(Figure 3). Demographic, selection, and mutational parameters can be estimated from genome-
wide variation data, and then these parameter estimates can be used to inform simulations.
Advances in ecologically realistic simulation models can both incorporate additional biological
realism and model the process that is often important in conservation biology: extinction proba-
bility (55, 127). In these models, extinction probabilities are an emergent property of fundamental
genetic and demographic processes, thus providing researchers with valuable information for
management strategies. Researchers and practitioners should simulate under different parameter
values to assess the sensitivity of their conclusions to various parameter values. Such genomic
forecasting has been used to show that the vaquita porpoise, with a current population of 10 indi-
viduals, is not doomed to extinction from inbreeding depression, and recovery is possible if death
from gillnet fishing ceases (80). This genomic forecasting framework provides a powerful means
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Figure 3

Simulation workflow for genomic forecasting including genomic data and deleterious mutations. This framework was used to show that
the vaquita is not doomed to extinction from inbreeding depression (80).

to integrate genomic study of deleterious variation into management of small and endangered
populations.

Recent simulation and empirical studies of deleterious variationmay inform conservation prac-
tice. First, not all species who have small populations today are at equal risk of extinction due to
genetic factors. Populations that became small recently and quickly, especially from large ancestral
populations,may be at greatest risk of extinction due to inbreeding depression (e.g., the Isle Royale
wolf; 110). Populations that have been small for a long time (e.g., the Channel Island fox, vaquita,
and sea otter; 74, 75, 80, 89, 96) may carry fewer strongly deleterious recessive mutations and be
better able to withstand current reductions in population size. For such populations, conservation
efforts should focus especially on reducing the risk of extinction due to nongenetic factors (like
predation, hunting, habitat destruction).

Additionally, simulations offer potential solutions to enhance the long-term efficacy of gene
flow at reducing genetic load in small populations. First and foremost is ensuring that the small
population can grow following the initiation of gene flow, such that the impacts of future inbreed-
ing and genetic drift are lessened.However, the unfortunate reality is that many small populations
are small because much of their original habitat has been destroyed, which may leave little room
for a population to grow. In such cases where populations are destined to remain small, another
option for enhancing the long-term effects of gene flow is to use source populations or individuals
that are relatively purged of recessive deleterious variation (9).This approach can help alleviate the
threat of inbreeding depression in the small population after inbreeding resumes. However, the
extent to which purged source populations or purged individuals exist for species of conservation
concern is uncertain in many cases, and whether they can be readily identified remains an open
question.
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FUTURE ISSUES

1. Can genomic predictions of the fitness effects of mutations be improved?

2. How can we validate methods that predict the fitness effects of individual mutations?

3. What are the selection and dominance coefficients for deleterious mutations in different
species?

4. To what extent do weakly deleterious additive mutations matter for extinction risk of
small populations?

5. To what extent do mutations in noncoding regions of the genome or structural variants
matter for inbreeding depression, genetic load, and extinction risk?

6. How can we best use genome sequence data for conservation purposes?
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