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The effect of environmental stress on the magnitude of inbreeding depression has a long history of intensive study.
Inbreeding—stress interactions are of great importance to the viability of populations of conservation concern and
have numerous evolutionary ramifications. However, such interactions are controversial. Several meta-analyses over
the last decade, combined with omic studies, have provided considerable insight into the generality of inbreeding—
stress interactions, its physiological basis, and have provided the foundation for future studies. In this review, we
examine the genetic and physiological mechanisms proposed to explain why inbreeding-stress interactions occur.
We specifically examine whether the increase in inbreeding depression with increasing stress could be due to a
concomitant increase in phenotypic variation, using a larger data set than any previous study. Phenotypic variation
does usually increase with stress, and this increase can explain some of the inbreeding—stress interaction, but it cannot
explain all of it. Overall, research suggests that inbreeding-stress interactions can occur via multiple independent
channels, though the relative contribution of each of the mechanisms is unknown. To better understand the causes and
consequences of inbreeding—stress interactions in natural populations, future research should focus on elucidating

the genetic architecture of such interactions and quantifying naturally occurring levels of stress in the wild.
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Introduction

Inbreeding and stressful environmental conditions
are two major variables that influence the ecolog-
ical and evolutionary dynamics of natural pop-
ulations.' Inbreeding causes reduced fitness in
inbred relative to outbred individuals (i.e., inbreed-
ing depression) and exposure to abiotic and biotic
stressors, by definition, also decreases fitness relative
to benign environments.*”” Rapid changes to nat-
ural habitats that have been experienced by many
plant and animal populations during the last cen-
tury (e.g., due to climate change) often increase the
level of stress perceived by individuals®® and, at the

*David H. Reed passed away on 24 October 2011. David
worked on this paper until his death. He will be missed as
both a friend and terrific scientist.
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same time, lead to a reduction in population size and
increased rates of inbreeding. For the management
of threatened wild and domesticated species, it is
therefore crucial to understand how the combined
effects of inbreeding and decreased environmen-
tal quality affect population fitness.'” As a result,
understanding the degree to which inbreeding de-
pression changes with environmental conditions has
become a central focus in evolution, ecology, con-
servation, and animal breeding research.
Animportant question that emerged in the litera-
ture is whether decreases in fitness are additive when
inbreeding and stress are combined, or if fitness is
decreased more (or less) than expected under the
assumption that inbreeding and stress act indepen-
dently. When the simultaneous effects of inbreed-
ing and stressful environmental conditions are not
additive, there is an inbreeding—stress interaction
(Fig. 1). As we demonstrate is this review,
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Figure 1. Fitness effects of inbreeding—environment interactions. Assuming the effect of inbreeding is independent of the envi-
ronment, the reduction in fitness as a result of reduced environmental quality will be equal for outbred and inbred populations. The
blue and gray lines illustrate fitness of an outbred and an inbred population, respectively, in the absence of inbreeding—environment
interactions. Inbreeding depression is, however, often more severe under stressful environmental conditions. Thus, the red line
illustrates fitness of an inbred population taking into account the effect of inbreeding—environment interactions (redrawn from

Ref. 85).

inbreeding—stress interactions in which inbreed-
ing depression increases under adverse environ-
mental conditions are typically observed and have
numerous repercussions for evolutionary biology
and for the conservation of biodiversity. Nonaddi-
tive effects of these two sources of reduced pop-
ulation fitness, in which environmental stressors
substantially increase the fitness consequences of
inbreeding, can reduce thresholds for population
persistence well below those predicted by models
that assume that the effects of environmental stress
and inbreeding are independent.'%!!

Following the proxy that is widely used in studies
of mutational effects, we here define stressfulness of
an environment as a function of the mean fitness of
outbred individuals in that environment relative to
other environments.*”:!? Any environmental vari-
able that reduces mean population fitness is thus
considered a stressor. This includes ecological vari-
ables that increase physiological stress (e.g., as mea-
sured by increases in stress hormones or proteins),
but only to the extent that increased physiological
stress is associated with reduced fitness.

Historical development of inbreeding—stress
research

Interest in inbreeding—stress interactions goes back
at least 60 years. In the 1950s and 1960s, a
number of papers, mostly in the agricultural lit-
erature, examined such interactions but gener-
ally lumped inbreeding—stress interactions together

with the more general phenomena of genotype—
environment interactions. Early papers'®?! ap-
proached the problem from the perspective of
Waddington and Lerner’s ideas concerning het-
erozygosity, developmental stability, and mainte-
nance of the optimum phenotype across changing
environmental conditions (canalization).?>?* Thus,
the emphasis was on hybrid vigor upon crossing
inbred lines of domesticated species, and not on
the loss of genetic diversity and increased homozy-
gosity due to habitat fragmentation and persistent
small population size in natural environments. Sur-
prisingly, despite increasing rates of inbreeding in
many livestock breeds (which was intensified in the
1960s and 1970s with the development of reproduc-
tive technologies and advanced breeding schemes)
and highly variable rearing conditions for these live-
stock, inbreeding—stress interactions were rarely in-
vestigated in the agricultural sciences during the
last 50 years. Thus, there is a niche for developing
models that incorporate inbreeding—environment
interactions into quantitative genetic models used
in breeding programs, analogous to that recently at-
tempted for genotype—environment interactions,?*
with the potential to make breeding programs more
effective.

While there was variation in the results among
the early studies mentioned above, they were con-
sistent enough for Wright® to suggest that less het-
erozygous (more inbred) individuals were generally
more sensitive to environmental stress. However,
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it took a decade after Wright’s suggestion before
researchers again turned their attention in earnest to
the question of the magnitude of inbreeding depres-
sion in stressful or variable environments. This re-
newed interest developed among evolutionary and
conservation geneticists who sought to understand
how inbreeding depression varied with environ-
mental conditions, for example by comparing es-
timates from laboratory versus field or greenhouse
conditions?*~° and wild versus captive zoo popu-
lations.®! Particularly influential in furthering ideas
and producing copious data on inbreeding—stress
interactions were Volker Loeschcke, Kuke Bijlsma
and colleagues.!**~® Now the question was refo-
cused from one of heterozygote advantage to two
important issues that persist in research pursuits
today: (1) Are the effects of stress and inbreeding
independent or are they synergistic? and (2) Are
inbreeding effects general across different types of
stressors or are they stress specific?

This renewed attention generated huge amounts
of data on how inbreeding depression varies with
environmental conditions but, due to substantial
variation in results among studies, it did little to
settle the basic question of whether inbreeding de-
pression generally increases with stress. In 2005, a
meta-analysis® confirmed Wright’s intuition that
environmental stress on average increased the mag-
nitude of inbreeding depression. However, 24% of
the studies showed no such increase with some even
showing the opposite pattern (lower inbreeding de-
pression in more stressful environments). Different
species, populations, inbred lines, sexes, and families
were highly variable in their response to inbreeding
and stress. This variation helps explain why reach-
ing any robust conclusion has been so difficult. At
this point the general consensus was that while in-
breeding depression often increased with stress, the
specifics of the effects of stress on inbreeding depres-
sion were idiosyncratic to the genetic architecture of
the population and the type of stress applied.

Despite the fact that the results from the meta-
analysis by Armbruster and Reed’ did not re-
veal evidence for a general mechanism underlying
inbreeding—stress interactions, this paper spurred
even more research investigating inbreeding—stress
interactions, with more than 20 papers being pub-
lished on the topic since 2005. In 2011, another
meta-analysis was published, stimulated by a study
of multiple levels of stress, mixing two different
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stressors (temperature and diet), on two popula-
tions of the seed-feeding beetle Callosobruchus mac-
ulates.® This meta-analysis found that much of the
variation in the environmental impact on levels of
inbreeding depression among studies could be ex-
plained by the amount of stress imposed; studies
imposing very little stress tended to find no effect
on inbreeding depression (Fig. 2A), whereas studies
imposing severe stress found large effects of stress on
inbreeding depression.® In this study, the inbreed-
ing load, L, increased by about one lethal equiv-
alent for each 30% difference in outbred fitness
between environments. These results suggest that
the effects of stress on inbreeding depression are
more homogeneous than formerly thought, and not
soidiosyncratic regarding the genetic architecture of
the population or the type of environmental vari-
able causing stressful conditions, with greater levels
of stress consistently leading to more inbreeding
depression. This result has been confirmed by an
independent meta-analysis using Drosophila and
experiments in both the laboratory and field.*” Just
as was found by Fox and Reed,® Enders and Nun-
ney’’ found a strong linear relationship between
inbreeding depression and the magnitude of multi-
ple stressors, with inbreeding depression increasing
linearly as the level of stress increases (Fig. 2B).

This review examines the hypotheses proposed
to explain how inbreeding—stress interactions oc-
cur, current evidence to support these hypotheses,
and what they mean for the evolution of small pop-
ulations and conservation of biodiversity. We also
make numerous suggestions concerning where fu-
ture research in this field should be directed.

Why does inbreeding depression increase
with stress?

A number of hypotheses have been proposed to
explain the mechanisms by which stress can am-
plify levels of inbreeding depression.”*® In gen-
eral, inbreeding—stress interactions can be viewed
as resulting from (1) the effects of exposure to
stress on the expression of deleterious alleles (fo-
cus is at the genetic level) and/or (2) the pheno-
typic effects caused by the expression of genetic
load that affects resistance to stress (focus is at
the phenotypic level). Here, we outline three ma-
jor hypotheses proposed to explain inbreeding—
stress interactions as well as current evidence to
support each. It is important to note that these
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Figure 2. The relationship between inbreeding load (L) or Ly (the difference in the number of lethal equivalents expressed in the
stressful vs. benign environment) and the magnitude of stress in (A) a meta-analysis of published studies,® (B) a meta-analysis of
Drosophilalaboratory studies,” and (C) an experimental study of the beetle Callosobruchus maculatus reared at three temperatures
on two host species.® Stress is calculated as 1 — Survivalgupred(stressfuty/SUrVivalpuredenign)» and thus is by definition 0 in the most

benign environment.
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hypotheses are nonmutually exclusive and the rel-
ative contribution of each to inbreeding—stress in-
teractions is currently unknown and should be the
subject of future research. Moreover, because it is
ultimately the expression of genetic load that will
lead to the physiological and phenotypic changes
that reduce the fitness of inbred individuals, the
hypotheses presented are not entirely distinct (see
discussion below), but have been organized accord-
ing to whether the focus is the genetic (hypothesis 1)
or phenotypic level (hypotheses 2 and 3).

Hypothesis 1: exposure to stressful
environments alters the genetic architecture
underlying inbreeding depression (i.e., the
expression of genetic load)
The level of inbreeding depression is dependent, at
least in part, on the expression of recessive delete-
rious alleles (genetic load)—specifically, the over-
all number of deleterious alleles expressed and the
relative fitness effect of each expressed recessive al-
lele.?3>-38:39 Exposure to stressful environments can
therefore lead to increased levels of inbreeding de-
pression by affecting the expression of genetic load
in two ways: (1) increasing fitness costs associated
with particular deleterious allelesand/or (2) increas-
ing the number of deleterious alleles expressed rel-
ative to those expressed in benign environments.

Inbreeding—stress interactions can occur when
stress magnifies the average negative effect of
deleterious recessive alleles, leading to increases
in the selection coefficients against these alleles
in stressful environments.*** Environmental dif-
ferences in natural selection (i.e., environment-
dependent selection) are recognized as important
sources of inbreeding—stress interactions, dis-
tinct from those mechanisms that contribute to
environment-dependent phenotypic expression.?
It is not necessary to assume genotype-by-
environment interactions when changes in the
intensity of selection against deleterious alleles
contribute to increased levels of inbreeding depres-
sion, simply because the mortality of inbred indi-
viduals relative to outbred individuals increases as
selection increases.”®

Numerous studies demonstrate that different loci
often affect the same trait in different environ-
ments (e.g., in QTL studies), and that the degree
to which specific loci affect a trait varies with en-
vironmental conditions.*** For such changes in
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effects of individual loci to generate an increase in
inbreeding depression under stressful conditions re-
quires that deleterious mutations—those that are
generally recessive and thus exposed to selection by
increased inbreeding—be, on average, dispropor-
tionately affected by stressful conditions. This is,
however, inconsistent with the results of some
models that predict that environmental conditions
primarily change the variance of mutational fitness
effects rather than their average effect or their net
expression level. Stress should affect which alleles
are expressed, and the variance in effect size among
alleles, but not the average effect size of deleterious
alleles, and thus not the average effect of the genetic
load.'?

Inbreeding—stress interactions may also result
from specific genotype-by-environment interac-
tions that arise through the expression of condition-
dependent deleterious alleles that are neutral or
beneficial under benign environments, but become
deleterious under stress.*”3® This explanation is dis-
tinct from the above hypothesis (where inbreeding—
stress interactions magnify the average negative
effect of deleterious recessive alleles) in that alleles
that are neutral or beneficial in benign environ-
ments become detrimental under stressful environ-
mental conditions; that is, there is a change in the
sign of the selection coefficient on these recessive
alleles. For example, Vermeulen and Bijlsma*®*’
demonstrated temperature-specific adult mortality
in inbred Drosophila melanogaster lines caused by
the expression of temperature-sensitive lethal al-
leles, alleles that were neutral or even beneficial
at some temperatures but lethal at other temper-
atures. Condition-dependent deleterious alleles can
be maintained in a population when purging is inef-
fective due to the infrequency with which organisms
encounter stressful conditions, such as novel or par-
ticularly extreme conditions, that may be typically
avoided due to habitat selection. Environmental-
dependent deleterious alleles may contribute to the
significant lineage effects observed under stress in
many studies,>***’ explaining in part why inde-
pendent but equally inbred lines can behave very
differently under stress. However, some evidence
indicates that the effects of new mutations are
highly and positively correlated across environmen-
tal conditions**? (but see Refs. 53—55), and that
inbreeding depression of genotypes is generally pos-
itively correlated across environmental conditions
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(e.g., Ref. 56 and references therein), suggesting
that increased expression of condition-dependent
deleterious alleles may not be the only mechanism
causing an increase in inbreeding depression with
stress. This is, however, in contrast to the finding
of condition-dependent deleterious alleles being
very important for explaining levels of inbreed-
ing depression in lifespan and thermal tolerance in
D. melanogaster.**” Mutations segregating within
populations appear to be far less positively corre-
lated in their effects across environments,>>”>% as
would be expected since selection against muta-
tions that are deleterious in all environments should
remove such mutations rapidly. Furthermore,
Hillenmeyer et al.® found that 97% of genes that
are required for optimal growth were environment-
specific in yeast. In summary, there is support for
the hypothesis that conditionally expressed reces-
sive deleterious alleles partly explain inbreeding—
environment interactions.

Hypothesis 2: the expression of genetic load
increases the sensitivity of inbred individuals
to the physiological effects of environmental
stress

The expression of deleterious alleles is predicted to
render inbred individuals more susceptible to the ef-
fects of environmental stress by causing overall phys-
iological weakening and thus greater fitness costs
relative to outbred individuals.?*-**-¢! Increased sen-
sitivity can result from changes in the expression
of genetic load (as described in hypothesis 1) that
adversely affect basic cellular functioning and ul-
timately influence an individual’s phenotype and
overall fitness. In general, disruption of the stress
response system caused by the expression of ge-
netic load is predicted to reduce or eliminate the
ability of organisms to buffer their physiology and
repair or reduce tissue and genomic damage experi-
enced during exposure to stress. A growing body of
literature suggests that deleterious mutations com-
monly decanalize the phenotype against random
environmental perturbations, and thus increase the
sensitivity of most traits to environmental perturba-
tions.>? The hypothesis that deleterious mutations
decanalize the phenotype against environmental
stress is indirectly supported by observations that
inbreeding depression often increases with age®’-?
(but see Ref. 63). Assuming that inbreeding depres-
sion is caused by recessive deleterious alleles and
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that natural selection acts more weakly against late-
acting deleterious alleles (such that the expression
of deleterious mutations increases with age, as pre-
dicted by mutation accumulation models of senes-
cence), then inbreeding depression should increase
with age. In this case, deleterious recessive alleles
are expressed and thus decanalize the phenotype
only at old age. Thus, inbreeding—age interactions
share characteristics with inbreeding—environment
interactions where the deleterious effect of cer-
tain recessive alleles is observed only under harsh
environmental conditions. In vertebrates (and to
a lesser degree other groups), inbreeding also di-
rectly increases expression of mutations that disrupt
the generalized immune and stress response system.
This has given rise to the hypothesis that inbreeding
reduces an individual’s ability to resist parasites and
pathogens.”

Another proposed explanation for increased
sensitivity of inbred individuals to stressful en-
vironments is that inbreeding hinders adaptive
phenotypic plasticity.’® Plasticity can be defined as
the ability of a genotype to produce varied pheno-
typic outcomes depending on the environment. If
plastic responses provide a short-term and partly
“emergency” solution to cope with sudden changes
in the environment, then a reduced ability of more
homozygous individuals to exhibit plasticity in re-
sponse to changes in the environment, especially
if this occurs at the physiological level, may pro-
vide a general explanation for why environmental
conditions that are harmless to outbred individuals
could be perceived as highly stressful by inbred in-
dividuals. This hypothesis is supported by work in
Drosophila demonstrating that inbreeding can re-
duce the capacity to maintain high fitness across
environments®*® as well as recent data showing
that inbreeding reduces the expression of predator-
induced adaptive plasticity in shell thickness in a
hermaphroditic snail species (Physa acuta).®® How-
ever, studies across plants and animals examining
the effect of inbreeding on plastic responses have
shown varied results.®” In general, a better under-
standing of the ability to react to environmental
changes via adaptive phenotypic plasticity in small
and fragmented natural populations exposed to eco-
logically relevant environmental variation is needed
to verify the generality of the “inbreeding depression
for plasticity” hypothesis. Future work is needed
to determine how sensitive inbred populations in
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nature are to the effects of stress and to what extent
inbreeding may impede the ability of such popula-
tions to cope with environmental change via plas-
ticity and/or evolutionary adaptation.

Hypothesis 3: inbreeding depression under
stress is the consequence of increased
phenotypic variation

It has been proposed that inbreeding depression it-
self is a form of selection and therefore predicted to
increase under stressful conditions that accentuate
phenotypic variance.®! The amount of phenotypic
variance in a population sets a limit on the degree
to which the fitness of distinct groups of individuals
can differ. Crow®® showed this for natural selection
by demonstrating that the index of total selection
(CV?, the squared phenotypic coefficient of varia-
tion) sets a limit to how much selection can occur in
a population (though Downhower et al.%’ caution
that this index can be misleading when CV? and the
mean are not independent of each other). Waller
et al®' pointed out that CV? also constrains the
magnitude of inbreeding depression that can oc-
cur in a population. If the amount of phenotypic
variation present increases with the stressfulness of
the environment, then the opportunity for fitness
to differ between inbred and outbred individuals
similarly increases, and so we might expect inbreed-
ing depression to covary with the degree of stress.
Thus, an increase in phenotypic variance with stress
(Waller’s hypothesis) is a mechanism by which stress
can increase inbreeding depression; stress often in-
creases phenotypic variation, and thus the slope of
the relationship between stress and inbreeding de-
pression, which is constrained by the relationship
between stress and phenotypic variation, will in-
crease with stress.

There are several mechanisms that could con-
tribute to increased phenotypic variation under
stressful conditions. As previously discussed, ex-
posure to stress can decanalize growth and devel-
opment, which has been shown to reveal cryptic
genetic variation and give rise to the appearance of
new phenotypes.”%”! In Drosophila (flies) and Danio
(zebra fishes), a reduced ability to buffer against the
cellular effects of stress have been shown to cause in-
creased morphological asymmetries and even lead
to changes in the frequencies of novel phenotypes
in laboratory populations.”>”* Stressful conditions
may therefore alter the expression of genetic load by
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revealing underlying mutations that are otherwise
hidden by normal physiological buffering, thus in-
creasing the variance in fitness of both inbred and
outbred individuals. Increased phenotypic variation
could also result from the effects of stress on the reg-
ulation of gene expression, for example, by increas-
ing transcriptional errors and introducing noise in
expression.”® There is some evidence suggesting that
gene expression is more variable when individuals
are exposed to stress and that stress-related genes
exhibit high levels of noise relative to housekeep-
ing genes,”” increasing phenotypic variation in the
population. However, it remains unclear if inbred
individuals are more susceptible to the effects of
stress on phenotypic variation and whether this may
influence levels of inbreeding depression.

Evaluating the role of phenotypic variance in
inbreeding—stress interactions
In general, it is unknown to what extent in-
creased phenotypic variation under stress con-
tributes to inbreeding—stress interactions. Waller
and colleagues® found that CV? was a poor predic-
tor of inbreeding depression for a given trait across
abiotic and biotic stress treatments, but that levels
of inbreeding depression were positively correlated
with levels of phenotypic variability (CV?) when
considered across nine fitness-related traits mea-
sured in Brassica rapa. However, this study did not
evaluate the role of stress level in the expression
of inbreeding depression, which may explain why
inbreeding depression was found to be positive, neg-
ative, or zero depending on the trait and stressor ap-
plied. Currently, there are no studies examining the
role of both phenotypic variation and stress levels
in determining the outcome of inbreeding—stress in-
teractions. To test the relative importance of increas-
ing phenotypic variance in generating observed
inbreeding—stress interactions, we performed a
multiple regression analysis on nine data sets
(Tables 1 and S1). For each data set, the dependent
variable is the number of lethal equivalents for each
inbred line in each of the environments, which dif-
fered in stress levels. The independent variables are
CV?, degree of stress (decrement in relative fitness
of the outbred population in each environment),
and the interaction between the two.

We found that that stress increased CV? in eight
of nine data sets, but the correlation between the
degree of stress and the increase in CV? was weak
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Table 1. The relative importance of stress, CV?, and their
interaction, in explaining variation in the inbreedingload
across environments

Variable Importance value (weight)
CV? 0.630
Stress 0.862
CV? stress 0.226

Norte: See Table S1 for details of the nine analyses that were
included using model averaging to estimate importance
values.

(mean correlation coefficient, r =0.34 + 0.12) for all
except one study.® The best-fit multiple regression
model consistently explained significant amounts
of the variation among inbred lines in their number
of lethal equivalents (P < 0.01 in all cases, mean
R?> = 0.53 4 0.03). We then used an information-
theoretic approach to select the best-fit model
(Table S1) and used model averaging to weight
the relative importance of CV?, stress, and their
interaction in determining inbreeding depression
(Table 1).

The model including an effect of stress, but not
CV?, was the best-fit model in four of nine data
sets, whereas the model including just CV? alone
was the best fit in only one data set (Table S1). In
the remaining data sets, both CV? and stress were
important; for two data sets the best-fit model in-
cluded stress and CV? and in two others the best-fit
model included CV?, stress, and the interaction be-
tween them. Stress effects independent of increases
in CV? were the single most important variable,
across models, determining the level of inbreed-
ing depression (Table 1). However, CV? was similar
in importance to stress level. Thus, the consensus
strongly suggests that stress often increases inbreed-
ing depression by increasing CV?, but that the in-
crease in CV? explains only part of the variance in
inbreeding depression; there are also other indepen-
dent mechanisms by which stress increases inbreed-
ing depression. The interaction between CV? and
the independent effects of stress is clearly not as im-
portant as the main effects (Table 1). However, the
interaction term seems important in three of the
nine data sets and is consistently negative.

These analyses were performed on a very limited
subset of published data and on only a few study
species. They are projects that included at least one
of the authors of this paper as a coauthor and to
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which we had unfettered access to the data. It is
worth noting, however, that there are no consis-
tent patterns among authors or organisms. For two
species of spiders within the same genus, stress alone
was the best-fit model for one species and the worst-
fit model for the other species. One study, using a
single population of D. melanogaster, found very
different results depending on whether fecundity or
egg-to-adult survival was used as a fitness surrogate.
Thus, we expect these results to be fairly general.”®
These findings differ from those of Waller et al.®!
where mixed support for CV? and no support for
independent effects of stress were found. Differences
in results may be due to the strength of the stress
used in the studies and the amount of inbreeding
depression the populations actually experience.

The physiological basis of inbreeding
depression and inbreeding—environment
interactions

Inbreeding itself can mimic environmental stress
at the cellular level. Kristensen et al.”” and Peder-
sen et al.”® found increased expression levels of the
stress-induced heat shock protein 70 in replicate
inbred lines as compared with outbred lines of D.
melanogaster and D. buzzatii. An increase in levels
of heat shock proteins in inbred individuals may be
a general phenomenon that is involved in buffer-
ing the effects of deleterious mutations on protein
instability and misfolding; inbreeding increases ex-
pression of deleterious alleles that reduce protein
stability and increase protein misfolding, which,
in turn, induces upregulation of heat shock pro-
teins.”? 8!

Consistent with the results showing upregulation
of heat shock proteins in inbred lines, it has been
found in full genome transcriptomics studies that
inbreeding leaves a directional fingerprint on gene
regulation across lineages of D. melanogaster.3%%
Genes that respond transcriptionally to inbreed-
ing are primarily involved in stress resistance, im-
munity, and fundamental metabolic processes. The
transcriptomic analyses of inbred lines show that
although the genetic causation of inbreeding de-
pression is unique for every population, a general re-
sponse can be identified that is likely to be explained
by stress mechanisms being induced by inbreeding
and not due to disruption of specific gene products
(which would be lineage specific). This view is sup-
ported by metabolite profiling, which also reveals a
clear separation of inbred and outbred lines.34:8
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In summary, the available data from transcrip-
tomic and metabolomic investigations of inbreed-
ing effects demonstrate that inbreeding imposes
physiological changes, as expected, given the clear
reduction in fitness often observed in response to
inbreeding. More unexpectedly, the data show that
expression of the genetic load induces directional
molecular responses, such as differential expression
of major metabolic pathways and protein quality
control systems that may counteract the deleteri-
ous effects of inbreeding. Most notable for our un-
derstanding of inbreeding—stress interactions is that
many of the genes whose transcription responds to
inbreeding are those involved in a variety of stress
responses, including heat shock proteins and genes
involved in immune processes, indicating that phys-
iologically organisms respond to inbreeding as if
they are being exposed to multisimultaneous envi-
ronmental stressors.

Genome-wide transcriptome studies have also
been used to describe how inbreeding—environment
interactions manifest at the biochemical and phys-
iological levels.®! Kristensen et al.®' showed that
more genes were differentially expressed with in-
breeding in D. melanogaster after exposure to
temperature stress relative to benign conditions,
signifying inbreeding—environment interactions.
Transcripts involved in major metabolic pathways,
in particular, were affected by the interaction.
Thus, the sparse documentation of inbreeding—
environment interactions on the transcript level
suggests that at this molecular level inbreeding
and the environment do not influence organisms
additively.

Future perspectives using omics tools

The ability to investigate molecular phenotypes
using omics technologies has been influential in
expanding our knowledge about the effects of
inbreeding and inbreeding—environment interac-
tions. Nevertheless, the underlying molecular and
biochemical mechanistic details of inbreeding ef-
fects are still unclear and there is a need for more
hypothesis-driven investigations (e.g., using genet-
ically modified organisms) in which the roles of
specific genes, transcripts, proteins, and metabo-
lites in inbred and outbred individuals are tested at
different environmental conditions. Results of stud-
ies at the transcript level should be followed up by
mechanistic studies that pinpoint the importance
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of candidate genes and biochemical pathways for
explaining inbreeding—environment interactions.

Genomic tools enabling the establishment of
complete genome sequences, not only for model or-
ganisms but also for species of conservation interest,
will enable researchers to perform genotyping at low
cost for thousands of single-nucleotide polymor-
phism (SNP) markers.®® Information on genome-
wide SNPs can, for example, be useful in pinpointing
the genetic basis of variation in inbreeding ef-
fects across environments, species, populations, and
families. Potentially, information from genomic
studies revealing recessive deleterious alleles of
importance for inbreeding—environment interac-
tions can be used to control recessive defects in
captive populations by using this molecular infor-
mation to select parents for the next generation.

Genomic information is currently being used in-
tensively to guide selection decisions in animal and
plant breeding, as it is expected that this will lead
to faster rates of genetic improvement than does the
use of traditional methods.®” For example, meth-
ods are being developed that allow estimation of the
level of inbreeding based on genomic information
(personal communication, Louise Dybdahl Peder-
sen). This will enable a much more accurate esti-
mate of inbreeding compared to estimates obtained
based on pedigree information. Genome-wide SNP
genotyping can therefore be used to precisely mon-
itor and efficiently control the rate of inbreeding®®
in domesticated or managed wild populations. Ge-
nomic tools have the potential to allow control of
inbreeding rates and heterozygosity at loci of cru-
cial importance for fitness, which will allow fixation
of favorable alleles in traits of importance for fitness
while maintaining genetic variation in other parts of
the genome. However, this field is in its infancy and
the method described is obviously only of practi-
cal use in domesticated animals, zoo populations,
plants in botanical garden, or otherwise heavily
managed populations. Furthermore, for it to be effi-
cient in relation to minimizing detrimental effects of
inbreeding—environment interactions, genes/SNPs
that govern inbreeding depression across environ-
mental conditions should be identified.

Genomic approaches can potentially also be used
to address basic questions about the molecular basis
and genetic architecture of inbreeding depression.®
For instance, is inbreeding depression caused by a
few or many loci? And, how much of the inbreeding
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depression results from dominance, overdomi-
nance, or epistasis? Such knowledge is important for
predicting the potential efficacy of purging, genomic
selection, and assisted migration between popula-
tions.?®:8%-% If inbreeding depression is covered by
a few loci of large effect,”! and if inbreeding depres-
sion in benign and stressful environments is covered
by some of the same genes, genomic selection might
be effective in purging the genetic load.

Despite the fascinating prospect of employing ge-
nomic technologies in research to identify mecha-
nisms responsible for inbreeding depression and the
environmental dependency of inbreeding depres-
sion, it is also important to keep in mind challenges
and limitations. First, the genetic architecture of in-
breeding depression and inbreeding—environment
interactions is likely complex and varies among
species populations and individuals within popula-
tions.*® 2 Second, loci of importance for inbreeding
depression will probably not be the same across en-
vironments.>>">® Therefore, for genomic selection
to be efficient in populations kept in zoos, botanical
gardens, or in semicaptive environments, manage-
ment practices should be developed that minimize
adaptation to captivity and resample environmental
conditions that the populations are likely to experi-
ence if translocated back to nature.”® Third, threat-
ened inbred populations will be small by definition.
This will reduce power and thereby accuracy of the
results and reduce the potential to select effectively
against recessive deleterious alleles. Fourth, today
only a few species have genomes that have been se-
quenced and reference genomes are available for an
even smaller number of species. This means that for
almost all species of conservation concern, we are
still far from being able to do what we have suggested
above. However, this is likely to change within the
next 10 years with further developments in molec-
ular biology, noninvasive sampling methods, and in
bioinformatics.

The importance of inbreeding-stress
interactions for conservation and
evolutionary biology

We have defined a stressor as any environmen-
tal factor that reduces the fitness of an individual
or population.*”!? Populations in nature are con-
stantly exposed to various forms of stress, such as
pathogens and parasites, hunger and thirst, extreme
heat or cold, toxic substances, and the risk of pre-
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dation. Stress is likely particularly high in organ-
isms of conservation interest because of anthro-
pogenic activities that create novel or suboptimal
conditions (e.g., global climate change, introduced
species, pathogens, and pollution). For example, a
growing body of literature demonstrates that indi-
viduals in fragmented or poor-quality habitats,?*%
and those exposed to novel predators®® or para-
sites,” express higher levels of stress hormones,
indicating that they experience greater levels of
physiological stress. Environmental stressors can in-
duce physiological stress, such as changes in hor-
mone levels, which can in turn lead to increased
susceptibility to disease and predation, and/or gen-
erally reduce fitness.

Consequences of inbreeding—stress
interactions for small populations

As environments continue to rapidly change world-
wide, populations are not only subjected to pro-
gressively higher levels of stress in the form of
industrial pollution, pesticides, and changes in am-
bient temperatures, but are also becoming increas-
ingly smaller, more fragmented, and less genetically
diverse. The increased risk of extinction due to the
negative impacts of random genetic drift and in-
breeding on disease resistance, evolutionary poten-
tial, and overall fitness are well established,3-78-104
genetically depauperate populations have lower fit-
ness, lowered disease resistance, and less evolution-
ary potential.!?%1% However, there is added risk for
small populations when the deleterious effects of
stress are amplified in inbred individuals. Simulta-
neous increases in stress and inbreeding rates and
levels are thus expected to rapidly ratchet up ex-
tinction rates.!'!%1% Extinction risk is going to be
determined primarily by the extreme downturns in
population size!%*1%7 and these will become more
extreme than predicted by Liao and Reed' un-
der the assumption that the interaction becomes
stronger as stress becomes greater.®’

Liao and Reed!® determined that including rea-
sonable estimates of the inbreeding—environment
interaction reduces persistence times by 17.5-28.5%
for a wide range of realistic assumptions about pop-
ulation dynamics and genetics and Robert!'! con-
cluded that unbiased assessments of the viabilities
of species is only obtained by identifying and in-
tegrating the most important processes governing
persistence times (i.e., demography and genetics).
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Liao and Reed'’ also identified some counterin-
tuitive patterns; for example, the influence of the
inbreeding—stress interaction on the median time
to population extinction was greatest for larger
populations. This is because populations currently
viewed as relatively safe from extinction can more
quickly cross the threshold into the extinction
vortex when large inbreeding—stress interactions
occur. Of course, this does not mean that
inbreeding—environment interactions are insignifi-
cant for small populations. In contrast, although the
proportional effect of the inbreeding—environment
interaction may be less for small populations, such
populations are already in crisis, and already ex-
periencing the inbreeding conditions for which the
interaction is important. The consequences of the
interaction in increasing the risk of extinction are
thus more imminent for smaller populations. Con-
sideration of inbreeding—environment interactions
in models of population persistence and conserva-
tion efforts should therefore be a priority.

Despite evidence from simulation studies and
studies on organisms in the laboratory, it still re-
mains to be shown in nature whether inbreeding—
stress interactions do speed up extinction rates to
the degree predicted based on studies that do not
take into account all specific genetic details, such
as the specifics of selection (purging, and balancing
and directional selection). In addition, inbreeding
is known to have multigenerational effects on fit-
ness, and the same is certainly true for some types
of stress,'% but it is unclear whether the effects of
inbreeding—stress interactions persist across gener-
ations. Low reproductive values persisting beyond
the period of actual stress could prolong population
recovery and increase the probability of entering
an extinction vortex. Future studies are needed that
examine the role of inbreeding—stress interactions
under natural conditions, particularly in small and
fragmented populations, with focus on the poten-
tial for multigenerational effects. Most laboratory
studies can be criticized for not being ecologically
relevant as they often investigate rather extreme lev-
els of inbreeding and only one stressor (but see
Ref. 6). This is problematic as the importance of
inbreeding—stress interactions are depending on the
level of inbreeding and expected to be more severe
with exposure to multiple stresses that can inter-
act in their effect on the phenotype.!%-!'2 We have
only limited knowledge on such inbreeding—stress
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interactions and future studies should also focus on
natural populations or in laboratory studies inves-
tigating multiple environmental stresses.

Relevance of inbreeding—stress interactions
for purging genetic load
Although environmental stress is commonly viewed
as increasing inbreeding depression,”¢! stress has
also been proposed to increase selection against re-
cessive deleterious alleles expressed in homozygous
individuals, thus purging genetic load.*:!!3 Expo-
sure to stress over multiple generations is predicted
to reduce inbreeding depression by decreasing the
frequency of deleterious alleles in the population
over multiple generations,''*"''® but can also have
an effect within generations (intragenerational) if
fitness correlations exist across multiple life history
stages.®’ Purging of genetic load has been heavily
studied,” yet we still have little idea whether the
effects of purging are general versus environment
specific or if different type of stress vary in their
ability to purge genetic load.*>!"’
Inbreeding—stress interactions could, in theory,
lead to very rapid purging of the deleterious al-
leles responsible for such interactions. However,
specific stresses can increase, decrease, or have no
effect on the magnitude of selection against mu-
tations,''® thus contributing to differences in the
degree of purging across stress types. In addition,
understanding the contribution of stress-specific
versus stress-general genes or pathways to
inbreeding—stress interactions is imperative to un-
derstanding the dynamics of purging in natural
populations. The genomics work cited above for
Drosophila suggests that many of the deleterious al-
leles affecting inbreeding depression do so through
genes affecting generalized stress responses, but we
have far too little data to generalize. The answer
will have particularly significant consequences for
our ability to extrapolate from results of laboratory
studies to nature, and for predicting responses of
populations bred and studied in captivity that are
intended for reintroduction into natural, and gen-
erally more stressful, conditions. For example, we
might predict that the consequences of inbreeding
depression will be greatest in novel environmen-
tal conditions—those to which the organism is not
adapted and in which they have not had an oppor-
tunity to purge their genetic load. Limiting adapta-
tion to the captive environment, such as for ex situ
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populations intended for reintroduction, may war-
rant explicit attempts to limit inbreeding—stress in-
teractions.

Future inbreeding—stress research

Much remains to be understood about the impacts
of inbreeding-stress interactions for biodiversity
conservation. There is still much unexplained vari-
ation in the magnitude of inbreeding depression ex-
pressed under stressful conditions, suggesting that
additional factors may be important in explaining
how stress and inbreeding interact in populations of
conservation interest.>*37-¢! Identifying the types
of stress that are more or less likely to induce such
interactions will have direct application to species
management. Identifying categories of stressors that
do or do not trigger inbreeding—stress interactions
may also help us to understand the genomic and
proteomic underpinnings of such interactions. It
is thus particularly important that more research be
done on the effects of inbreeding and environmental
stress in wild populations. Laboratory experiments
can only go so far in mimicking the complex vari-
ety of stressors and stress levels faced by organisms
and it is also important to impose realistic levels
of inbreeding. How inbreeding—stress interactions
affect population dynamics has rarely been studied
in natural populations. Few studies have looked at
temporal variation in levels of inbreeding depres-
sion in the wild'!*~'?> and only one has correlated
seasonal changes in inbreeding depression with con-
current changes in levels of stress.”” Studies on nat-
ural populations, in the field, are therefore crucial
for extrapolating from the wide diversity of studies
on model laboratory systems to natural systems of
conservation importance.

Among the more important aspects of natural
environments that we poorly understand is the fre-
quency and magnitude of various stressors. Stress
can come in the form of fluctuations in tem-
perature, humidity, food availability, mating op-
portunities, and risk of predation. However, the
extent to which stressors, such as these contribute
to inbreeding—stress interactions is relatively unex-
plored in natural populations. In addition, it is un-
known to what degree various stressors might be
similar in plants, invertebrate animals, and verte-
brate animals. If common stressors can be identi-
fied, it will allow us to examine whether negative
genetic correlations generally exist between them.
Negative genetic correlations to different stressors
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can severely limit evolutionary potential and curtail
population growth.*+126-128 Genetic correlations for
resistance to commonly encountered stressors with
moderately strong selection should be mostly or
entirely positive, as selection should strongly favor
mutations with positive effects across several stres-
sors. This will be particularly the case if a small
set of generalized stress responses mediates fitness
across a range of most commonly encountered stres-
sors. However, many things might limit or prevent
these positive correlations from evolving. Popula-
tions may be too small to generate and effectively fix
such mutations, there may be physiological reasons
for the negative genetic correlation, or there may be
a negative temporal correlation between heritabil-
ity for a trait and the strength of selection against
that trait.'” Under these conditions, inbreeding-
stress interactions will likely lead to inefficient purg-
ing of the genetic load even in the environment
the purging occurred in and lead to rapid fixation
of potentially deleterious alleles for other forms of
stress.
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