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Double-edged sword 

MUTATION 

Preserving information  

En un lugar de La Mancha, de cuyo nombre... Et ug l-gar de ca Mancaa: du cuoo --mbrj... 

Adaptation 

Genomes have to modify themselves to keep being 
adapted to a changing world. 

!   Yet surprisingly little is known (specially for RNA viruses) on basic 
mutational parameters such as: 
 

 The ratios Ub/Ud and sb/sd 
 The statistical distribution of single-nucleotide mutational effects 
 The type and strength of epistasis among mutant loci 
  



GENETIC ROBUSTNESS 

Ability to preserve fitness despite the presence of mutations 
in the genome 

W1 W0 = 1 

MEASURING ROBUSTNESS 

   Selection coefficient: s1 = W1 – W0 = W1 – 1 

robust: E(s) → 0 
sensitive: E(s) → -1 



!  Robustness is a selective traits if: heritable variability among individuals 
that affects fitness exist.  The more mutations, the more efficient 
would be selection. 

!  Side effect for stabilizing selection on different traits. 

!  Given environmental fluctuations, selection would favor mechanisms of 
environmental robustness, being genetic robustness a side effect: 
plastogenetic congruence (L.W. Ancel & W. Fontana (2000) J. Exp. Zool. 288:242-83). 

!  Problem: buffering the effect of beneficial mutations, including those 
providing robustness! 



How to achieve genetic robustness? 
Two opposed strategies 

Gene A´ Gene A 

Pleiotropy 
Compact genomes – fast replication 
High mutation rate (U > 1) 
Large population sizes 

Subfunctionalization 
Large genomes – slow replication 
Low mutation rate (U << 1) 
Small population sizes 

Genes Functions 

Anti-redundancy 

Genes Functions 

Redundancy 

PROKARYOTS  COMPLEX EUKARYOTS 

D. C. Krakauer & J.B. Plotkin (2002) Proc. Natl. Acad. Sci. USA 99: 1405-09 



Fitness consequences of each strategy 

Gene A´ Gene A 

Redundancy 

Gene A 

Anti-redundancy 

log W 

n 

log W 

n 

Antagonistic epistasis Synergistic epistasis 

Expected for RNA viruses Expected for complex organisms 

Strong deleterious fitness effects Mild deleterious fitness effects 



N P M G L 

Random 
Synonymous 2 1 2 3 3 

Nonsynonymous 4 + 1 2 2 11 16 + 2 

Pre-
observed Nonsynonymous 4 8 10 8 12 

N P M G L 

Mutational effects for RNA virus 
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Proportion E(s) Proportion E(s) 

Lethal 39.6% -1 40.9% -1 

Deleterious  29.2% -0.244 36.4% -0.490 

Neutral  27.1% 0 22.7% 0 

Beneficial 4.2% 0.042 0.0% - 

Total 100% (48) -0.476 100% (66) -0.491 

R. Sanjuán et al. (2004) Proc. Natl. Acad. Sci. USA 101: 8396-401 
P. Carrasco et al. (2007) J. Virol. 81: 12979-84 



!   We created collections of mutants carrying two single-nucleotide 
substitutions of deleterious effect.  

!  Fitness was determined for each double mutant (Wij) as well as for their 
corresponding single mutants (Wi and Wj) in paired experiments. 

!  The strength and sign of epistasis was estimated as εij = Wij - WiWj. 
  εij < 0 → synergistic 
  εij > 0 → antagonistic 

Epistasis for RNA virus 



R. Sanjuán et al. (2004) Proc. Natl. Acad. Sci. USA 101: 15376-9 
J. Lalić & S.F. Elena (2012) Heredity 109: 71-7 



Cases E(ε) Cases E(ε) 

multiplicative 31 32 

synergistic 3 1 

synthetic lethals 3 9 

antagonistic 10 11 

Average 0.034±0.010 0.084±0.005 

R. Sanjuán et al. (2004) Proc. Natl. Acad. Sci. USA 101: 15376-9 
J. Lalić & S.F. Elena (2012) Heredity 109: 71-7 



Potential mechanisms for viral robustness 

!   Population mechanisms of intrinsic robustness: 

!   Mechanisms of extrinsic robustness: 

"  Individual hypersensitivity → High average population fitness.  

"  Quasispecies effect → Drift into neutral networks 

"  Randomly fluctuating ploidy → Complementation  

"  Sex → recombination and segregation 

"  Cellular chaperones → unspecific masking of mutational 
effects 

"  The stamping machine replicator → minimize the 
accumulation of deleterious mutations and maintains higher 
population fitness. 



Evidences for genetic 
robustness in RNA viruses 



!  From computational studies. 

"  A. Wagner & P.F. Stadler (1999) J. Exp. Zool. 285: 119-27: highly conserved RNA 
secondary structure elements are more robust to nucleotide changes 
than observed for non-conserved regions (DENV, HCV, HIV-1). 

"  R. Sanjuán et al. (2006) Mol. Biol. Evol. 23: 1427-36: viroids have evolved different 
structures.  Rod-like are more robust than branched ones. 
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R. Sanjuán et al. (2006) Mol. Biol. Evol. 23: 1427-36 



!  From computational studies. 

!  From empirical studies. 

"  R. Montville et al. (2005) PLoS Biol. 3: e381: ϕ6 populations evolved at high MOI 
experience intense complementation and thus selection for other 
mechanisms of robustness would be weak  Populations evolved at low 
MOI will evolve alternative mechanisms. 



R. Montville et al. (2005) PLoS Biol. 3: e281 



!  From computational studies. 

!  From empirical studies. 

"  R. Montville et al. (2005) PLoS Biol. 3: e381: ϕ6 populations evolved at high MOI 
experience intense complementation and thus selection for other 
mechanisms of robustness would be weak  Populations evolved at low 
MOI will evolve alternative mechanisms. 

"  F.M. Codoñer et al. (2006) PLoS Pathog. 2: e136: A low replicating but with a wider 
mutant spectrum viroid is able of outcompeting a fast replicating but 
with a narrow mutant spectrum when mutation rate was increased: the 
survival of the flattest. 
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CSVd (n = 11) CChMVd (n = 8) Ratio 
Haplotype 
diversity (NHap) 

0.800±0.034 1.000±0.022 1.250 

Average number 
of nucleotide 
differences (K) 

1.055±0.014 6.214±0. 038 5.890 
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F.M. Codoñer et al. (2006) PLoS Pathog. 2: e136 



t4 = 7.667, P = 0.002 

The effect of UVC radiation on the outcome of 
the competition 

s = 0.017±0.033 

s = -0.086±0.019 



!  From computational studies. 

!  From empirical studies. 

"  R. Montville et al. (2005) PLoS Biol. 3: e381: ϕ6 populations evolved at high MOI 
experience intense complementation and thus selection for other 
mechanisms of robustness would be weak  Populations evolved at low 
MOI will evolve alternative mechanisms. 

"  F.M. Codoñer et al. (2006) PLoS Pathog. 2: e136: A low replicating but with a wider 
mutant spectrum viroid is able of outcompeting a fast replicating but 
with a narrow mutant spectrum when mutation rate was increased: the 
survival of the flattest. 

"  R. Sanjuán et al. (2007) PLoS Genet. 3: e93: A low fitness but diverse VSV 
population outcompeted a high fitness but less diverse population at 
increasing concentrations of 5-FU: the survival of the flattest. 



R. Sanjuán et al. (2007) PLoS Genet. 12: e93   



!  From computational studies. 

!  From empirical studies. 

"  R. Montville et al. (2005) PLoS Biol. 3: e381: ϕ6 populations evolved at high MOI 
experience intense complementation and thus selection for other 
mechanisms of robustness would be weak  Populations evolved at low 
MOI will evolve alternative mechanisms. 

"  F.M. Codoñer et al. (2006) PLoS Pathog. 2: e136: A low replicating but with a wider 
mutant spectrum viroid is able of outcompeting a fast replicating but 
with a narrow mutant spectrum when mutation rate was increased: the 
survival of the flattest. 

"  R. Sanjuán et al. (2007) PLoS Genet. 3: e93: A low fitness but diverse VSV 
population outcompeted a high fitness but less diverse population at 
increasing concentrations of 5-FU: the survival of the flattest. 

"  P. Domingo-Calap et al. (2010) J. Evol. Biol. 23: 2453-60: Demonstration of 
plastogenetic congruence. Selection of thermotolerant Qβ viruses also 
selects of genetic robustness. 



P. Domingo-Calap et al. (2010) J. Evol. Biol. 23: 2453-60 



!  From computational studies. 

!  From empirical studies. 
"  R. Montville et al. (2005) PLoS Biol. 3: e381: ϕ6 populations evolved at high MOI 

experience intense complementation and thus selection for other 
mechanisms of robustness would be weak  Populations evolved at low 
MOI will evolve alternative mechanisms. 

"  F.M. Codoñer et al. (2006) PLoS Pathog. 2: e136: A low replicating but with a wider 
mutant spectrum viroid is able of outcompeting a fast replicating but 
with a narrow mutant spectrum when mutation rate was increased: the 
survival of the flattest. 

"  R. Sanjuán et al. (2007) PLoS Genet. 3: e93: A low fitness but diverse VSV 
population outcompeted a high fitness but less diverse population at 
increasing concentrations of 5-FU: the survival of the flattest. 

"  P. Domingo-Calap et al. (2010) J. Evol. Biol. 23: 2453-60: Demonstration of 
plastogenetic congruence. Selection of thermotolerant Qβ viruses also 
selects of genetic robustness. 

"  I. S. Novella et al. (2013) J. Virol. 87: 4923-8: Demonstration of plastogenetic 
congruence. Selection of thermotolerant VSV viruses also selects for 
genetic robustness. 



I. S. Novella et al. (2013) J. Virol. 87: 4923-8 



Consequences of genetic 
robustness 



!  Does genetic robustness promote evolvability? 

"  R.C. McBride et al. (2008) BMC Evol. Biol. 8: 231: robust ϕ6 populations adapt 
faster than to high temperature. 



R.C. McBride et al. (2008) BMC Evol. Biol. 8: 231 



!  Does genetic robustness promote evolvability? 

"  K. Koelle et al. (2006) Science 314: 1898-903: Epochal antigenic evolution of IAV/
H3N2, alternating periods of stasis punctuated by sudden changes in 
antigenic phenotypic evolution can be easily explained in terms of 
neutral networks. 

"  R.C. McBride et al. (2008) BMC Evol. Biol. 8: 231: robust ϕ6 populations adapt 
faster than to high temperature. 



E. van Nimwegen (2006) Science 314: 1898-903 



!  Does genetic robustness promote evolvability? 

"  K. Koelle et al. (2006) Science 314: 1898-903: Epochal antigenic evolution of IAV/
H3N2, alternating periods of stasis punctuated by sudden changes in 
antigenic phenotypic evolution can be easily explained in terms of 
neutral networks. 

"  P.E. Turner et al. (2010) Evolution 64: 3273-86: Generalist (environmentally 
robust) VSV populations are more evolvable than specialists 
(environmentally brittle) when faced with a new host cell type.  
Conclusion: generalist show higher mean fitness and less variance 
across novel hosts. 

"  R.C. McBride et al. (2008) BMC Evol. Biol. 8: 231: robust ϕ6 populations adapt 
faster than to high temperature. 



P.E. Turner et al. (2010) Evolution 64: 3273-86 



!  Does genetic robustness promote evolvability? 

"  K. Koelle et al. (2006) Science 314: 1898-903: Epochal antigenic evolution of 
IAV/H3N2, alternating periods of stasis punctuated by sudden changes 
in antigenic phenotypic evolution can be easily explained in terms of 
neutral networks. 

"  P.E. Turner et al. (2010) Evolution 64: 3273-86: Generalist (environmentally 
robust) VSV populations are more evolvable than specialists 
(environmentally brittle) when faced with a new host cell type.  
Conclusion: generalist show higher mean fitness and less variance 
across novel hosts. 

"  J.M. Cuevas et al. (2009) J. Evol. Biol. 22: 2041-8: Found the opposite: brittle VSV 
adapted faster to a new host cell type than robust. 

"  R.C. McBride et al. (2008) BMC Evol. Biol. 8: 231: robust ϕ6 populations adapt 
faster than to high temperature. 



J.M. Cuevas et al. (2009) J. Evol. Biol. 22: 2041-8 



!  Does genetic robustness diminish lethal mutagenesis? 

"  V. Martín et al. (2008) Virology 378: 37-4: Evolution of LCMV at subinhibitory 
concentrations of 5-FU failed to select robust viruses.  



V. Martin et al. (2008) Virology 378: 37-47 



V. Martin et al. (2008) Virology 378: 37-47 



!  Does genetic robustness diminish lethal mutagenesis? 

"  V. Martín et al. (2008) Virology 378: 37-4: Evolution of LCMV at subinhibitory 
concentrations of 5-FU failed to select robust viruses.  

"  J.D. Graci et al. (2012) J. Virol. 86: 2869-73: CVB3 is less robust than PV and more 
sensitive to the mutagenic action of ribavirin. 



J.D. Graci et al. (2012) J. Virol. 86: 2869-73 



!  Does genetic robustness diminish lethal mutagenesis? 

"  V. Martín et al. (2008) Virology 378: 37-4: Evolution of LCMV at subinhibitory 
concentrations of 5-FU failed to select robust viruses.  

"  J.D. Graci et al. (2012) J. Virol. 86: 2869-73: CVB3 is less robust than PV and more 
sensitive to the mutagenic action of ribavirin. 

"  E.B. O’Dea et al. (2010) PLoS Comput. Biol. 6: e1000811: Theoretical work shows that 
robustness matters only when initial viral population sizes are small and 
deleterious mutation rates are only slightly above the level at the critical 
mutation rate.  



E.B. O’Dea et al. (2010) PLoS Comput. Biol. 6: e1000811 



RNA virus genetic robustness: possible causes and some
consequences
Santiago F Elena1,2

In general terms, robustness is the capacity of biological

systems to function in spite of genetic or environmental

perturbations. The small and compacted genomes and high

mutation rates of RNA viruses, as well as the ever-changing

environments wherein they replicate, create the conditions for

robustness to be advantageous. In this review, I will enumerate

possible mechanisms by which viral populations may acquire

robustness, distinguishing between mechanisms that are

inherent to virus replication and population dynamics and those

that result from the interaction with host factors. Then, I will

move to review some evidences that RNA virus populations are

robust indeed. Finally, I will comment on the implications of

robustness for virus evolvability, the emergence of new viruses

and the efficiency of lethal mutagenesis as an antiviral strategy.
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RNA viruses are the most successful parasites on Earth,
infecting hosts from all biological kingdoms, including
other parasites. This success results from their evolutionary
plasticity (i.e. evolvability): a combination of short gener-
ation times, huge population sizes and high mutation rates
[1–3]. Alas, these properties come along with some costs.
First, fast replication requires that genomes must be kept
small, with overlapping reading frames and encoding mul-
tifunctional proteins [4,5]. Second, high mutation rates
limit the length of the genome that can be transmitted
without incurring in too many errors [6]. High mutation
rates may be favored in stressful situations where the input
of beneficial mutations allows for escape and survival (e.g.
changing cell types, tissues and hosts or the presence of
antiviral responses or drugs). However, in all situations
deleterious and lethal mutations represent the larger

fraction of all possible mutations [7], thus jeopardizing
viral fitness [8,9]. How do RNA viruses maintain their
functionality in this scenario? Are they robust to the
accumulation of deleterious mutations? In this review I
try to answer these questions and look beyond to the
consequences of RNA virus robustness.

What is robustness and how can it be
measured?
In a hallmark article, De Visser et al. [10!!] reviewed the
notion of robustness and explored its causes and con-
sequences. Robustness is the preservation of the phenotype in
the face of perturbations. The robustness of phenotypes
appears at various levels of organization: from gene
expression, protein folding, metabolic flux, physiological
homeostasis, and development, to fitness. From an evol-
utionary standpoint, fitness is the most relevant level.
Phenotypes can be robust either against mutations or
environmental perturbations.

Three reasons may account for the evolution of genetic
robustness (GR). First, as long as it is heritable, shows
variability among individuals and affects fitness, GR can
be a target for selection [11]. The more frequent
mutations are, the more efficient selection will be at
promoting the evolution of GR. Second, GR is a side
effect of stabilizing selection acting on different traits
[12]. Third, given that environmental fluctuations often
have strong impact on fitness, selection would favor
mechanisms of environmental robustness (ER), emerging
GR as a correlated response (plastogenetic congruence)
[13,14]. This is particularly appealing in the case of RNA
viruses because they must cope not only with deleterious
mutations but also with dramatic and fast fluctuations in
their environments.

Keeping in mind the definition of GR, a way of estimating it
is to evaluate the effect of large collections of individual
point mutations on viral fitness. If a point mutation i reduces
the fitness of a genotype with respect to that of the wild-
type in an amount si, then the average effect S̄ across the
collection of point mutations can be seen as a measure of
mutational sensitivity and, henceforth, as an inverse of GR.
In other words, if the average effect of mutations on a virus is
small, we conclude it is robust. By contrast, if the average
effect is large, we conclude the virus is brittle.

Potential mechanisms for viral GR
In a previous review, we elaborated on possible mech-
anisms by which RNA viruses may attain GR [15!!]. We

Available online at www.sciencedirect.com

www.sciencedirect.com Current Opinion in Virology 2012, 2:525–530
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Mechanisms of genetic robustness in RNA viruses
Santiago F. Elena+,Purificación Carrasco, José-Antonio Daròs & Rafael Sanjuán
Instituto de Biología Molecular y Celular de Plantas (CSIC-UPV),València, Spain

Two key features of RNA viruses are their compacted genomes and
their high mutation rate. Accordingly, deleterious mutations are
common and have an enormous impact on viral fitness. In their
multicellular hosts, robustness can be achieved by genomic redun-
dancy, including gene duplication, diploidy, alternative metabolic
pathways and biochemical buffering mechanisms. However, here
we review evidence suggesting that during RNA virus evolution,
alternative robustness mechanisms may have been selected. After
briefly describing how genetic robustness can be quantified, we dis-
cuss mechanisms of intrinsic robustness arising as consequences 
of RNA-genome architecture, replication peculiarities and quasi-
species population dynamics. These intrinsic robustness mechanisms
operate efficiently at the population level, despite the mutational
sensitivity shown by individual genomes. Finally, we discuss the pos-
sibility that viruses might exploit cellular buffering mechanisms for
their own benefit, producing a sort of extrinsic robustness.
Keywords: fitness; deleterious mutations; quasi-species; genetic
robustness; virus evolution
EMBO reports (2006) 7,168–173.doi:10.1038/sj.embor.7400636

Introduction
RNA viruses have the highest mutation rate among living species
(that is, between 10–3 and 10–5 errors per nucleotide and replica-
tion cycle), very small and compacted genomes, short generation
times and extremely large populations (Domingo & Holland,
1997). This might be beneficial in the long-term, as it allows viral
populations to quickly explore genotypic space and find beneficial
mutations. However, it is clearly detrimental in the short-term as
most mutations have deleterious fitness effects. The balance
between the continuous generation of mutants and the action of
selection leads to a dynamic population structure, known as
‘quasi-species’ (Domingo & Holland, 1997).

In recent years, the interest of evolutionary biologists in the
mechanisms, consequences and evolution of genetic robustness
has been revitalized by new and powerful techniques that allow the
tracking and manipulation of genotypes (de Visser et al, 2003).
Robustness is defined as a reduced sensitivity to perturbations
affecting phenotypic expression. If perturbations are inheritable,

then we talk about genetic robustness; if they are not (for example,
changes in physical and chemical parameters, or developmental
noise), then we talk about environmental robustness. Robustness
should occur when there are several copies of a single gene, when
several genes contribute to the same function or through biochemi-
cal buffering mechanisms. This includes gene duplication, poly-
ploidy, alternative metabolic pathways or chaperone proteins. As
illustrated in Fig 1A, a lack of robustness is expected in haploid
genomes that have no duplications, overlapping gene functions,
repair systems and arepleiotropic. A small number of mutations can
produce a strong effect, but as mutations accumulate, they affect
the same function with increasing probability and, thus, their mar-
ginal contribution to fitness diminishes. Hence, the observed fitness
is above the expected multiplicative value or, in other words, epi-
stasis is antagonistic (Wolf et al, 2000). By contrast, in the presence
of redundancy and buffering mechanisms, the fitness of genomes is
only mildly affected; however, as the mutation load increases, these
mechanisms ultimately collapse. Fitness will therefore be lower
than the expected multiplicative value, which means that there will
be synergistic epistasis (Fig 1B).

In principle, genetic robustness might evolve for one of the fol-
lowing reasons. First, as long as robustness has a heritable basis,
shows variability among individuals and affects the probability of
survival, it can be a target for selection and evolutionary opti-
mization (Wilke & Adami, 2003). The selection pressure for
increasing robustness depends on the occurrence of mutations.
The more frequent mutations are, the more efficient selection will
be at promoting the evolution of robustness. Second, it might
evolve because buffering is a necessary consequence of character
adaptation; that is, robustness is a side-effect of stabilizing selec-
tion acting on different traits (Meiklejohn & Hartl, 2002). Third,
given that environmental fluctuations often have a strong impact
on fitness, selection would efficiently favour mechanisms of envi-
ronmental robustness. On the basis of theoretical arguments 
and RNA folding simulations, some authors have predicted that
genetic robustness should be intrinsically correlated to environ-
mental robustness and, thus, that the former could evolve as a
correlated response to selection favouring the latter (Ancel 
& Fontana, 2000; Wagner et al, 1997). This is an appealing
hypothesis because, during their life cycle, RNA viruses must
cope not only with the deleterious effect of mutations but also
with dramatic and fast fluctuations in their environments such 
as alternating among host species, tissue- and organ-specific
microenvironments or the presence of antiviral agents.

Instituto de Biología Molecular y Celular de Plantas (CSIC-UPV),
Avenida de los Naranjos s/n, 46022 València, Spain
+Corresponding author. Tel: +34 963 877 895; Fax: +34 963 877 859;
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More on epistasis 



The distribution of G×G in the primary host 
!  G×G aka epistasis, is the interaction between genes or mutations in determining 

phenotypes.  

!  The direction, magnitude and prevalence of epistasis is central to theories seeking to 
explain the origin of genetic systems, such as sex and recombination, dominance, ploidy, 
phenotypic plasticity, or robustness, the ruggedness of adaptive landscapes, or attempting 
to mechanistically explain dynamical biological processes such as the accumulation of 
mutations in finite populations or speciation by reproductive isolation.  





!  We generated a collection of 53 double mutants by combining 20 individual mutations 
whose deleterious fitness effect had been previously quantified. 

!  Mathematical definition of magnitude epistasis: 
 

  εxy = W00Wxy – Wx0W0y 

 εxy > 0 positive (antagonistic) epistasis 
 εxy < 0 negative (synergistic) epistasis 
 εxy = 0 no epistasis (additive) 

!  Mathematical condition for sign epistasis (Poelwijk et al. 2011): 
 

  |Wx0 – W00 + Wxy – W0y| < |Wx0 – W00| + |Wxy – W0y|  

!  Additional mathematical condition for reciprocal sign epistasis (Poelwijk et al. 2011): 
 

  |W0y – W00 + Wxy – Wx0| < |W0y – W00| + |Wxy – Wx0|  



Epistasis among pairs of deleterious mutations 

!  20 significant deviations from the additive expectation (t-test, P < 0.049). 
 9 cases of synthetic lethals (negative epistasis). 
 11 cases of positive epistasis. 

J. Lalić & S.F. Elena (2012) Heredity 109: 71-7 



Statistical properties of the epistasis distribution 

!  〈ε〉 = -0.226±0.095 (t-test, P = 0.021). 
!  Significant negative skewness (g1 = -1.806±0.327; P < 0.001). 
!  Significantly leptokurtic (g2 = 1.326±0.644, P = 0.045).  

!  Without synthetic lethals: 〈ε〉 = 0.084±0.005 (t-test, P < 0.001). 
!  Significant negative skewness (g1 = -1.050±0.358; P = 0.005). 
!  Significantly leptokurtic (g2 = 2.348±0.702, P = 0.002).  

J. Lalić & S.F. Elena (2012) Heredity 109: 71-7 



Pervasive reciprocal sign epistasis 

33 8 

11 1 

!  33% less cases of magnitude than of sign epistasis (Binomial test, 1-tailed P = 0.032). 

!  Over-representation of reciprocal sign epistasis among cases of sign epistasis (Binomial 
test, P < 0.001). 

J. Lalić & S.F. Elena (2012) Heredity 109: 71-7 



Epistasis determines the rate of adaptation 

R. Sanjuán et al. (2005) Genetics 170: 1001-8 


