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ABSTRACT

The importance of genetic interactions in the evolutionary process has been
debated for more than half a century. Genetic interactions such as underdomi-
nance and epistasis (the interaction among genetic loci in their effects on
phenotypes or fitness) can play a special role in the evolutionary process
because they can create multiple fitness optima (adaptive peaks) separated by
fitness minima (adaptive valleys). The valleys prevent deterministic evolution
from one peak to another. We review the evidence that genetic interaction is
a common phenomenon in natural populations. Some studies give strong
circumstantial evidence for multiple fitness peaks, although the mapping of
epistatic interactions onto fitness surfaces remains incompletely explored, and
absolute proof that multiple peaks exist can be shown to be empirically im-
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possible. We show that there are many reasons that epistatic polymorphism is
very difficult to find, even when interactions are an extremely important part
of the genetic system. When polymorphism results in the presence of multiple
fitness peaks within a group of interbreeding populations, one fitness peak will
quickly be nearly fixed within all interbreeding populations, but when epistatic
or underdominant loci are nearly fixed, there will be no direct evidence of
genetic interaction. Thus when complex landscapes are evolutionarily most
important, evidence for alternative high fitness genetic combinations will be
most ephemeral. Genetic interactions have been most clearly demonstrated in
wide crosses within species and among closely related species. This evidence
suggests that genetic interactions may play an important role in taxonomic
diversification and species-level constraints. Population genetic analyses
linked with new approaches in metabolic and molecular genetic research are
likely to provide exciting new insights into the role of gene interactions in the
evolutionary process.

INTRODUCTION

The ecological, developmental, and metabolic requirements of life pose prob-
lems to be answered by evolution. These problems most often have more than
one genotypic or phenotypic solution; however, not all these solutions are
necessarily equally fit. Some fit types may be separated from more fit forms
by intermediates of lower fitness. With these “adaptive valleys” intervening,
a species cannot evolve from one “fitness peak” to another by the deterministic
process of natural selection. Significant controversy has surrounded the argu-
ments concerning the mechanisms for adaptive change from one fitness peak
to another, particularly those dealing with Sewall Wright's “shifting balance”
process. Most of the controversy has centered around the relative roles of
selection and drift in evolution and on the likelihood of population structures
capable of producing peak shifts in nature. A more fundamental issue, however,
is often not addressed. There is little consensus about the extent or importance
of genetic interactions and about whether actual fitness surfaces have multiple
adaptive peaks. In other words, it is an open question whether peak shift models
are needed at all. In this review we assess the empirical and theoretical evidence
on the need for a peak shift model; that is, we review the evidence that fitness
functions have multiple peaks.

In this review we argue that multiple-peaked fitness functions exist in nature
and that ruggedness may be a common feature of adaptive landscapes. We
argue this from three perspectives: that genetic interactions among loci (i.e.
epistasis) are common and important in the mapping between genotypes and
fitness, that underdominance can sometimes create multiple peaks from inter-
actions within loci, and that phenotypic fitness functions are also rugged with



MULTIPLE FITNESS PEAKS 603

multiple peaks. After some introductory sections to clarify some of the con-
cepts and terminology, this review consists of essentially three parts: The first
two sections focus on the reasons to expect epistatic and dominance interac-
tions that can cause complex landscapes, and also review some of the evidence
that such interactions are in fact common. We briefly review the evidence that
epistatic interactions affect phenotypic expression, then we concentrate on the
genetic interactions that can be shown to affect fitness. We then discuss some
ecological and quantitative genetic reasons to expect disruptive selection on
hypothetical adaptive landscapes, and we review the evidence for these mul-
tiple peaks on a phenotypic scale. Finally we discuss in some detail the reasons
that epistasis is extremely difficult to detect, such that the examples observed
represent a very small fraction of the cases where epistasis and multiple peaks
are important components of evolution.

This paper essentially makes two points. First that there is substantial evi-
dence that adaptive landscapes are not smooth, but there are interactions within
and between genetic loci in determining fitness. The evidence for this comes
from a variety of studies, many of which are difficult to do (and therefore are
rarely done,) and which are biased against finding evidence for these interac-
tions, so the studies we have must represent the tip of the iceberg. Second, we
show that proving these rugged landscapes have true multiple peaks is impos-
sible, but we maintain that the fact that landscapes are rugged per se should
motivate more studies of evolution on complex adaptive landscapes.

Some of the literature on epistatic interactions has been reviewed previously
(1, 51, 88). Because of the limitations of space, we have not been able to cite
all of the literature that bears on this broad topic; instead we have attempted
to choose representative examples.

Genotypic Versus Phenotypic Fitness Functions

The adaptive landscape can be drawn at two distinct scales: mapping genotypes
to fitness or mapping phenotypes to fitness. Ultimately what matters to evo-
lution is the fitness of genotypes, of course, so landscapes must be uneven at
the genotypic scale for genetic interactions to affect the course of evolution.
Often, however, we know little about the genetic basis of phenotypes and more
about the relationship between the phenotype and fitness. For traits determined
by many loci that interact additively, complex phenotypic fitness functions
imply complex genotypic fitness functions. This paper examines both scales
of fitness function.

The Definition of Epistasis and of Multiple Peak Systems

Using Sewall Wright’s familiar metaphor, the mean fitness of a population
can be viewed as a function of the gene frequencies of the population (135,
136) if one is focusing on the genetic scale, or as a function of the frequencies
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of particular phenotypic classes (68, 69, 112) if one is focusing on the pheno-
typic scale. The shape of this mean fitness function, or adaptive landscape, to
a large degree specifies the evolutionary direction of the population under the
deterministic influence of natural selection. Natural selection can therefore be
seen to drive populations to local peaks on the adaptive landscape. (Even if
the adaptive landscape metaphor does not strictly hold, there are stable states,
perhaps even strange attractors, analogous to adaptive peaks towards which
populations will evolve—S5). An adaptive landscape thus serves to visualize
dynamical systems in which there are multiple stable equilibria.

As originally envisaged by Wright, these multiple adaptive peaks are gen-
erated by epistatic interactions between genes (135). The term epistasis actually
has two distinct usages in the genetic literature (129). Epistasis was originally
coined (8) to describe the interaction between genes in which the action of
one gene was blocked by the action of another gene (epistasis literally means
“standing above”—44). This is the standard usage of the term today in mo-
lecular and developmental biology. Other forms of interaction were also given
names such as “cumulative” and “mutually supplementary” (77), but these
descriptions seem to have fallen out of favor. Evolutionary geneticists tend to
use epistasis to describe any form of gene interaction. This usage stems from
Fisher (38), who described all genetic variance not attributable to additive and
dominance effects as caused by “epistacy.” The evolutionary genetics literature
generally has continued to focus on the variance definition of epistasis (129),
but we make a strict distinction between gene action, the statistical “effects”
attributed to that action, and the genetic variance that arises from the multilocus
composition of individuals within a population. As we show in the next section,
there can be substantial epistatic gene action, but little manifestation of this in
the form of epistatic genetic variance within a population. Indeed, one of the
major conclusions of this paper is that this is a common state of natural
populations.

Following the evolutionary genetic usage, we use epistasis to describe any
form of gene interaction, but we focus on gene interactions that generate
multiple fitness peaks. In the simplest two-locus case, multiple adaptive peaks
can be generated when two mutually exclusive sets of alleles at each locus
produce high fitness genotypes, but any mixing between the sets results in
genotypes of lowered fitness (Table 1). For multiple peak epistasis, it is
important to make a distinction between epistasis for an arbitrary character
and epistasis for the particular character that is fitness. To a large extent,
epistasis is often viewed as a nuisance that arises from measuring a character
on a particular scale. Historically, quantitative geneticists have tried to elimi-
nate epistatic variance via transformation, although it is not always clear how
to proceed (98), and transformations may simply shift the context in which
epistasis is observed (54). In this regard, fitness is unique because it does not
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Table 1 A simple epistatic fitness function.

AA Aa aa
BB 1 +i 1 1-i
Bb 1 1 1
bb 1 —-i 1 1+

exist on an arbitrary scale and should not be transformed (72). Thus, epistasis
for fitness will always be epistasis and is not an artifact of scale.

In determining whether a particular fitness function generates a fitness
landscape with multiple peaks, it is very important to distinguish between the
fitness of individuals and the mean fitness of the population. Mean fitness
functions are always less peaked than the individual fitness functions of which
they are composed. If an individual fitness function has multiple peaks, but
there is a lot of phenotypic variance in the population which is evolving on
that landscape, the mean fitness function need not and often does not have
multiple stable equilibria (this relationship is even more complex in the pres-
ence of frequency dependent selection and other factors) (31).

Epistatic Variance versus Epistatic Genetic Effects

There is an important distinction between epistatic genetic variance and the
genetic effects due to epistasis. Particular alleles at different loci may interact
strongly to produce radically different phenotypes relative to when they are
paired with other alleles, but if these alleles are rare, then there will be very
little epistatic variance. Epistatic variance is also a function of the allele
frequencies (proportional to pygapBgg, Where p, and py are the allele frequen-
cies at loci A and B and the ¢’s are equal to 1 —p), whereas the potential effect
of an allelic combination depends only on the actual phenotype produced by
that combination. Fitness functions are defined in terms of the fitness of allelic
combinations; hence, the evolutionary potential of allelic combinations de-
pends on these epistatic effects, rather than the epistatic variance.

A Simple Model of Gene Action

Many of the issues involved in the estimation of the potential for epistatic gene
action can best be discussed with a simple model of gene interaction. The
essential attribute of such a model for our purposes must be that it generates
more than one fit genotype. Figure 1a presents a simple two-locus model with
interaction for fitness for the loci. This sort of model closely parallels the kinds
of fitness interactions we might expect from simple stabilizing selection or a
canalized metabolic pathway. Notice that the mean fitness function has two
peaks, at opposite corners of the distribution, with a valley between, which,



