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Review
‘Disease-causing’ mutations do not cause disease in all
individuals. One possible important reason for this is
that the outcome of a mutation can depend upon other
genetic variants in a genome. These epistatic interac-
tions between mutations occur both within and be-
tween molecules, and studies in model organisms
show that they are extremely prevalent. However, epi-
static interactions are still poorly understood at the
molecular level, and consequently difficult to predict
de novo. Here I provide an overview of our current
understanding of the molecular mechanisms that can
cause epistasis, and areas where more research is need-
ed. A more complete understanding of epistasis will be
vital for making accurate predictions about the pheno-
types of individuals.

Why do mutations have different outcomes in different
individuals?
Many mutations, for example ‘disease-causing’ mutations,
do not have the same effects in all individuals. One reason
for this is the influence of the environment: diet, tempera-
ture, pathogens and other risk factors can be major influ-
ences on the outcome. An additional possible cause of
phenotypic variation can be stochastic molecular or epige-
netic variation among individuals [1,2]. However, another
major influence on mutation outcome is genetics-the ge-
netic background (or ‘genetic environment’) can determine
whether a mutation affects the phenotype of an individual
or not. This is not only true across genetically divergent
organisms – a mutation that cause disease in one species
can have no effect in another [3–5]-but also within a species
– a gene can be essential, for example, in one strain of yeast
but not in another strain from the same species [6].

This dependence of mutation outcome on genetic back-
ground is, in the broadest sense, what is meant by the term
‘epistasis’ or ‘genetic interaction’. The term epistasis was
first introduced by Bateson to refer to the masking of one
mutation by another [7], but has evolved to refer (simulta-
neously) to cover a range of related phenomena (Box 1).
Several excellent reviews have discussed the alternative
definitions of epistasis, how epistatic interactions are
detected, their prevalence, how they can be classified, their
importance for evolution, and the use of epistasis as a tool
for understanding biology [8–11]. By contrast, the aim
of this review is to focus on the molecular biology that
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underlies epistasis. What are the molecular mechanisms
that can cause epistatic interactions between mutations?
Why, at the molecular level, does a particular mutation
have a different outcome in a different individual? Can we
predict which mutations will show epistatic interactions
and how? Although some progress has been made, our
knowledge of the mechanisms that can cause epistasis is
still very incomplete, and our ability to predict interactions
de novo almost non-existent.

Epistatic interactions can be both alleviating (i.e. sup-
pressive, with a better than expected outcome, alternative-
ly referred to as positive or antagonistic epistasis) or
aggravating (i.e. increasing severity, with a worse than
expected outcome: negative or synergistic epistasis). Inter-
actions can also occur between sequence variants in the
same gene (‘intramolecular epistasis’) and between var-
iants in different genes (‘intermolecular epistasis’). For
example, in the case of possible compensatory mutations
in a bacteriophage about 50% are estimated to be intramo-
lecular and half intermolecular [12]. In this article I first
review what is known about the molecular mechanisms
that can underlie intermolecular epistasis, before addres-
sing the problem of interactions within the same molecule.
Finally I briefly highlight the context-dependence of epis-
tasis – that is, the importance of higher-order interactions.

Epistasis between genes
Individuals of a species typically differ in the sequences of
thousands of different proteins, not to mention variation in
non-coding regions of the genome [13,14]. As a result, the
consequence of a particular mutation has the potential to
be modified by variation in the activities of thousands of
different proteins. Experiments using natural, engineered
and selected mutations have identified numerous exam-
ples of epistasis between genes affecting many different
phenotypic traits [15–17], including between natural ge-
netic variants in yeast [18–20], plants [21], nematodes
[22,23], flies [24,25], birds [26], and mice [27–29], to high-
light a few.

For example, a recent study dissected the genetic causes
of variation in sporulation efficiency (the developmental
program leading to meiosis) between an oak-tree strain
and a vineyard strain of the yeast Saccharomyces cerevi-
siae [19]. Nearly all of the genetic variation was accounted
for by four nucleotide variants affecting three different
transcription factors. Introducing the four alleles individ-
ually and in combination into the different strains revealed
5.007 Trends in Genetics, August 2011, Vol. 27, No. 8 323

mailto:ben.lehner@crg.eu
http://dx.doi.org/10.1016/j.tig.2011.05.007


Box 1. Defining epistasis

The term epistasis has a plurality of meanings [10,11], but was first

used by Bateson to describe the masking of the effects of one

genetic variant by another [7]. This is still the sense in which many

geneticists use the term [62]. Later, R.A. Fisher used the term

‘epistacy’ to refer to any statistical deviation from the additive

combination of two loci [107], but epistasis is now adopted in the

population genetics literature to replace this term. When referring to

fitness, this is probably the most useful definition for evolutionary

theory. The systems biology and genomics communities tend to use

the word in a similar sense, but often referring to phenotypes rather

than to fitness, and quantifying deviation against a single reference

genotype rather than the average deviation across all genotypes in a

population [11]. Further, the ‘expected’ phenotype (for example

growth) is often empirically defined using data from the very large

numbers of mutation combinations assayed [34,37]. This commu-

nity also tends to use the term ‘genetic interaction’ interchangeably

with epistasis. For human genetics, where we are interested in the

particular outcome of a mutation in a particular individual (i.e.

patient), it is this last definition that is perhaps most useful. All of

these subtly different meanings of the word are still in wide usage,

and this can create problems when translating findings between

fields [10,11]. In this article I use ‘epistasis’ in its broadest sense to

refer to the dependence of the outcome of a mutation on the genetic

background.
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strong epistatic interactions between these polymorph-
isms; these interactions were found to be important for
determining the reduced sporulation efficiency of the vine-
yard strain [19].

Similar pervasive epistasis was also detected in a study
that used thousands of gene-expression levels as quanti-
tative traits [30]. Using data from a cross between two
yeast strains it was estimated that the effects of more than
half of primary quantitative trait loci (QTLs) affecting gene
expression are modified by interactions with secondary
loci. Strikingly, most of these secondary loci had individual
effects too small to be detected in a genome-wide scan [30].
This suggests that many important epistatic interactions
will occur with polymorphisms that might not themselves
have a significant statistical association with a disease or
phenotype in a genome-wide scan. This is an extremely
important lesson that should be taken into account when
designing human genetic-association studies.

However, the best evidence for the pervasive nature of
epistasis (at least with respect to the strong loss-of-func-
tion mutations that have been studied) perhaps derives
from large-scale reverse genetic screens [31,32]. Here,
pairs of mutations (or RNA interference treatments) are
systematically combined, and the effects on viability or
growth are then determined [33–38]. The negative and
positive interactions between millions of different loss-
of-function mutations in yeast have been quantified using
this approach [34]. The results of these and similar screens
in Caenorhabditis elegans [33,35] show that for nearly all
strong loss-of-function mutations, the effects of the muta-
tion can be influenced by perturbing the activity of many
additional genes [31,32]. It should be noted that, to date,
mutations with weaker effects on protein function have
been less well investigated in these systematic studies, and
it remains to be established whether similar pervasive
epistasis will be detected for these. However, the results
from quantitative trait studies strongly suggest that this
will be the case [15,17].
324
Many thousands of intermolecular epistatic interac-
tions have been identified in the laboratory, but the mo-
lecular mechanisms that cause these interactions are in
most cases unknown. Indeed, because multiple molecular
mechanisms can underlie similar epistatic interactions,
the detection of an interaction alone provides little infor-
mation about the underlying molecular mechanism
[11,39]. Although much more work is needed in this field,
I summarize here some of the molecular interactions that
could cause epistatic interactions between mutations in
two different molecules (Figure 1).

Molecular mechanisms of epistasis between molecules
Interactions between changes in interaction interfaces

Perhaps the simplest molecular mechanism that can cause
epistasis between two genes is if their two protein products
directly interact. For example, a mutation in one protein
that affects a physical interaction can be compensated for
by a mutation in the interaction partner. In Salmonella
typhimurium the detrimental effects of antibiotic-resis-
tance mutations in the S12 protein of the small ribosomal
subunit can be compensated for by mutations in the L19
protein of the large subunit. L19 is one of the few large
subunit proteins that contacts the small subunit [40]. As a
second example, the proteins encoded by two physically
interacting sex-determining genes in Caenorhabditis spe-
cies, fem-3 and tra-2, only physically interact with the
partner from the same species because of rapid compensa-
tory molecular evolution [41]. Similar changes in molecular
recognition could also underlie synergistic epistasis, for
example a mutation might only be detrimental following a
change in the interaction interface of an interaction part-
ner. More complex scenarios can also be envisaged that
involve competition between interaction partners. For ex-
ample, a mutation that increases the affinity of one inter-
action might have a detrimental effect on a competing
interaction unless the affinity of that interaction also
increases.

Functional redundancy

A second simple cause of negative epistasis is functional
redundancy. If two or more genes perform a common
molecular function, then loss of one gene will normally
only have a modest effect on that function. Genetic redun-
dancy can easily arise through gene duplication, and gene
duplicates are indeed very likely to have strong negative
epistatic interactions [42–44]. However, the first system-
atic genetic interaction screens quickly revealed that inter-
actions between duplicates only account for a small subset
of all negative epistatic interactions [38,45–47].

Even in the cases of epistatic interactions between
duplicates, the underlying molecular mechanisms can be
complex, with compensation depending upon both partial
functional redundancy and regulatory interactions be-
tween the duplicates [48]. This can give rise to what has
been termed ‘mixed epistasis’ with different sets of target
genes showing distinct patterns of expression change
across single and double mutants [49]. Complete or partial
redundancy is normally only observed for a subset of target
genes, with other targets showing distinct patterns of
expression changes [49]. It has been proposed that mixed
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Figure 1. Molecular mechanisms of epistasis between genes. Epistatic interactions (dashed red lines) between mutations in different genes can be caused by diverse

underlying molecular mechanisms. (a) If two genes encode physically interacting proteins, then a mutation in the interaction interface of one protein (A) could be

compensated for by a complementary mutation at the interface of the interaction partner (B). (b) If two genes, for example two ancestral duplicates (A1 and A2), perform a

common function, then the loss of one gene can be compensated for by continued activity of the second gene. Both genes must be inactivated to lose the function, resulting

in strong negative epistasis. (c) Many epistatic interactions identified in yeast are enriched between distinct cellular modules (or pathways or complexes), suggesting that

these modules buffer each other or work together, although in most cases the precise molecular mechanism is not clear. (d) In a linear molecular pathway, such as the

metabolic pathway shown here converting a substrate S1 into an essential product P, the inactivation of any gene in the pathway will result in a failure to produce the

product. As a result further inactivating mutations in the pathway will have no additional effect, resulting in positive epistasis. (e) In genome-scale genetic interaction

networks a subset of ‘hub’ or ‘buffer’ genes (black nodes) have many epistatic interactions with genes with diverse functions (other nodes). Examples include chaperones

that promote the folding or activity of many proteins and chromatin-remodeling complexes that influence the expression of many loci or limit the effects of stochastic and

environmental variation. (f) Many epistatic interactions could also be caused by non-linear regulatory dynamics. For example, feedback in gene regulatory networks can

result in non-trivial outcomes when mutations are combined. Here nodes are genes and arrows represent regulatory interactions. (g) Finally, combinations of mutations

could have less than the expected outcomes because of physical, chemical or developmental constraints on a system. For example, two mutations (1 and 2) that alone

increase the size of an organ (red square) within an animal (black square) here have less than the expected additive effect in combination because of size constraints

imposed by the animal.
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epistasis reflects the use of duplicates to control sets of
downstream genes in both a coupled and an uncoupled
manner, depending upon the conditions [49,50].

Interactions between pathways or functional modules

The concept of redundancy can be extended beyond single
genes to molecular pathways and modules. For example, if
in a particular condition two metabolic pathways can
produce the same metabolite, then inactivation of either
pathway alone will have little effect on fitness [51]. Con-
sistent with this, genes with similar molecular functions
normally have similar profiles of epistatic interactions,
suggesting that a seed set of epistatic interactions can
be used to accurately predict more interactions for a gene
[34,38,52–57].

Two very open questions concern why particular path-
ways or modules in a cell interact epistatically, and to what
extent this reflects (functional) ‘redundancy’ in the cell. In
some cases these interactions might indeed reflect an
underlying redundancy (or ‘buffering’) between pathways,
for example between two alternative pathways to degrade
an mRNA [53]. However, many interactions are detected
between seemingly unrelated cellular processes [38], such
as interactions in yeast between the conserved oligomeric
Golgi (COG) complex and RNA polymerase II [34,52].
Indeed it has been suggested that many of these ‘be-
tween-pathway’ interactions are actually caused by the
regulatory responses of a cell to gene inhibition, rather
than by simple redundancy [58]. Understanding how the
regulatory responses to a mutation can cause another gene
to become essential (the ‘induced essentiality’ model [58])
poses a major challenge (see below). However, irrespective
of the underlying mechanism, the ability to map epistatic
interactions onto functional pathways does mean that
additional interactions can be readily predicted from a
set of seed interactions (Box 2).

Antagonistic interactions in linear pathways

In contrast to negative interactions, it has been proposed
that positive epistasis could occur more frequently between
genes that function in the same non-essential molecular
complex, or in the same pathway or module [34,37,52,59–

61]. The basis for this expectation is the following logic
derived from metabolism: if an essential metabolite is
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Box 2. Predicting epistatic interactions between genes

Most methods for predicting epistasis have focused on analyzing

potential synergistic interactions between different genes, or have

only predicted the presence or absence of an interaction, and not its

direction or strength. Many approaches are based on the principle

that functionally-related genes have similar profiles of epistatic

interactions [38,53,108]. This means that new interactions can be

predicted from a set of ‘seed’ interactions: genes highly connected

by physical or functional interactions with a seed set should also

interact epistatically with a gene of interest within that set.

Interactions used to make predictions in this way can be physical

[55,56], genetic [109], or ‘functional’ (that is, predicting participation

in a common process: functional interactions can be inferred using

many different data types [54]). Epistatic interactions are also

enriched between functionally-related genes, and functional-relat-

edness can also be used to predict new interactions [38,110].

Interactions have also been predicted for metabolic enzymes using

flux-balance analysis [51,93]. One recent study aimed at the more

ambitious goal of predicting epistatic interactions from a gene

regulatory network. The study employed matrix decomposition of

gene expression changes in single and double mutants and existing

molecular interactions from many different datasets to infer a linear

gene-regulatory network for the filamentous growth response of

yeast [73]. Based on this network it was possible to predict

successfully whether 13 new double-mutant combinations resulted

in an enhanced or reduced filamentation phenotype. In 6/13 cases

the relative phenotypes of the wild-type, single-mutant, and double-

mutant strains were also correctly predicted. Further efforts in this

direction, including the use of dynamic regulatory models and

models that allow feedback, will probably be necessary to predict

quantitative epistatic interactions accurately.

Review Trends in Genetics August 2011, Vol. 27, No. 8
produced by a linear metabolic pathway, then the inacti-
vation of any gene in that pathway will prevent the pro-
duction of that metabolite. This means that (in a strictly
linear pathway) the inactivation of a second gene in the
pathway can have no further consequence. Thus, in linear
pathways null mutations are expected to interact with
strong antagonistic (positive) epistasis. Similar masking
interactions can occur in signal transduction pathways, for
example between mutations with opposing influences on
pathway activity. For example the inactivation of an up-
stream signaling protein can have no effect if a down-
stream effector is constitutively activated. Indeed this
‘classical’ (Batesonian) epistasis has been used very suc-
cessfully to order genes into pathways, often before these
pathways were biochemically characterized [62].

However, although the classification of positive and
negative epistatic interactions into ‘within’ and ‘between’
pathway mechanisms is appealing, in reality most positive
genetic interactions still take place between different com-
plexes and modules rather than within the same module
[34,52,63]. The molecular mechanisms that cause these
interactions are not well understood.

Genetic hubs and buffers

Although most genes make few strong negative epistatic
interactions, a subset of genes interact with many differ-
ent loci, and with loci that have many different functions.
Genes with a large number of interactions have been
variously termed genetic hubs, buffers or capacitors,
and are strikingly biased in their molecular functions.
For example, in both C. elegans [35] and yeast [34], many
of the most connected genes in genetic interaction net-
works function in the regulation of chromatin. Further,
326
the genome-scale yeast genetic interaction network
revealed that genes encoding proteins that function in
the secretory pathway also have many negative genetic
interactions [34]. Chaperones that promote protein fold-
ing and activity, such as Hsp90, can also be classed as
genetic hubs, because their inactivation enhances the
effects of many different sequence variants across differ-
ent species [64–66].

In general it is not understood why certain genes behave
as genetic hubs. Certainly these genes have the potential to
influence the activity of many different proteins, for exam-
ple in the case of chaperones by assisting protein folding.
As an overall trend, there is also a strong correlation
between the fitness of a single mutant and the number
of epistatic interactions detected for that mutation
[34,52,67]. The genes that act as genetic hubs are also
normally important for buffering both environmental
change and stochastic (i.e. random) variation
[34,65,68,69]. The ability of certain genes to act as promis-
cuous buffers of genetic variation might, therefore, be a
byproduct of their importance in ensuring environmental
and stochastic resilience, otherwise known as canalization
[68,70].

Regulatory dynamics and induced essentiality

It is possible that many epistatic interactions between
mutations actually reflect the non-linear dynamics of reg-
ulatory networks. Cooperative interactions [71], feedback
[39], and complex networks of regulation are frequent in
biology and can all lead to non-intuitive responses when
mutations are combined [39,72]. To date few studies have
attempted to understand how regulatory dynamics can
cause epistasis [73,74]; much more work is needed to
explore this idea.

Physical constraints

Finally, one possible cause of epistasis (both within and
between molecules) that is often overlooked is a physical,
chemical or developmental constraint on a system. If a trait
has a finite maximum or minimum value, then combina-
tions of mutations can have a smaller effect than the
additive expectation, simply because this maximum or
minimum effect is reached. Intuitively, many phenotypic
traits in biology are likely to have physical bounds. For
example, the combination of multiple mutations that indi-
vidually double the size of an organ is unlikely to result in
an unlimited increase in organ size simply because of space
constraints.

Epistasis within a gene
Systematic studies using engineered mutations and QTL
mapping projects have (for technical reasons) primarily
identified epistatic interactions between variants in differ-
ent genes. Epistasis can, however, also occur between
mutations within the same molecule. These intramolecu-
lar interactions have been studied more by researchers
interested in protein engineering and evolution [4,75–82].
In contrast to intermolecular epistasis, many known exam-
ples of intramolecular epistasis therefore involve muta-
tions that combine to produce new functions or increase
fitness, rather than decreasing it. As a result, most of these
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Figure 2. Molecular mechanisms of epistasis within a gene. Epistasis can also occur between mutations in the same gene or locus. (a) For example, threshold effects in

protein stability can cause negative epistatic interactions. If a protein has ‘redundancy’ in its stability, meaning that mutations only have a detrimental effect if they

reduce stability below a critical threshold (red line), then two mutations alone (1 and 2) could have little effect, but in combination (1;2) be very detrimental. (b)

Synergistic epistasis can also occur when a conformation change is required for a beneficial (or detrimental) mutation to realize its effect on protein function. Here a

beneficial mutation (red asterisk) has no effect until a second mutation that causes a conformation change allows the mutated residue to contact a novel substrate

(dashed square). (c) Many mutations are likely to have pleiotropic (i.e. multiple) effects on protein activity. For example, a mutation might have a beneficial effect for one

function but a detrimental consequence for another, and therefore reduce fitness unless a second compensatory change occurs. Here the example of a potentially

beneficial mutation (red asterisk) that reduces protein stability is shown. The mutation also destabilizes the protein and so must be compensated for by a second

mutation to realize its beneficial effects on fitness. (d) Some mutations could act as global suppressors of detrimental mutations. For example, in the case of protein

stability a mutation that increases protein stability (represented by the thick line) could compensate for diverse destabilizing but potentially beneficial mutations

(indicated by red asterisk or conformation change). (e) Genes do not function in isolation, and mutations causing a linear increase in gene activity will often result in a

non-linear increase in fitness. Here two mutations (1 and 2) that double (or halve) the activity of an enzyme do not cause a fourfold increase (or decrease) in metabolic-

pathway flux because of a concave activity–flux relationship. (f) Finally, epistatic interactions could also occur between mutations that affect the sequence of a protein or

RNA and mutations that affect the regulation of that gene. For example, a destabilizing mutation (red asterisk) could be compensated for by a mutation in a regulatory

region that increases protein expression (thick black arrow).
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interactions are compensatory, whereas most systemati-
cally mapped interactions between molecules are syner-
gistic [34].

In both RNAs [83] and proteins [75,79,82] the effects of
one mutation can depend on mutations at other positions
in the same macromolecule. For example, mutations in an
enzyme can have little individual effect on activity, but can
have dramatic consequences in combination [75]. As for
between-molecule epistasis, these interactions could bias
evolutionary paths because particular combinations of
mutations have low fitness [82].

As an example, a recent study introduced 168 naturally
occurring amino acid substitutions from Pseudomonas
aeruginosa into the leuB gene of Escherichia coli [78]
and 63 of these changes were found to be detrimental.
All of these variants must be compensated for in P. aeru-
ginosa, because the structure and function of the enzyme
are conserved. Indeed, for the detrimental effects of one
tested mutation, four of the other substitutions provided
partial compensation [78].

Together with intermolecular interactions, pervasive
intramolecular epistasis [12] might explain why even an-
cestral proteins continue to diverge in sequence: the set of
tolerated mutations for any protein changes during evolu-
tion even if the function of that protein does not itself
change [81]. As for intermolecular epistasis, several mo-
lecular mechanisms have been proposed to account for
intramolecular interactions. Some of these within-gene
mechanisms are conceptually fairly similar to between-
gene mechanisms (Figure 2).

Molecular mechanisms of epistasis within a gene
Stability thresholds

Threshold epistasis is a term that has been used to describe
the situation when a protein has a critical threshold for
stability, and multiple sequence changes are required to
cross this threshold [75]. Threshold epistasis is conceptu-
ally similar to redundancy: in a particular condition a
protein has ‘redundant’ stability and individual mutations
might not exhaust this stability margin. Threshold epista-
sis has been proposed to explain synergistic interactions
between mutations in the bacterial antibiotic-resistance
enzyme b-lactamase (TEM-1): the protein has excess or
redundant stability, and several mutations are required to
have a crucial effect on folding [75]. It is interesting to
speculate that, similar to redundancy, threshold epistasis
might function to ensure robust protein function in the face
of stochastic or environmental change [68].

Conformational epistasis

A second type of intramolecular epistasis can arise in
changes in protein conformation. An example could have
occurred during the evolution of the glucocorticoid recep-
tor. Here a change in ligand specificity resulted from a pair
327
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of mutations: one of these introduced a residue that ulti-
mately interacted with the new ligand, and the second
caused a conformation change that repositioned the first
residue such that it is able to contact the ligand [79]. Such
changes are highly epistatic – the crucial residue must be
both mutated and repositioned to allow binding of the new
ligand. It is reasonable to envisage that many potentially
beneficial mutations will similarly rely on conformation
changes before they can alter the function of a protein.

Intramolecular pleiotropy

Other examples of epistasis occur because mutations can
have multiple different (i.e. pleiotropic) effects on a protein.
As mentioned above, function-altering mutations can also
have the side-effect of reducing protein stability [82,84].
For example, the introduction of a polar residue into an
active site can disrupt hydrophobic contacts and so reduce
the thermodynamic stability of a protein. Such pleiotropic
effects can render a beneficial mutation detrimental in the
absence of compensatory changes. This is the case for
antibiotic resistant isoforms of TEM-1, where secondary
substitutions far from the active site are required to com-
pensate for the destabilizing effects of changes in the active
site [85]. Similar trade-offs could also occur beyond effects
on stability, for example mutations could be beneficial to
one function of a protein but detrimental to another and so
require compensatory changes.

Global suppressor mutations

Just as a genetic hub gene can be a promiscuous intermo-
lecular suppressor of genetic variation, so can mutations
within a molecule. In the case of protein stability, a muta-
tion that increases stability could act to suppress many
different destabilizing but function-altering mutations. In
the case of TEM-1, at least ten mutations have been
identified that act as ‘global’ suppressors of destabilizing
mutations [75].

Additive for function, epistatic for fitness

It is important to note that combinations of mutations
within a gene can additively affect protein function but
still interact epistatically to alter fitness or a phenotype
[72]. This can occur in metabolism, for example, as a result
of nonlinear responses in metabolic flux [86]. In vivo,
enzymes do not act in isolation, but are kinetically linked
via their substrates and products. As a result, changes in
catalytic activity at one step in a pathway can be buffered
by the response of other enzymes; pathway flux therefore
tends to be a concave (hyperbolic) function of enzyme
activity [86]. Two successive doublings in enzyme activity
can therefore cause a less than fourfold change in pathway
flux and fitness [87]. Similar effects might occur in signal-
ing and transcription networks, such that linear changes in
the activity of a single protein do not translate to linear
increases in fitness.

Interactions with regulatory regions

It is also worth noting that interactions could occur be-
tween coding mutations and mutations affecting non-cod-
ing regulatory regions. For example, a mutation that
reduces activity might have no effect if a second mutation
328
results in increased protein expression [88,89]. This is the
case for antibiotic resistance mutations in Salmonella
enterica isoleucyl-tRNA synthetase that reduce growth
rate: both amplification of the gene and mutations that
improve the promoter compensate for this fitness cost [89].
In general epistatic interactions with regulatory variants
have been much less explored experimentally, but warrant
attention.

Higher-order effects: epistatic interactions depend on
both the environment and the genetic context
The molecular mechanisms that can cause epistatic inter-
actions are therefore diverse, and still remain to be fully
explored in future work. One additional important obser-
vation is that epistatic interactions are themselves often
highly context-dependent: the particular interaction be-
tween two mutations can depend upon both the environ-
ment and additional genetic variation.

Environmental influences on epistasis have been ob-
served in phage [90], bacteria [91] and yeast [43,61,92,93].
For example, the interactions between polymorphisms
influencing sporulation efficiency in yeast change across
environmental conditions [94]. Similar changes in both the
magnitude and direction of epistasis have been predicted
using metabolic-flux balance analysis [93,95]. Interesting-
ly, the interactions specific to a particular condition could,
in general, be more informative about the biology of that
condition than the interactions shared across conditions,
primarily because of promiscuous interactions with highly
connected genes that are conserved across conditions [92].

The extent and direction of epistasis can also depend
upon the genetic background, and this is the case for the
interactions influencing sporulation in yeast [94]. In effect,
therefore, not only are pairwise interactions important for
determining phenotypic variation, but so too are higher-
level interactions involving multiple different genetic var-
iants and the environment [38,96]. What appear to be
gene–gene interactions in a particular experiment can
become gene–gene–environment–genetic background
interactions when additional experiments are performed.
The epistasis detectable in an individual could therefore
differ substantially from the epistasis detectable from
population level measurements. Again, this could seriously
complicate the detection of epistasis in human association
studies without reducing its importance for the phenotypes
of particular individuals.

Consistent with their context-sensitivity, epistatic
interactions also appear to evolve fairly rapidly across
species, particularly in the case of negative interactions
[58,97,98]. However, particular examples of epistasis, such
as interactions between gene duplicates, can be preserved
over extensive evolutionary periods [99]. Positive genetic
interactions within highly conserved protein complexes or
modules can also be conserved across species [97,98] be-
cause these complexes are themselves highly conserved.

One of the most striking examples of the importance of
higher-order interactions was described in a comparison of
gene essentiality between two strains of S. cerevisiae yeast.
By constructing a systematic gene-deletion library, 44
genes were identified that are essential for the viability
of the Sigma1278b isolate of S. cerevisiae but not of the
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standard S288c strain. Remarkably, genetic analysis
revealed that in 13/18 tested cases the differences in
essentiality were influenced by at least four different loci
in the genome [6]. Thus, rather than resulting from a
binary epistatic interaction, most changes in gene essenti-
ality result from complex multigenic epistasis involving at
least five different loci. It will be important to establish
how often such higher-order interactions account for
phenotypic variation between individuals in natural
populations.

Concluding remarks
It has been argued that phenotypic variation in a popula-
tion could, in many cases, be accounted for by purely
additive genetic models [100]. However, this is only a
theoretical possibility [101], and it contradicts both the
demonstrated importance of epistasis in particular human
diseases [102–105] and the pervasive epistasis that has
been detected in model organisms and highlighted here. It
is also somewhat inconsistent with patterns of sequence
evolution [79,81,106] and inconsistent with our under-
standing of molecular biology and the abundance of non-
linear regulatory interactions [86]. Put simply, although
they are very challenging to predict and detect in human
populations because of a lack of statistical power [8,9], from
what is currently understood about genetic architecture
and biology, epistatic interactions between mutations are
likely to be central to what makes us unique, both in health
and disease.
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