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CHAPTER

8
Reciprocal sign epistasis and
multiple peaks in the fitness
landscape

The whole organism is so tied together [...] that when slight variations in one part

occur, and are accumulated through natural selection, other parts become modified.

This is a very important subject, most imperfectly understood.

Charles Darwin,

The Origin of Species

Epistasis refers to the situation when the effect of a mutation depends on the genetic

background in which it occurs. In the context of fitness landscapes it has been shown

that the presence of epistatic interactions affects the selective accessibility of evolutionary

trajectories. Here we focus on ’reciprocal sign epistasis’ that occurs when mutating one

locus is either deleterious or advantageous depending on the state of another locus, but

also vice versa for the second locus with respect to the first. We show that it is a necessary

condition for the occurrence of multiple peaks in the adaptive landscape. This implies

that for any landscape harboring multiple peaks, there is at least one reciprocal sign epis-

tasis motif at the level of the most elementary mutations. We also briefly indicate why a

reciprocal sign epistasis motif is not a sufficient condition for the existence of multiple

peaks.

Organisms are highly integrated functional systems, where change in one compo-

nent often affects the functioning of other components or the system as a whole.

That this interdependence of parts presents challenges for evolutionary processes was

already remarked by Darwin [101]. Manifestations of these dependencies at the genetic

and physiological level are pleiotropy, where a single gene or mutation has an effect on
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Figure 8.1: Different manifestations of epistasis along a path from a suboptimal allele ab towards
the optimal AB. Left: Sign epistasis: the fitness effect of a mutation from a to A differs in sign (is
either beneficial or deleterious) depending on whether the other locus is b or B. Right: Reciprocal
sign epistasis: sign epistasis occurs for both loci A/a and B/b reciprocally.

multiple phenotypic traits, and epistasis, defined as the interaction between genes or

mutations in their effect on the phenotype. In the latter case the effect of a mutation

depends on the genetic background in which it occurs. The basis for the conditional-

ity of epistatic effects often lies in the physical interactions between the gene products

and other biomolecules, but it can for example also result from the interplay between

protein stability and catalytic activity [104], from Watson-Crick base pairing within an

RNA molecule [258], or from interactions between modular metabolic networks [259].

In general such dependencies between parts may constrain the evolutionary optimiza-

tion of a biological system. An intuitive picture here is that of a key and a lock: changes

in multiple parts are needed to obtain a new functional combination, while interme-

diates are non-functional. In an evolutionary process this implies long ’waiting times’

before the relevant new genetic combinations appear in a population (see e.g. [260]).

When genotype, phenotype, and organismal fitness are considered from a fitness

landscape perspective, epistatic interactions have a marked impact on the topology of

the surface. As was shown by Kauffman in the mathematical framework of his NK land-

scape models [52]: the more epistasis, the more rugged the fitness landscape, and the

more local adaptive peaks arise, which increases the chance of entrapment on a sub-

optimal adaptive solution. The occurrence of so-called ’sign epistasis’ in the mapping

from genotype to fitness (fig. 8.1, left), which means that the fitness effect of a certain

mutation can be both advantageous and deleterious depending on the genetic back-

ground, was shown to be a necessary and sufficient condition for the selective inacces-

sibility of a subset of the evolutionary trajectories towards a fitness optimum [54]. If

all paths towards a landscape optimum are inaccessible, this implies that the current

population is located on a local adaptive optimum. In that case there are at least two

adaptive peaks in the landscape. We will show here that in this case the landscape nec-

essarily contains an epistatic motif, that is referred to as ’reciprocal sign epistasis’ (fig.

8.1, right) [55]. This motif occurs when two loci (which can be intragenic) exhibit sign

epistatic interactions with respect to each other: mutation A/a is sign epistatic with re-
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Figure 8.2: Procedure for finding the Reciprocal Sign Epistasis motif. A random direct path be-
tween peaks P and Q has a minimum at location I. By reversing the order of the mutations lead-
ing to and from this minimum, a new minimum occurs at location II. Again the order of the two
mutations around this minimum are reversed. A new minimum occurs at III. When the relevant
mutations are reversed here, however, the minimum does not change its location. At this location
a RSE motif is found.

spect to ’background’ B/b, and mutation B/b is also sign epistatic with respect to back-

ground A/a. This motif applies e.g., when two mutations are separately deleterious but

jointly enhance fitness, or in the case of compensatory mutations [261].

To demonstrate that reciprocal sign epistasis (RSE) is a necessary condition for the

existence of multiple peaks, we have to show that multiple peaks imply the existence of

a RSE motif somewhere in the landscape. Here we give a short version of the argument,

a more extended version can be found in section 8. We can look at direct paths (no de-

tours or ’backmutations’) between two maxima. If we take one of such direct paths (see

solid line in fig. 8.2), we will find a combination of mutations that confers a minimum

fitness (indicated with I in fig. 8.2), at some (Hamming) distance1 from the initial peak

P and the new peak Q. We can now try to optimize the minimum fitness of this path

by reversal of the mutations leading to and from this minimum. In many cases the re-

versal will cause the minimum to shift to a different position between P and Q (e.g. to

position II in fig. 8.2). We then again reverse the order of mutations to and from this

minimum, and so on until the minimum remains located at the same mutational step.

At that moment we will have found a RSE motif. This optimization procedure has to

come to an end - because the path’s minimum cannot be higher that the lowest fitness

peak - and this means that we will necessarily find an RSE motif2.

Next, we ask whether a sufficient condition could be formulated for the existence

1The Hamming distance dH between two sequences is defined as the number of positions at which they
differ.

2Finding the overall highest minimum from P to Q is a strict criterion required for the proof. In fact, we
already will have found a RSE motif when for some position the minimum does not shift to another position
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of multiple peaks that would not involve assaying the full sequence space. Although

for the two locus-two allele case of fig. 8.1 RSE is a sufficient condition for multiple

peaks (being ab and AB), in higher dimensions it is not. Noting that we can describe the

discrete sequence domain fitness landscape as a continuous, although triangulated,

multidimensional surface, we can apply Morse theory [262], linking the dimension and

connectedness of the surface to the number of stationary points, like minima, maxima,

simple and higher order saddles. To obtain a sufficient condition for multiple peaks, we

need a lower limit on the number of maxima (M > 1), and within the context of Morse

theory such a lower limit consists of a sum of the number of higher order saddles, with

alternating signs. However, any sufficient condition for multiple peaks based on these

topological considerations would thus involve the exclusion of saddles of a certain or-

der, which can only be done by inspection of the complete surface or landscape. Hence

using Morse theory, no practical sufficient condition can be formulated.

Recently studies have emerged that seek to assess the extent to which natural fitness

landscapes are rugged and multiply peaked [25, 55–58, 61, 263–266] (and see also chap-

ter 5). It should be noted that due to the sheer amount of combinatorial possibilities

associated with the genetic sequence, it will never be possible to conclusively demon-

strate that two adaptive peaks are really separated and that they are not connected by

a ridge in the landscape that avoids the adaptive valley between them. However, mu-

tational paths that accomplish such a detour may involve such long waiting times that

from a practical point of view the fitness maxima are separated [263]. Here we have

shown that multiple fitness peaks imply a reciprocal sign epistasis motif at the level

of elementary mutations. This implies that in order to move from a lower to a higher

adaptive peak, selection has to overcome typical key-lock type interactions, or at least

one.

Extended proof

Theorem: In a N -allelic L locus system, reciprocal sign epistasis is a necessary condi-

tion for the existence of multiple peaks in the fitness landscape.

Assuming that all fitness values are nondegenerate.

First of all, we will define the terms:

Definition 1: Epistasis: means that the fitness effect of a mutation is conditional on

the presence of other mutations (the ’genetic background’).
Example: Δwab→Ab �= ΔwaB→AB , where Δw is the fitness difference between two

mutational states, and B and b can be considered to be the genetic background for

states A and a.

For one mutation in different backgrounds, two classes of epistasis can be discerned:
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Definition 2: Magnitude epistasis: means that the magnitude of the fitness effect of

a mutation is conditional on the presence of other mutations.
Example:

Δwab→Ab �=ΔwaB→AB AND |Δwab→Ab +ΔwaB→AB | = |Δwab→Ab |+ |ΔwaB→AB |
Definition 3: Sign epistasis: means that the sign of the fitness effect of a mutation is

conditional on the presence of other mutations.
Example:

|Δwab→Ab +ΔwaB→AB | < |Δwab→Ab |+ |ΔwaB→AB |
In case the role of mutation and background can be reversed, there is a special case

of sign epistasis:

Definition 4: Reciprocal sign epistasis: means that the sign of the fitness effect of muta-

tion a → A is conditional on whether the state of another locus is b or B , and vice versa.
Example:

|Δwab→Ab +ΔwaB→AB | < |Δwab→Ab |+ |ΔwaB→AB | AND

|Δwab→aB +Δw Ab→AB | < |Δwab→aB |+ |Δw Ab→AB |

Now, in order to prove the Theorem, we can restrict ourself to direct paths between

two peaks only (follows below).

If we can prove that for the subset consisting of direct paths reciprocal sign epistasis is

a necessary condition for the existence of multiple peaks, we also have proved it for the

set of all paths. In other words: if reciprocal sign epistasis is necessarily present in the

subset, then also in the superset. Further, it will be shown that it is enough to prove the

necessity for two peaks.

Starting with a number of ’sub-theorems’ that are used for narrowing down the extent

of the proof needed:

T 1: The set of direct paths (d −dH = 0) of length d between two points in a N -allelic L

locus system is equal to the set of direct paths of length d in the bi-allelic L locus system.

Which is a complicated way of stating something trivial. Direct paths between between

two points in sequence space (d −dH = 0) only require one substitution at each locus

that is different between begin and end points.

Hence we only need to produce the proof for the bi-allelic case:

T 2: In a bi-allelic L locus system, reciprocal sign epistasis is a necessary condition for

the existence of multiple peaks in the fitness landscape.

But we can further narrow down what we have to prove, since:
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T 3: If two peaks in a bi-allelic L locus system are at a distance L, then adding any other

peak will decrease the minimum distance between pairs of peaks in the system.

If the two initial peaks differed at L loci, a possible additional peak would find itself

at a distance d from the first one and L −d from the second one. Hence the minimum

distance has decreased from L to L −d or to d , whichever is smaller, but in any case

d < L and L−d < L.

As we can choose to only look at differences at the smallest amount of loci (either L−d

or d) between two peaks (e.g. only mutating these positions), this subspace should also

contain reciprocal sign epistasis. Then, one only needs to prove the necessity of recip-

rocal sign epistasis for two peaks at a distance L −d or d in a biallelic L −d or d locus

system. So finally, we are left to prove:

T 4: In a bi-allelic L locus system, reciprocal sign epistasis is a necessary condition for

the existence of two peaks at a distance L in the fitness landscape.

We will now prove that two mutations along a path containing the highest fitness mini-

mum in the landscape (max(min(Fi )), where i specifies the points in sequence space),

exhibit reciprocal sign epistasis. Since all paths between two maxima necessarily go

through a minimum, the landscape must contain reciprocal sign epistasis.

1) There are two maxima at distance L in a biallelic L locus system.

2) We consider a random direct path (length L) from one maximum to the other

one.

3) This path necessarily contains a minimum.

4) We change the path, by reversing the order of the two mutations leading to and

away from the minimum.

5) Two cases are possible:

5a) If the fitness minimum of the path is still located between the same mu-

tations, then these mutations exhibit reciprocal sign epistasis.

5b) If the fitness minimum is now located at another step along the path, go

back to point 4), now for the two mutations around this new minimum.

6) The repeating of steps 4) and 5) necessarily leads to breaking the loop via case

5a), because the maximization of the minimum along the path is necessarily

bounded (by the value of the lowest peak).

This completes the proof of T 4, hence the proof of the Theorem. ■
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Appendices

But visions are still important, as long as we also remember the details.

Stig W. Omholt,

Science 295 2220, 2002
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