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The fitness landscape—the function that relates genotypes to fitness—and its
role in directing evolution are a central object of evolutionary biology. How-
ever, its huge dimensionality precludes understanding of even the basic
aspects of its shape. One way to approach it is to ask a simpler question:
what are the properties of a function that assigns fitness to each possible var-
iant at just one particular site—a single position fitness landscape—and how
does it change in the course of evolution? Analyses of genomic data from mul-
tiple species and multiple individuals within a species have proved beyond
reasonable doubt that fitness functions of positions throughout the genome
do themselves change with time, thus shaping protein evolution. Here, I will
briefly review the literature that addresses these dynamics, focusing on
recent genome-scale analyses of fitness functions of amino acid sites, i.e. vectors
of fitnesses of 20 individual amino acid variants at a given position of a protein.
The set of amino acids that confer high fitness at a particular position changes
with time, and the rate of this change is comparable with the rate at which a
position evolves, implying that this process plays a major role in evolutionary
dynamics. However, the causes of these changes remain largely unclear.

1. Introduction

Evolution is the change of genotype with time; adaptive evolution is associated
with an increase of fitness. To understand evolution and adaptation, we need to
know the fitness landscape—the function that relates genotype to fitness [1].
However, it is hard to study its shape: because the number of conceivable gen-
otypes is huge, it is impossible to measure the fitness of each of them. A protein
of length L has 20% possible variants, which is an immense number for realistic
protein lengths (L > 100). Although probably the fitness conferred by the
overwhelming majority of these variants is always zero, it is not clear how
many viable variants exist, how they are distributed in the protein space, and
how much they differ in fitness [2,3]. Complete fitness sub-landscapes—
values of fitness associated with each possible combination of alleles at a
subset of positions—have so far only been obtained for at most a handful of
positions in experimental systems [4]. While such data are extremely helpful
for informing our intuition, it is unlikely that they will ever be obtainable at
genomic scale [5]. Experimental data show that real-life fitness landscapes are
complex and that the large number of dimensions is biologically important [6].

Because fitness landscapes shape evolution and variation, information
about their properties can be obtained from comparisons of genomes of differ-
ent species, and of individuals within a species. Genomes of extant organisms,
and reconstructed genomes of extinct ones, illuminate the subset of the
landscape that is viable, although they cover an infinitesimal fraction of the
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Figure 1. Single position fitness landscape (SPFL). Horizontal rows correspond to individual amino acids at a site. (a) At each moment of time, a protein can be
described by the fitness values of all its one-step mutational neighbours (for simplicity, all amino acid variants are assumed to be accessible by mutation). The
currently predominant amino acid at each site (surrounded by black rectangles) confers high fitness. (b) The SPFL of position 7. (c) The change of the SPFL with
time; the fitness of individual amino acids at the position may increase, decrease or remain invariant owing to changes in the genomic background or of the

environment. Fitness changes are modelled as a Poisson process, as in [7].

genotype space and thus tell us little about the region of the
landscape that is uninhabitable.

The most basic level of understanding of a fitness landscape
of proteins pertains to individual amino acid positions
(figure 1a). An amino acid position may be occupied by up to
20 different amino acids. The fitness values conferred by each
of them comprise, for each genomic background (amino acids
at other positions of the same protein, and the rest of the
genome) and for each environment faced by the organism, a
vector of length 20. This vector of amino acid propensities [8,9],
or single position fitness landscape (SPFL), is a minimal meaning-
ful cross-section of the complete fitness landscape (figure 1b). In
the course of evolution, the SPFL may change (figure 1c) due to
two reasons: changes elsewhere in the genome (i.e. when the
complete fitness landscape remains invariant, but its different
cross-section is considered), or environmental changes (i.e.
when the complete fitness landscape changes).

While this single-site approach obviously may provide only a
very limited understanding of the properties of the complete fit-
ness landscape, it is applicable at the genome scale, and much of
the accumulated comparative genomics data is relevant to it.
Here, I will briefly review some evidence that SPFLs of amino
acid sites change with time, and some general characteristics of
this change. I will mainly focus on the statistical evidence
obtained from genome-level patterns of variation between and
within species, thus omitting much other relevant lower-level
data. In particular, experimental evidence for epistasis—changes
in SPFL owing to changes in the genomic background—has been
the subject of several recent reviews [10—-13] and will mostly not
be considered here. I will only address protein-coding sequences,
thus omitting the extensive literature on (somewhat simpler and
better understood) fitness landscapes of nucleic acids. Finally,
I will consider the possible underlying causes of changes in
SPFLs, asking whether we can distinguish between them.

2. Evidence for changes in position-specific
landscapes

(a) Sustained positive selection and divergence
Statistical evidence for changes in amino acid propensities
may be obtained from genomic patterns even without

knowledge of the exact changes that are going on.
A change of the SPFL may provoke evolution: after the
previously optimal allele becomes suboptimal, a substitution
to the new optimal variant is favoured. Therefore, evolution
by itself is consistent with changes in the SPFL. However,
it does not require them. Indeed, evolution at a site may
proceed indefinitely if the fitness conferred by two or more
most-fit variants is the same [14] (figure 2a), or substantially
similar [14—16]. This evolution is not associated with a net
long-term excess of beneficial over deleterious substitutions,
and thus is not adaptive [16,17].

Conversely, an influx of strongly beneficial substitutions
at a site that is sustained for a long time implies that the
SPFL changes. From comparisons of extant and reconstructed
ancestral genomes, the corresponding positive fitness flux
[16,17] may be revealed from strong positive selection favour-
ing new variants (figure 2a). Numerous methods for
detection of strong positive selection have been developed.
Typically, these methods use patterns of within-species vari-
ation, perhaps together with between-species divergence, to
infer the fraction of positively selected substitutions, and
the strength of this selection [18-23]. Application of such
methods has frequently revealed a substantial fraction of sub-
stitutions that have been fixed by rather strong positive
selection [24,25]. For example, approximately 20—-50% of the
amino acid-changing substitutions were positively selected
in the recent evolution of the Drosophila melanogaster lineage
[18,21,22]. This value has remained nearly constant over the
past approximately 60 million years since divergence from
D. wirilis [22], suggesting that positive selection was not a
response to some transient event in the history of this lineage,
but instead is a stationary process [16] that continues more or
less uniformly throughout evolution. Most tests interpret
SPFLs fluctuating at different timescales as positive selection
[20,22,23,26,27].

Even in the absence of evidence for positive selection, SPFL
changes may be inferred from sustained protein sequence
divergence for evolutionarily long periods of time [28]. This
divergence is inconsistent with constant SPFLs: under constant
SPFLs, divergence is expected to reach its asymptotic level
rather quickly—at the same timescale as neutrally diverging
sequences [29]. By contrast, the amino acid sequence similarity
between even the most anciently homologous proteins still
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Figure 2. Inferring changes in the SPFL. Left column, constant SPFL; right column, varying SPFL. (@) Abundance of positive selection and sustained sequence
divergence. (b) Different sets of permitted variants at different time points (or in different species). () Reduction in the rate of reversals with time, owing to
the ancestral variant being no longer fit. (d) Positive selection provoked by a change elsewhere in the genome (triangle). () Direct data on low (cross) or
high (check mark) fitness of the ancestral variant. Broken lines, neutral substitutions; solid lines, positively selected substitutions. The currently predominant
amino acid at each site is surrounded by a black rectangle.

GLE0SLOT <LL “Ha7 foig  BaoBuiysiiqndAianosiedosqss H



continues to decrease 3.5 billion years after their origin from
the last universal common ancestor [28].

Furthermore, under a constant SPFL, strong constraint
observed at each time point (as inferred from the low ratio
of non-synonymous to synonymous substitutions) implies
that only a few amino acids are permitted at most amino
acid positions. However, when multiple alignments of pro-
teins from large numbers of species are considered, many
different amino acids are observed at a typical site [30]. By
itself, this does not necessarily mean that the SPFL has chan-
ged, as some of the amino acid variants may be permanently
weakly deleterious, but still observable in some species [31];
however, other evidence supports SPFL dynamics as the
main cause of the observed discrepancy [32].

(b) Differences in patterns of substitutions between

clades

In theory, SPFLs can be inferred directly from rates of amino
acid substitution, which in turn can be estimated from observed
patterns of substitution in a maximum likelihood or Bayesian
framework. If a position evolves under different SPFLs in
two groups of species, the amino acid frequencies and the sub-
stitution matrices at this position will be different between these
groups, and with sequence data from enough species from each
group, these differences may be inferred with statistical tests.
However, the inference of static, let alone variable, position-
specific amino acid propensity vectors involves fitting a very
large number of parameters [8,33,34] and may be statistically
questionable [35]. Furthermore, there is a huge number of con-
ceivable ways in which these vectors could change with time,
making model specification insurmountable [36]. Still, this is
an active direction of research.

Changes both in the rate of evolution and in the mode of
selection at individual amino acid sites have been modelled
and studied extensively. As early as 1970, Fitch & Markowitz
[37,38] showed that different amino acid sites within a
protein possess different levels of between-species variability
and that variability increases with divergence of considered
species (figure 2b); they interpreted this as evidence that
the set of substitutions ‘acceptable” at a site, and the set of
variable sites, changes with time. This led to a productive
‘covarion’” model, in which sites are allowed to switch
between variable and invariable [37,39,40]; and, more gener-
ally, to heterotachy (‘different speed’) models that allow
arbitrary changes in the rate of evolution of a site with time
[41-43]. Heterotachy implies variability of SPFLs: under a
constant SPFL (and assuming that mutation rates do not
change), all substitution rates would be constant with time,
although perhaps different between different amino acid
pairs. In the limit, a SPFL with a single peak gives rise to a
completely invariable site, while a site with a ‘flat’ SPFL
with equal fitness of all amino acid variants evolves neutrally.
Models involving heterotachy generally receive high support
from the data, implying that position-specific rates of amino
acid evolution, and, by inference, relative fitness values
associated with different amino acids, do change. Further-
more, not just heterotachy, but also heteropecilly (‘different
variation” [44])—variability of position-specific profiles of
substitutions—can be inferred [44,45]. Heterotachy and
heteropecilly models are often created in the context of phy-
logenetic inference and are not necessarily easily tractable in
terms of SPFLs; in particular, they confound the mutation

and fixation probabilities in a single substitution matrix, n

which complicates distinguishing changes in SPFLs from
changes in position-specific mutation rates. Existing models
also assume that the breakpoints—times at which the
substitution matrix changes—are known a priori.

(c) Distribution of homoplasies

Changes in SPFLs may be inferred empirically from phylo-
genetic  distributions of substitutions. Homoplasies—
multiple substitutions that repeatedly give rise to the same
derived amino acid variant at the considered site—are
usually frequent [46-48] and particularly useful in this
respect. If the fitness of a particular allele relative to other
alleles differs between groups of species, the rate of substi-
tutions giving rise to it is increased, and the rate of
substitutions replacing it is reduced, in the clades where
this allele is more favoured. Changing SPFLs have been
inferred from the changes in the rate of homoplasies: in
more closely related species, convergence is more likely,
i.e. the same variant is more likely to arise twice indepen-
dently, compared with more distant species [28,4849].
Furthermore, the probability that a particular amino acid
change A—B becomes reversed (B—A) during subsequent
evolution of this lineage declines with the evolutionary
time since the A—B change [50] (figure 2c). Patterns of
polymorphism are also informative: at a site of past A—B
replacement, the ancestral variant A is more frequently
observed as polymorphism in an extant species if the
A—B replacement happened recently, compared with the
case when it happened a long time ago. Consideration of
the substitutions and polymorphisms giving rise to a third
variant (C) shows that this pattern arises from two codirec-
tional forces: the fitness of the replaced variant A tends to
decline in the course of subsequent evolution after the
A—B replacement, and the fitness of the derived variant
B tends to increase [50]. The latter trend was also observed
in simulations of protein folding, where it was attributed to
epistasis between amino acid sites [9]. All of these patterns
mean that the difference in fitness between two amino acids
differs between parts of the phylogenetic tree, and therefore,
that the SPFL changes in the course of evolution.

(d) Correlated genetic changes

When sequence beyond a single position is considered, SPFL
changes may be inferred when amino acid substitutions are
known to have been facilitated by prior genetic changes
(figure 2d). In this case, SPFL changes are owing to epistatic
interactions between the considered site and its genomic
background. When the SPFL at multiple sites is thus affected,
this may result in a rapid burst of substitutions towards
the newly advantageous variants at these sites: an ‘adaptive
walk’ [36]. Such an increased rate of amino acid substitutions
has been observed after prior amino acid changes elsewhere
in the same [51-53] or a different [54] protein; after an insertion
or deletion of several amino acids [55]; or after swapping a
fraction of genes in the genome for their allelic variants [56].
For example, an insertion or deletion of a stretch of several
amino acids leads to subsequent rapid accumulation of
additional amino acid substitutions in the neighbouring
segments of this protein, which is driven by positive selection
[55]. As there are orders of magnitude more conceivable genetic
interactions than have been considered by such analyses, the
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detected correlations probably reveal just the tip of the iceberg.
Evolutionary models may provide a better fit to the rate of sub-
stitutions at a site when changes in protein structure introduced
by substitutions at other sites are accounted for [57,58].

(e) Fitness effects of mutations

In the presence of large-scale data on fitness effects of
mutations, SPFL changes may be revealed when an allele
that is common in one species is deleterious in another.
A negative effect of an amino acid variant on fitness can be
revealed by reduced SNP or allele frequency, compared
with the neutral expectation [22]; or from the known detri-
mental effect on the phenotype [59-62] (figure 2e). It has
been estimated that in approximately 10% of all amino acid
differences between humans and another species [59] or the
ancestral variant [62], the non-human variant is patho-
genic in humans. This fraction is similar in Drosophila [60].
High-throughput experimental data on functional effects of
mutations may also be used to identify deleterious mutations,
and, in combination with between-species comparisons, to
infer SPFL changes, although this has only been done so far
at the scale of one gene [63].

3. Rate of change

The above patterns can be used to estimate the rate at which
the SPFL changes. It cannot be too slow, because few SPFL
differences would otherwise be observed even between
remote species. It is also not too fast, because SPFLs would other-
wise be uncorrelated, even between closely related species.
In Drosophila, the rate of change was found to be of the same
order of magnitude as the neutral mutation rate [20]. The pat-
terns observed in [28] and [30] suggest that, at an average site,
approximately five amino acids out of 20 switch from “preferred”
to “‘unpreferred” during the time it takes for one amino acid sub-
stitution to become fixed [64]. This estimate assumes binary
fitness and a uniform rate of SPFL change both across sites [64]
and in time. None of these assumptions holds. Still, the bulk of
evidence shows unambiguously that the SPFL changes at time-
scales comparable with that of amino acid evolution (perhaps
in addition to other, faster and/or slower, components).

4. Causes of change

What causes the changes in SPFL, and ultimately, adaptive
evolution? Given infinite time and constant fitness landscape,
the process of adaptation would ultimately come to a stop at
a fitness peak (or, in the presence of deleterious substitutions,
at a dynamic equilibrium in its vicinity). The fact that adap-
tation still proceeds, and apparently has not slowed down
since the origin of life, implies that the complete fitness land-
scape is not constant, and/or that there has not been enough
time for adaptation to converge on the fitness peak. At first
sight, the second option seems implausible: surely billions
of years of evolution would be enough for each amino acid
site to become occupied by the amino acid conferring the
highest fitness?

Indeed, this would be the case if the SPFL were indepen-
dent of the rest of the genome [29]. However, this is not so.
There is a progressive understanding of the importance of
interactions within a genome, which are collectively referred

to as epistasis [10—13]. Under epistasis, the SPFL is affected
by genetic changes elsewhere in the genome. As evolution
proceeds, such changes accumulate, and the SPFL deforms
at a rate that depends on the number of interacting sites
and on the rate of their evolution. This may result in rugged-
ness of the complete fitness landscape, restricting the number
of accessible evolutionary paths towards the fitness peak and
causing adaptation to take longer than on a non-epistatic
landscape [28,29].

Thus, both environmental changes and epistasis may lead to
changes in SPFL. Surprisingly, their relative importance is
poorly understood. In the absence of solid evidence pointing
one way or the other, evidence for a changing SPFL has been
ascribed by different authors either to environmental changes
(e.g. [23,26,36,65]) or to epistasis (e.g. [20,28,30,37]). Arguments
have been put forward in support of both mechanisms.
Environmental changes are usually invoked when the inferred
fluctuations in selection are fast, and epistasis, when they are
slow. However, to my knowledge, no systematic attempt has
been made to distinguish between the two.

Relating genetic changes to underlying environmental
changes is notoriously hard, with few unambiguous
examples known [66,67]. On the other hand, most of the
known examples of adaptation are in response to aspects of
the environment that fluctuate [36]. The observed fluctu-
ations of the environment that caused changes in allele
distributions were generally rather rapid. However, the
environment fluctuates on all timescales [66], and rare
changes of major effect cannot, in general, be dismissed as
a cause for the changes in SPFLs. In systems such as rapidly
evolving pathogens, fluctuating selection is probably the
predominant long-term mode of evolution.

In many cases, however, an environmental explanation
for SPFL changes is implausible. It has been argued, for
example, that the ancestral alleles found to be pathogenic in
humans cannot be owing to adaptation of humans to a
novel environment, as the phenotypes resulting from them
are not reminiscent of ancestral ones [62]. Conversely, epista-
sis is expected to arise as an epiphenomenon of a wide range
of biological processes [68], and its high prevalence is under-
scored by recently accumulating experimental data, including
empirical data on interactions, limitations on the order
in which substitutions may proceed, and repeatability of
substitution paths in experimental evolution [11,13].

Although in rare cases it is possible to directly ascribe
SPFL change to a change in the genomic background [59],
many of the interactions are weak, non-specific and/or
allosteric, complicating their inferences (reviewed in [12]).
On the genome scale, experimental analysis of epistasis is
still unfeasible. Still, some of the genomic evidence for
SPFL changes—in particular, correlated changes at adjacent
genomic sites—is only explainable by epistasis.

5. Conclusion

It is indisputable that the SPFLs of many amino acid sites
change with time. The rate of this change appears to be
high, so that it is comparable with the rate of protein evol-
ution. Much of this change is owing to changes elsewhere
in the genome; however, how much exactly is unclear. The
available whole-genome analyses usually do not allow
estimation of the relative contributions of epistasis and
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environmental fluctuations. Moreover, epistatic changes may
ultimately be caused by changes in the outside environment:
an environmental change may provoke a single change in the
genome, which will in turn lead to a cascade of epistatic
changes [20,36].

Estimating the fraction of substitutions in the genome that
were caused by positive selection has been an important
milestone in understanding the process of molecular evol-
ution. While evidence for the existence of both weakly and
strongly selected genomic changes was abundant, only the
advent of whole-genome analyses has allowed estimation of
the relative contribution of the two to evolution. The next
natural milestone is understanding the mechanisms by

which fitness changes and adaptive evolution proceeds. To
what extent evolution involves traversing the complex fitness
landscape, and to what extent it is a response to environmen-
tally induced changes in the fitness landscape itself, remains
a major open question.
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