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Throughout the nesdarwinian synthesis, theorlsts have debated the role of gene
intevactions, or epistasis, in the evolutionary process. Unfortunately, empirical
measurement of the role of epistasis in the evolution of natural populations has, until
now, been difficult. Two developments in empirical approaches have occurred:

(1) application of quantitative genatic theory to the evolution of natural populations,
and {2} the concuirent development of molecular marker-assisted technigues to
understand the architecture of quantitative genetic variation.

Thus, exciting developments in both theory and empirical data collection provide the
stimulus needed for documenting the role of epistasis
in the evolutionary process.
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he neodarwinian synthes:s defined

the conceptual framework of present
evolutionary studies. Yet two of the most
important contributors to the synthesis,
Fisher and Wright, had dramatically con-
trasting views of the processes respon-
sible for the evolution of natural popu-
lations. Their differences emphasize the
relative importance of additive gene effects
versus non-additive interactions among
genes (Box 1) in the evolutionary process.

The premise of Fisher's theory is that
evolution is primarily due to selection act-
ing on the effects of individual loci, inde-
pendent of variation at other loci!. He be-
lieved that additive or main effects of genes
determined their evolutionary fate and that

non-additive components of genetic vari-
ation had as little evolutionary importance
as non-heritable factors®. In part, this was
hecause of Fisher's belief that species were
essentially panmictic. Panmixis, according
to Fisher, allows genes to be tesled in all
genetic backgrounds; thus, additive effects
determine their evolutionary fate.

In contrast, the notion that selection
acts to form coadapted or interacting
gene complexes is central to Wright's shift-
ing balance theory (SBT) of evolution34,
Wright's vision of the adaptive landscape
with fitness peaks and valley(s) relies on
epistatic gene action (the converse, that
the presence of epistasis indicates peaks
and valleys, is not necessarily true). Wright

Box 1. Epistasis and coadapted gene complexes defined

Physiological epistasis: Here, epistasis is a ubiquitous phenomenon, related to the instance where specific
gene products in a metabolic pathway determine the formation of other products downstream in the pathway.
However, laboratory examples of epistasis of this type do not demonstrate the role of epistasis 10 the
contribution of standing genetic variation (see text). In this context, epistasis has historically been used to
describe the situation in which one gene masks the expression of another, for instance the recovery of 9:7
ratios, instead of the expected 9:3:3:1 ratios in the F, of dihybrid crosses.

Statlstical epistasis: The quantitative genetic definition of epistasis refers to the degree to which phenotypic
variation 'z <znined by interactions among genes. If episiasis is imgortant, then, ia a statistical sense
interactions, rather than main effects, are the fundamentai properties of genes responsible for evolution.
Genes selected for their joint effects on fitness form coadapted gene complexes. In current usage, epistasis
also refers to interactive effects among nucieotides within a locus, or within gene epistasis. in contrast, the
additive effects of genes refers to their overall main effects across different genetic backgrounds. Note that
the variation may be quantified within populations or may contribute to differentiation among populations.

Selection: Epistasis for fitness can also result when variation for a trait is additive, but selection is either
stabilizing or disruptive. In this case, the fitness effects of a gene depends on which alleles are present at
ather loci. This non-linear mapping of gene effects onto fitness does not support the contrasting models
of evolution praposed by Fisher and Wright but does contribute to the maintenance of genetic variation.
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believed genes to be commonly foundina
limited number of genetic backgrounds
owing to population structure resulting
from limited gene flow. Conseguently, the
evolution of relationships among genes is
more likely. If epistasis does not con-
tribute to genetic variation for fitness then
there is no valley(s) between the peaks
and thus little need to invoke his SBT. lf an
allelic substitution contributes to the fit-
ness of an organism independent of the
genetic background then ‘simple’ fisher-
ian selection is all that is required to move
a population to a higher adaptive peak.

Much empirical work over the past
30 years has demnonstrated that species ex-
hibit significant population genetic struc-
ture and are therefore far from panmictics.
Furthermore, any factor that causes depar-
tures from panmixia (e.g. asexuality, selfing
and geographic isolation) limits the recom-
bination pool and facilitates the develop-
ment and maintenance of coadapted gene
complexes. However, we still have too little
information on the role of epistasis in the
evolutionary process to resolve the funda-
mental conflict between Fisher and Wright.
Furthermore, even if Wright's SBT is not
shown to be relevant to the evolutionary
process, epistasis may influence evolution-
ary models.

The question of paramount importance
is: how common is epistasis? If epistasis
potentially plays a central role in evolu-
tionary process, why has empirical work
quantifying its importance lagged so far
behind theory? A partial explanation is
the lack of use of an evolutionary relevant
definition and the difficulty of quantifying
epistasis (Box 1). For epistasis to contrib-
ute to the evolutionary process, it must
underlie phenotypic variation. Tradition-
ally, epistasis has been associated with
the action of genes that affect mendelian
traits. In this context, epistasis refers to
the expression of a phenotype and not to
how it contributes to phenotypic variation
in natural populations? (Box 1). However,
the relationship between epistatic gene
action and epistatic variance is depend-
ent on allele frequencies®. Thus if allele
frequencies have changed, the absence
of contemporary levels of popuiation epi-
static genetic variation may not reflect
the fundamental role of gene interaction
in the past evolution of populations.

A second reason for the lack of empiri-
cal work is the difficuliy in quantifying epi-
stasis. We are interested in hiow epistasis
contributes to standing variation of fitness-
related traits either at the within or be-
tween population level. If fitness is a poly-
genic ‘trait’, then we need quantitative
genetic approaches to quantify the ef-
fects of epistatic interactions. Drawing in-
spiration from the fundamental work of
Pearson, Wright and Fisher and taking
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advantage of the enormous theoretical
and applied development of quantitative
denetics associated with animal and crop
improvement, evolutionary biologists in
the early 1980s demonstrated the utility of
applying quantitative genetic approaches
to understanding fundamental problems
in evolutionary biology?*. Almost concur-
rently, powerful and accessible molecular
technigues have been developed that al-
low us to map loci affecting the expression
of quantitative traits (QTL), hence per-
mitting more-detailed examination of the
genetic architecture of fitness in natural
populations®. Thus, evolutionary biologists
are at a unique juncture. Whereas theory
has far cutpaced empirical determination
of the importance of epistasis, now, with
the advent of molecular techniques and
the application of quantitative genetic ap-
proaches to natural populations, empiri-
cists have much more powerful tools to
examine the relevance of epistasis to the
evolutionary process.

Measuring epistasis and evalvation
of the methods

Many approaches have been used to
quantify the role of inter-locus interactions
in the evoluticn of natural populations.
On the organismal level, Simpson! in-
terpreted Wright's notion of adaptive
topography in terms of coadaptation for
phenotypic features. At the genetic level,
evidence for epistasis has come from a
number of different approaches (see Box 2
and Table 1 for description and evaluation
of methods):

(Dmultilocus  associations  including
supergenes, tightly linked genes affecting
hoth morphological'' and molecular
characters!;

(2) hybrid breakdown as a result of nixing
differentiated gene pools!3},
{Nevaluation of interactions among
chromoscme segments through QTL
mapping!®;

(4)the contribution of non-additive vari-
ation to quantitative traits, especially
fitness!s;

(5) the formation of linkage disequilibriumn
under selection!7¥;

(6) analysis of the response to selection in
subdivided populations!®.

Of these genetic methods, (1) to (3)
measure the present contribution of epi-
stasis to differentiation. Since additive pro-
cesses of allele substitution may result
in epistatic differentiation among popu-
lations and/or species!32", genetic struc-
ture measured by these methods may not
necessarily reflect the contribution of se-
lection for coadapted genes. However, the
epistasis measured by these methods may
influence the potential of a species or a
population for future evolutionary change,
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t. Coniribution of epistasis to differentiation

or alleles may indicate epistatic relationships.

Box 2. Methods of evaluating episiasis

° Phenotypic associations (adaptive syndrome). Measures contributicn of non-additive interactons among
phenotypic characters by demonstrating that specific combinations of traits corfer high fitness.
® Multi-locus associations: Linkage disequilibrium, nonrandom associations netween groups of nuclectides

o Hybrid breakdown: Quantifies epistasis by breaking up coadapted gene complexes. Reduzed fithess of
recombinant hybrids of crosses between lines, populations or species in comparison with the rmid-parent, and
the Fy hybrid generation, indicates epistasis. Genetic mapping technigues in which crosses are conducted
between individuals that have fixed differences for known rmarkers and that differ in pericrmance can provide
greater resolution of epistatic interactions. Fitness of hvirids ‘'mapped’ onto the tinkage map reveals the
effects of flanking marker regions and their interactions on fitness.

1. Contribution of epistasis to the eveiutionary process

e Variance partitioning: Resemblance among relatives is used to quantify the contribution of additive and
non-additive effects among loci to within pogulation phenctypic variatior.

s Selection analysis: The development of multilocus associatians and their fitness consequences is
quantified acress generations in populatons under constant selection.

e Selection in subdivided popufations: Conditions for the establishment of epistatic gene complexes are
created experimentally. These complexes are: then tested for their developmert using line-cross methodology.

and may contribute to the initial stages of
post-zygotic reproductive isolationt. The
contribution of epistasis to the ongoing
cuolutionary process can only be evaluated
using methods (4) to (6).

Of the methods that quantify the con-
tribution of epistasis to present differ-
entiation, hybrid breakdown is perhaps
most powerful for two reasons. First, one
has more power fo detect epistasis by
comparing the behavior of the means of
the different generations (Parental, F,, F,,
and so on) versus the interaction repre-
sented in variance components (Table 1).
Second, this approach tests the effect
of the physical disruption of putative co-
adaptive gene complexes through recom-
bination. As such, it is a direct esiinate
of the contribution of epistasis to differen-
tiation. This differentiation can be either
environmentally based or driven by the
fixation of complementary lethal or semi-
lethal gene systems?! 22, It is also independ-
ent of the constraints of aliele frequen-
cies. Genic combinations that are rare in
populations (thus contributing little epi-
static variance as demonstrated by vari-
ance component analysis) are resurvected
to high frequencies in the hybrid and seg-
regating populations.

The model of gene effects describing
the behavior of F, or other segregational
generation hybrids in relation to their
parents and F| is well understcod and is
sometimes referred to as line-cross meth-
odology™*. Marker-assisted techniques
(QTL mapping) complement the biometri-
cal approach by allowing one to determine
the presence of genic interactions over
finer scales, that is, between intervals
flanked by markers, and have been particu-
larly useful in determining more precisely
the genetic basis of reproductive isolation
among species of Drosophila*2. However,
there are substantial statistical problems
that need to be overcome before infe:-
ences of epistasis based on the molecular

—_

marker based approaches can be made,
especially for outbred populations®. The
major probleins include (1) limited sam-
ple sizes of closely linked recombinant
markers, and (2) Type [ errors that are as-
sociated with the likelihood of detecting
siguidiicant interactions given the poten-
tially large number of tests [VI/2(V-2)i},
where N is the significant QTL affecting
the trait. Potential solutions include ex-
amination of later segregating generations
to increase the likelihood of recombi-
nation and sequential experiments where
QTL'’s are identified and speciiic gene comn-
binations are constructed and tested for
their effects on fitness. Development of
theory that allows map construction with
the simultaneous action of selection act-
ing on epistatic interactions is also needed.

In contrast to inferring past selection,
the contribution of selection on muliilocus
associations to ongoing adaptation can
most clearly be evaluated by following the
transmission of genetic markers across
generations. In one of the most elegant
demonstrations, Clegg, Kahler and Allard®
tested the adaptive significance of particu-
lar allelic combinations by following the
evolution of multilocus associations across
generations in experimental crosses of cul-
tivated barley. By measuring viability and
fertility components of selection associated
with linkage blocks marked by four iso-
zymes, they were able to demonstrate large
fitness differences among distinct three-
locus combinations, implying that selection
on epistatic complexes was operating with-
in the experimental population. The advent
of QTL mapping may allow us to measure
these associations over varying segments
of the genome and determine their effects
on fitness in much greater detail.

Significance of epistasis to
evolutionary studies: examples

In addition to differentiating Fisher's
and Wright's models of evolution, current
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Advantages

Method

Phenotypic associations
(adaptive syndromes)

Muititocus associations

Hybrid breakdown

Variance partitioning

Selection analysis

Subdivided populations

1. Procedures that identify contribution of epistasis to current gifferentiation
Trait interactions demonstrated in ecological context

Relatively easy to document

Direct measure of coniribution of epistasis te fitness
Detects fixed epistatic interactions

Genome-wide measure of epistasis

Comparisons of means is statistically powerful

Can be used in association with QTL mapping techniques

Direct measure of selection for epistatic interactions

Direct test of the shifing balance theory of evolution

Table 1. An evaluation of the methods to measure epistasis

Disadvantages

of markers

11 Procedures that evaluate contribution of epistasis to the evolutionary process
Well-developed theorv
Provides information on other aspects of genetic profile

Epistasis measured as an interaction in ANOVA: this requires very
large experiments tn ensure statistical accuracy

Epistatic inteiactions should become rapidly fixed within popuiations.
obscuring their detection

Relaticnship among genes nol necessarily epistaiic {except. for
example, heterostyly)

Linkage disequilibrium does not necessarily reveal epistasis
Portion of genome eveluated for fitness limited to flanking regions

Can only be measured on differentiated groups (although hybrid
preakdown in asexual and highly seifing organisms may be observed
within populations)

L.nited by marker availability and numerical constraints of genotyping
many individuals

Infers epistasis from patterns of evolutionary change

theoretical findings indicate that the pres-
ence or absence of epistasis is relevant
to many major evolutionary phenomena
such as the evolutionary definition of the
gene, maintenance of sex, the evolution
of selfing, phenotypic plasticity, develop-
mental homeostasis, and founder effect
genetic revolutions. The presence of epi-
stasis also has implications for conser-
vation and restoration of endangered or-
ganisms and the maintenance of genetic
resources, Given the relevance of epistas’s
to these major areas of current research
in evolutionary biology, it is fundamental
to determine whether epistasis Is perva-
sive, and if so, how it influences the evolu-
tionary process.

The foliowing sections serve to bring
attention to the role of gene interaction in
diverse and important evolutionary phe-
nomena. It must be emphasized that there
are different forms of epistasis® (Box 3)
and that these forms might have different
consequences for each of the phenomena
in terms of the evolutionary outcomes.

What is a gene?

A gene is traditionally defined as a re-
gion coding for a single polypeptide or
some functional complementarity (a cis-
tron). While these definitions have suited
most usage in evolutionary biology, func-
tional analysis at the level of fitness can
lead to alternative definitions. Because re-
combination breaks apart the genome of
sexual organisms, the functional unit must
be something smaller than the genome.
In this context, Turner?” asked why does
the genc:e not congeal? His own answer
was that recombination prevents the
genome from evolving as a coadapted
complex. Dawkins?® suggested that this

284

smaller functional unit should be evolu-
tionary biology's definition of ‘gene’ and it
should be operationally identified by the
existence of competing units (alleles).

When genetic variation for fitness is
entirely additive in a sexual population,
the long-term persistence (and possible
fixation) of a single nucleotide is depend-
ent mainly on the relative fitness of other
nucleotides at that same position in the
genome. With recombination, nucleotides
at other positions are of little long-term
consequence, Thus, every nucieotide is an
allele and the gene is the nucleotide. How-
ever, if epistatic variation exists, the fate
of a single nucleotide depends onits inter-
action with nucleotides at other positions
in the genome. Whether different groups
of interacting nucleotides persist depends
then on whether the relative strengths of
selection and recombination allow the
groups to congeal and effectively to be-
come different alleles. Recent results sug-
gest that substantial linkage disequilibrium
resulting from interactions between loci
can be generated with epistatic selection
so long as recombination (¥) is not much
greater than the intensity of epistatic se-
lection (s) (Ref. 29). Thus, from the view-
point of function at the ievel of fitness,
a gene can be as small as a single nucleo-
tide or as large as a chromoson:al region
bounded by nucleotides for which the
ratio s:r is approximately =1.

Evolution of natural populations

As already discussed, much of the con-
troversy concerning the role of epistasis in
evolution is associated with the contrast-
ing views of Wright and Fisher, To evalu-
ate the relevance of Wright’s adaptive to-
pography, we must know the density of

coadapted peaks or the scale at which
epistasis for fitness contributes to selec-
tive differentiation®. Is epistatic selection
a constant feature of the differentiation of
populations, acting at all levels of genetic
divergence, or does adaptive evolution
reauire only the ocrasional incorporation
of novel gene complexes3’, perhaps only
those associated with speciation?

The answer to these questions will
have important consequences for how we
study the evolutionary process. Epistasis
which results in reversals of fitness and
consequently a rough fitness topography
of peaks and valleys is essential to Wright's
SBT. However, even if populations are not
required to evolve lower fitness (that is,
no valleys separate the peaks), or to evolve
lower fitness to change adaptive states,
epistasis for fitness suggests that evo-
lution will be more complex than simple
fisherian models. For example, Lande and
Arnold” view evolution as a linear process
(e.g. fisherian); knowledge of seiection
intensities, heritabilities and genetic and
phenotypic covariances allow us to esti-
mate the trajectory of trait evolution. If,
instead, epistasis is important, then trait
evolution may follow a non-linear trajec-
tory, as is indeed observed in certain long-
term selection experiments's (alternative
explanations include erosion of genetic
variance and corflicts between artificial
and natural selection!v). The response to
selection of allele frequencies may not be
predictable as changes in combinations of
genes will aifect the selective regime ex-
perienced by each locus™. In turn, the se-
lection gradient may fluctuate as differ-
ent combinations of characters result in
changing optima. Consequently, ‘context
and interaction are of the essence™®,
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In addition, epistasis may, under some
conditions, contribute to the fisherian
model of mass selection. Both theoreti-
cal®3* and empirical’®% work demon-
strates that epistatic genetic variation can
be converted to additive genetic variation
via drift, facilitating a response to selec-
tion. Thus the loss of additive genetic vuii-
ation through drift may be counteraci~ {
by the conversion of non-additive to addi-
tive genetic varia. \-m.

Founder-effect speciation

Several theories of founder-effect gen-
etic revolution? leading to speciation are
derivative versions of SBT. In these, repro-
ductive isolation is associated with a
‘genetic reorganization’ reflecting substi-
tution of one epistatically coadapted gene
complex for another during population
bottlenecks and consequent relaxed se-
lection associated with colonization of new
sites. They essentially diifer from SBT in
not requiring the export of novel and more
favorable gene combinations, because the
colonizing population cannot experience
gene flow with ancestral populations owing
to spatial or ecological isolation. The likeli-
hood of founder effect speciation depends
on the genetic assumptions but appears to
increase if there are series of transitions
across shallow valleys® or if intermediate
ridges connect the peaks®. In the latter
case, the environment in which the popu-
lations evolved may have favored inter-
mediate allele frequencies, or alleles that
were present in the evolution of the popu-
lations (but that were no longer present)
conferred intermediate fitness between
two peaks, thus connecting the peaks along
a ridge. Consequently, crosses between
the populations result in progeny of low
fitness. Population differentiation that is
epistatically based will increase polymor-
phic variation for epistatic gene complexes,
facilitating speciation via founder effects3.

Evolution of niulivig sysieins

The origin and maintenance of sexual
reproduction is a fundamental paradox in
evolutionary biology because asexual re-
production has an intrinsic twofold ad-
vantage over sexual reproduction®. One
theory that has generated a great deal of
recent interest finds sexual populations
to have an advantage over asexual popu-
lations if mutations act epistatically for
fitness041_If there is synergistic reinforc-
ing epistasis such that each additional
deleterious mutation leads to a larger de-
crease in fitness, then the mean fitness of
sexual populations will exceed that of
asexual populations. This difference arises
from selection removing alarger fraction of
the deleterious mutations in sexual popu-
lations that regenerate variation through
hoth segregation and recombination. With
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effects.

Box 3. Types of gene interaction

For simple digenic interactions, one can consider the progeny of the F, ot a dihybrid cross (AABB x aabb)
In the absence of epistasis, the effect of A or a at the A locus, or B or b at the B locus, is independent of
the genotype of the second focus. However, with epistasis there are non-additive effects hatween loci and
these non-additive effects can be manifested among the Homozygote class (AABB vs aaBB, and s0 on)
which describes the effect of the A locus on the additive effect of substituting B for b at the B iocus and
vice versa, the combined homozygote and heterozygote class (AABb vs aaBL, and so on), which describes
the effect of the A locus on the dominance of B at the B locus, and between the double heterozygote {AaBb),
which describes the effect of dominance of A at the A locus on the dominance of B at the B locus.

When discus ~ing the effects of mutant, recessive alleles, one can describe the effect of making a
genotype increasingly homozygote for the recessive alleles. Diminishing epistasis covers the cases where
increasing the homozygosity of an individuat across loci for the recessive alleles reduces fitness by less than
the sum of the individual effects at each locus. Conversely, reinforcing or synergistic epistasis is exhibited if
the fitness of an individual made increasingly homozygous decreases by more than the sum of the individua!

reinforcing epistasis, sexual populations
have lower mutational loads and there-
fore higher mean fitness than asexual
populations. If this theory is verified, it
implies that epistatic interactions for fit-
ness are pervasive across a wide variety
of organisms.

Current models of the svolution of seli-
ing focus on the parailel evolution of in-
breeding depression with mating system?®.
Inbreeding depression, probably resulting
from the expression of deleterious reces-
sive alleles, is considered to be the pri-
mary factor preventing the evolution of
selfing in outcrossing organisms. How
quickly these recessive deleterious alleles
can be purged from the population, and
hence how likely selfing will evolve, is in
part determined by whether or not there
are interactions among the deleterious
alleles. Similar to the evolution of sex, syn-
ergistic reinforcing epistasis among del-
eterious alleles will lead to a more-rapid
rate of purging of these alleles from the
population and facilitate the evolution of
selfing.

The experimental evidence concern-
ing modes or gene action among muta-
tions is limited and inconclusive (see Ref.
44 and citations within). The accumuy-
lation of non-lethal mutations over time in
Drosophila stocks results in an acceler-
ated decline in vigor; there is also evi-
dence that increasing inbreeding results
in a greater rate of decrease in fitness for
dairy cattle, poultry, mice and guinea
pigs. However, there is little evidence for
an accelerated decline in fitness associ-
ated with increased inbreeding in maize
or inbred lines of wild species.

Note that both discussions of the role
of epistatic interactions among mutations
are not related to the issue of the
relevancy of SBT. Mating system evolu-
tion addresses the question of how epi-
static interactions among deleterious mu-
tations influence the rate and dynamics
of their elimination, whereas SBT is con-
cerned with the spread of favorable
genetic variation.

Devetopmental homeustusts and plasiicity

The ability of organisms to withstand
genetic and envirotmental disturbances
encountered during development and to
produce predictable phenotypes is
known as developmental homeosiasis®,
Two contrasting, but not mutually exclu-
sive, hypotheses have been put forward
to explain the genetic basis of develop-
mental homeostasis: heterozygositr# and
coadapted gene complexes!3. The contro-
versy may be interpreted as one of scale,
with the proponents of the alternative
hypotheses, Lerner and Dobzhansky,
believing in the importance of stabilizing
selection in producing an optimal pheno-
type. However, Lerner stressed the role of
the buffering capacity of heterozygotes at
the intragenic level, while Dobzhansky
focused on the integrative properties of
ceadapted gene complexes at the inter-
genic level. Limited cvidence supports
hoth models". Distinguishing between
the two hypotheses of developmental
homeostziis will impact our understand-
ing of the importance of heterozygosity,
as well as the rolz of selection acting on
groups of interacting coadapted genes.

To discriminate between the hypoti-
eses an approach is required whereby both
heterozygosity and coadaptation can be
examined factorially in the same system.
One such approach is to use hybridization
or line-cross methodology to determine
simultaneously what role heterozygosity
and coadaptation play in developmental
homeostasis. The difference in perfor-
mance of the F; and F, (or later segrega-
tional generations) can be used to deter-
mine separately the role of coadaptation
and heterozygosity. This approach, in con-
junction with QTL mapping would pro-
vide more-detailed understanding of the
genetic basis of homeostasis.

Conservation genetics

Epistasis also has important impli-
cations for the conservation of genetic re-
sources, that is, genes found in wild rela-
tives of domestic plants and animals. The
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success of introgression of adaptively sig-
nificant gene blocks from wild relatives or
land races into cultivar genomes will de-
pend on the degree of genic coadaptation
in the progenitor species, as well as the
behavior of these gene blocks ina new gen-
etic background.

Furthermore, the role of coadaptation
among genes will help to determine strat-
egies for successful management of rare
and endangered species®. With increas-
ing fragmentation of populations of wild
plants and animals and consequent in-
breeding, do we dare mix gene pools to re-
store heterozygosity? The success of gen-
etic manipulation to restore a population's
vigor will depend on the genetic basis of
adaptation®. [f epistatic interactions are
prevalent, nixing of gene pools could fead
to hybrid breakdown, necessitating a re-
thinking of :nanagement strategies in con-
servatior. and restoration.

Future directions

Contrasting views of the genetic archi-
tecture underlying fitness-related traits
have polarized evolutionists since Darwin's
time™. The embodiment of darwinism with
mendelian principles of geuetic trans-
mission led to the widespread accepiance
of natural selection acting on continuous
variation. However, a fuller description of
the nature of gene action, that is, whether it
is largely additive or epistatic, is necessary
for a precise understanding of evolutionary
inodes. The theoretical framework and mol-
ecular techrigues now exist to partition
additive from epistatic gene action on
{itness-relaied traits. Thus, the next fow
vears promise to yield exciting data that
will allow us to come {0 a fuller under-
standing of the processes responsible for
the evolution of natural populations.

Acknowledgements

C.B.F. thanks the many individuals
(especially 5. Tonsor and M. Whittock)
who have patiently discussed the role
»f epistasis in evolution with him.

M. Dudash, M. Wade and two
anonymous reviewers made helpful
commeits on previous versions of the
manuscript. C.BF. and LF.G. were
supported by NSF grant DEB 93-12067.

References
b Fisher, RACL930Y The Genetical Thoors o

Matural delvctivn, Oxford University Press

2 Wade, ML (1992) Eplstasis, in Kevicords
i Evolutionary Biviogy {Keller. EF. and
Lloyd. £.A. eds), pp. 87-91, Rarvard
University Press

3 Wright 3. (1831) Evelution in mendeiian
populaticns, Genefics 16, 97-159

4 Wright. S. (1988) Sarfaces of selective value
revisited, Am. Nat 131, 115~123

5 Hamrick, J L. and Godt, MJ.W. (1989)
AHozyme diversity in plant species, in Plunt

286

10

[£5

[k

w

20

21

Population Genetics. Breeding and Genetic
Resources (Brown, AH.D. et ol eds),

pp. 43-63, Sinaver

Whitlock, M.C. et al. (1995) Multiple fitness
peaks and epistasis, A, Rev. Ecol. Svst. 26,
611-629

Lande, R. and Arnotd. S.J. (1983) The
measurement of selection on correlated
characters, Evolution 37, 1210~1226

Barker, J.5.F. (1988) Quantitative genetics,
ecology and evelution, in Proceedings of the
Second International Conference on Quantitative
Genetics (Weir, B.S. et al., eds), pp. 596-600,
Sinauer

Cheverud. J.M. and Routman, F. (1993)
Guantitative trait loci: individunal gene effects
on quantitative characters, J Fvol Biol 6,
463430

Simpson, GG, (1943) Tempo and Mode n
Evole on, Columbia University Press

Jones, LS., Leith, BH. and Rawlings, P (1977)
Polymorphism in Cepaca: a problem with too
many selutions? Annu Rev. Ecol Svst 8,
109-1:43

Hedrick, P.W., Thomson, G. and Klitz, W. (1986)
Evolutionary genetics: HLA as an exemplary
system, in Evolutionary Processes and Theory
(Karlinard, 5. and Nevo, £, eds), pp. 583-606,
Academic Press.

Dobzhansky, T. (1970) Genetics of the
Eeolutionary Process, Columbia University Press
Lynch. M. (1991) The genetic interpretation of
inbreeding depression and outbreeding
depression, Feolution 15, 622-6249

Kovol, AB., Preyuel, LA, and Preygel, SL (1991)
Recombination Vuriabedity and Ecolution,
Chapman & Hall

Falconer, DS (1989 Infroduction to Quarntitatioe
Grenetics, Limginan

Lewontin, RC.and White, M_ID. (14960)
futeraction between inversion polymorphisms
of the two chromaosouie paivs in the
grasshopper, Moraba scarrva, Evolution 14,
Hi6-129

Clegg, M. T, Kahler, AL, and Allard, RW. (1%78)
Estimation of life cycle components of
selection fn an experimental plant population,
Genetics 8Y, 765792

Wade, M.J and Goodnight, C 1. (1991) Wright's
shifting balance study, Scicnce 25, [H53-101%
Maynard Smith, 1. (1989) Evolutionary Genetics,
Oxford University Press

Christie, P. and Macnair. MR, (1987) The
distribution of posimating reproductive
isolating genes in populations of the yellow
monkey flower Mimalus guttatus, Fvolution
41.571-578

Palapoli. MUF. and Wu, C-1. (1994) Genetics of
hybrid mate sterility between Drosaphile
sibling species: A complex web of epistasis is
revealed ip interspecific stadies, Genetics 134,
F29-341

Cockerhan, C.C. (19580) Randorm and fised
offects in plant genetics, Theor Appl Genet 56,
TH49-131

Mather, K. and links, J.L. (1982) Biometricul
Genetics (3rd edn), Chapman & Hall

Tanksley, 5.0, {1993) Mapping polygenes.
Annu. Rev. Genet 27, 205-233

Crow, J.F. and Kimura, M. (1970) An Infroduction
fo Population Genetics, Burgess

Turner, JR. (1967) Why does the genome not
congeal? Evolution 21, 643-656

29

30

32

33

36

37

30

40

42

43

44

A6
47

18

49

50

Dawkius, R. (1976) The Selfish Gene, Oxford
University Press

Fox, G.A. and Hastings, A. (1992) Inferzing
selective history from multilocus frequensy
data: Wright meets the Hamiltonian, Genefics
132, 277-288

Crow, LF. (1991) Was Wright sight? Science 272
973

Wade, M.J. (1992) Sewall Wright: Gene
interaction and the Shifting Balance Theory,
Oxf Sure. Evol Biol. 8, 35-62

Lewontin, R.C. {1974) The Genetic Basis of
Evolutionary Change, Columbia University Press
Cockerham, C.C. (1984) Additive by additive
variance with inbreeding and linkage, Genetics
108, A8 7=500

Goeodnight, C.J. (1988) Epistasis and the effect
of founder events on the additive genetic
vardance, Fvolution 42, 441-454

Bryant, EH., Combs, LM. and McComnas, S.A.
(1986) The effect of an experimental
hottleneck upen quantitative genetic variation
in the housefly, Genetics 114, 1191-1211
Carson, HLL. and Templeton, AR. (1984)
Genetic revolutions in relation to speciation
phenomena: the founding of new populations,
Annu. Rev. Ecol Syst. 15, 47131

Barton, N.H. (1989) Founder Effect Speciation,
n Speciation and its Consequer.ces (Otte, D. and
Endler, J.A., eds), pp. 220256, Sinaver
Gravrilets, S. and Hastings, A. (1996) Founder
effect speciation: a theoretical veassessment.
Am Nat 147, 466-491

Maynard Smith, ). (1978) The Evolution of Sex.
Cambridge University Press

Kondrashov, A S. (1988) Deleterious mutations
and the evolution of sexual reproduction,
Nature 336, 135-440

Charlesworth, B, (1990) Mutation-selection
balance and the evolutionary advantage of sex
and recombination, Gener. Res. 55, 194221
Charlesworth, B., Morgan, MY, and
Charlesworth, D. (1991) Multilocus models of
inbreeding depression with synergistic
selection and partial self-fertilization, Gener,
Res 57.177-194

Charlesworth, D. and Charlesworth, C. (1987)
Inbreedinsg depression and its evolutionary
consequences, Annu Ree. Ecol Syst. 18, 237-268
Dudash, M.R., Care, D.E and Fenster, C.B. (1997)
Five generations of enforced selfing and
outcrossing in Minmulus guitarus: inbreeding
depression varfation at the population and
fanily level, Fvolution 51, 5465

Waddington, C.H. (1942) Canalization of
development and the inheritance of acquived
characters, Netuse 150, 563565

Lerner, TM. (19534) Genetic Homeostasis. Wiley
Clarke, G.M. (1943) The genetic basis of
developomental stability. 1. Relationships
hetween stability, heterozygosity and genomic
ceadaptation, Genetica 89, 15-23

Feuster, CHand Dudash, MR (1994) Genetic
considerations in plant population
conservation and restoration, in Plant
Restoration (Bowles, M. and Whelan, C., eds),
pp. 34~62, Cambridge University Press
Templeton, AR. (1986) Coadaptation and
outbreeding depression, iu Conscrvation
Brology, The Science of Scarcity and Diversity
(Soule E., ed.), pp. 105-116, Sinauer

Provine, W.B. (1971) The Origins of Theoretical
Population Genetics. University of Chicago Press

TREE vol. 12, no. 7 July 1997



