
Can we predict the evolutionary 
success of a viral strain?

Santiago F. Elena

Evolutionary Systems Virology Group



Introduction from 
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Successful transmission 
in the new host



W = f(G,E) = G + E

In a perfect world, we would be able of predicting fitness…
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Fitness trade-offs across hosts: causes

ü Antagonistic pleiotropy (AP): A particular mutation beneficial in one host is
deleterious in another.

ü Mutation accumulation (MA): mutations accumulate by drift in genes whose
products are useless in one host but necessary in another.

ü Independent adaptation to alternative hosts. If each of two populations
substitutes a mutation that is beneficial in one host and neutral in the other, then
each population will be more fit in one host than the other.

ü The first two mechanisms imply a fitness decline of the population relative to its
progenitor in the original host; the third one not.
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Part I
Testing for pleiotropy (G×E)



Turner & Elena (2000) Genetics 156, 1465

Evolution in a new single host promotes specialization and pays the 
cost of host-range expansion.



Agudelo-Romero et al. (2008) Infect. Genet. Evol. 6, 806
Bedhomme et al. (2012) Mol. Biol. Evol. 29, 1481
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No-cost generalists evolve under host-switching regimes



Bedhomme et al. (2012) Mol. Biol. Evol. 29, 1481-92



Tobacco etch potyvirus (TEV)

Nicotianoideae

Solanoideae

Solanaceae

Asteraceae

Amaranthaceae

Asterids

Nicotiana tabacum Nicotiana benthamiana

Datura stramonium Capsicum annuum Solanum lycopersicum

Heliantum annuum

Gomphrena globosa Spinacea oleracea
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Means are smaller for non-Solanaceae: Mann-Whitney U-test, P < 0.001

Heterogeneity among hosts: c2-test, P < 0.001

but driven by the difference between Solanaceae vs. non-Solanaceae : c2-test, P < 0.001

Lalić et al. (2011) PLoS Genet. 7, e1002378



Lalić et al. (2011) PLoS Genet. 7, e1002378
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Change in genetic variance for fitness

Two hypotheses to explain G×E



Lalić et al. (2011) PLoS Genet. 7, e1002378



ü A non-significant correlation cannot be taken as an evidence of a lack of pleiotropy. One
can imagine a situation in which some mutations may have negative pleiotropic effects,
some others positive ones and some even being independent on the host.

ü We recorded sign(ΔW) for each mutation on each host. Then we counted the number of
cases for which the sign changed between the primary host and each alternative one.
Under the null hypothesis of no excess of pleiotropism, sign(ΔW) would distribute evenly.

ü In N. benthamiana (2) and D. stramonium (4) the number of observed pleiotropic mutations
was not significantly larger than expected (Binomial tests: P = 0.999 and P = 0.994,
respectively).

ü The number of mutations that switched signs were significantly larger than expected in all
other hosts: 18 in C. annuum (P < 0.001), 19 in S. lycopersicum (P < 0.001), 14 in H. annuus (P
= 0.058), 15 in G. globosa (P = 0.021), and 17 in S. oleracea (P < 0.001).

ü Therefore, we confirmed the conclusion of antagonistic pleiotropy as a source of fitness
variability across hosts.

Lalić et al. (2011) PLoS Genet. 7: e1002378



ü The relative contribution of these two mechanisms to the observed G�E can be evaluated
using Robertson (1959) decomposition across pairs of hosts (environments):
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Lalić & S.F. Elena (2013) Plant Pathol. 62, S10



Conclusions Part I

ü The location and shape of DMFE are affected by the host species.
Location moves towards smaller values as the phylogenetic distance from the reservoir
host increases: host are less permissive to infection and support lower virus
accumulation.
Skewness moves towards more positive values as the phylogenetic distance from the
host reservoir increases: a larger fraction of mutations are beneficial.

ü Most of observed variability in fitness is explained by G´E interactions.

ü G´E interactions have complex origins:
Unrelated hosts: pleiotropy may drive specialization and balanced polymorphisms.
Related hosts: changes in genetic variance for fitness affect the balance between
selection and drift.

W = G + E + G×E



Part II
Testing for epistasis (G×G)



The distribution of G×G in the primary host

ü G×G aka epistasis, is the interaction between genes or mutations in determining
phenotypes.

ü 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.





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

ü Mathematical definition of magnitude epistasis:

εxy = W00Wxy – Wx0W0y

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

ü Mathematical condition for sign epistasis (F.J. Poelwijk et al. (2011) J. Theor. Biol. 272: 141-4):

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

ü Additional mathematical condition for reciprocal sign epistasis (F.J. Poelwijk et al. (2011) J. Theor. 
Biol. 272: 141-4):

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



Epistasis among pairs of deleterious mutations

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

Lalić & S.F. Elena (2012) Heredity 109, 71



Statistical properties of the epistasis distribution

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

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

Lalić & S.F. Elena (2012) Heredity 109, 71



Pervasive reciprocal sign epistasis

33 8

111

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

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

Lalić & S.F. Elena (2012) Heredity 109, 71



Epistasis determines the rate of adaptation

Sanjuán et al. (2005) Genetics 170, 1001



Global topography of a frozen adaptive fitness seascape



Lalić & Elena (2015) J. Evol. Biol. 28, 2236



ü Overall, differences in fitness exist among the 32 genotypes (c2 = 706.905, 31 d.f., P <
0.001), with 60.16% of observed variance among genotypes being explained by genetic
factors.

ü Twenty four genotypes show significant differences with the ancestral TEV: 11 were worse
and 13 fitter. The smallest benefit was for 10110 (6.10%) and the largest for 01001, the
global optimum (12.01%). Genotype 01011 (11.18%) represents a second local optimum.

ü Application of Poelwijk et al. (2011) equations to > 2 mutations: e.g., genotype 10110 could
be constructed in three ways: inserting 00010 into 10100, inserting 00100 into 10010, or
inserting 10000 into 00110.

ü In this way, we can test 65 possible combinations.

Lalić & Elena (2015) J. Evol. Biol. 28, 2236



ü Average positive epistasis
0.417±0.151 (t-test, P = 0.007).

ü Eleven cases with significant
positive epistasis carried
mutation 00100.

ü 23 cases of magnitude epistasis,
1 case of sign epistasis, and 5
cases of reciprocal sign
epistasis.

Lalić & Elena (2015) J. Evol. Biol. 28, 2236



Significant contribution of higher-order epistasis
(Walsh coefficients)

Lalić & Elena (2015) J. Evol. Biol. 28, 2236



Conclusions Part II

ü Positive epistasis are the norm in the genome of RNA viruses and small ssDNA viruses
(reviewed in Elena et al. 2010).

ü Pervasive reciprocal sign epistasis indicates that the fitness landscape for RNA viruses
shall be very rugged. The ruggedness of adaptive landscapes is critical to predict whether
evolving populations may reach the global optima or, by contrast, may get stuck into
suboptimal fitness peaks.

W = G + E + G×G + G×E



Part III
Testing for pleiotropic epistasis (G×G×E)



ü Significant differences among hosts (F3,177 = 33.660, P < 0.001).
Magnitude of the negative exy decreases and tends towards zero as the genetic relatedness 
between the primary host and the alternative one decreases. 

ü Significant differences among genotypes (F9,177 = 168.593, P < 0.001).

Lalić & S.F. Elena (2013) Biol. Lett. 7, 20120396



ü Most interestingly, a significant genotype by host effect
exists (F27,177 = 1.55´105, P < 0.001), suggesting that the
magnitude of epistasis depends on the host species in
which it is measured.

The adaptive seascape

Lalić & S.F. Elena (2013) Biol. Lett. 7, 20120396
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Cervera et al. (2016) J. Virol. 90, 10160 

How congruent is the topography in the ancestral and novel hosts?



(b)

Epistasis in A. thaliana
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Fitness in A. thaliana
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Pleiotropic fitness effects and variable epistasis

Cervera et al. (2016) J. Virol. 90, 10160 
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No Magnitude Sign Reciprocal sign

No 37 8 1 0 46

Magnitude 2 9 0 0 11

Sign 1 4 0 2 7

Reciprocal sign 0 5 3 3 11

40 26 4 5

The epistasis transition matrix: the landscape is smoother in 
the novel host

Cervera et al. (2016) J. Virol. 90, 10160 



Conclusions Part III

ü The effect of point mutations on TEV fitness is strongly determined by G´G´E
interactions: the fitness value of a given mutation depends on the genotypic background
wherein it appears in as much as on the host infected by the mutant genotype

ü The effect of the host on the strength and sign of epistasis is not stochastic but to a
significant extent mediated by the degree of genetic relatedness with the primary host.

W = G + E + G×G + G×E + G×G×E



Part IV
Replaying the tape: how predictable/reproducible is 

virus evolution?



ü Expected length of the adaptive walk to the optimum genotype:
01000 1 step
00010 2 or 5 steps
00001 1 step
10110 5 steps
01101 3 steps (two paths)



Cervera et al. (2016) Proc. R. Soc. B. 283, 20160984
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6K1 3'UTR
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How much the outcome of evolution depends on contingency?

Travisano et al. (1995) Science 267, 87



ü Observed slope is different from diagonal (t-test, P = 0.005): initial differences due to
history have been erased by subsequent effects due to chance and adaptation.

ü Relative contributions to adaptation: adaptation > chance ~ history

(A)

Ancestral fitness relative to 01001
0,84 0,86 0,88 0,90 0,92 0,94

Ev
ol

ve
d 

fit
ne

ss
 re

la
tiv

e 
to

 0
10

01

0,6

0,8

1,0

1,2

1,4

1,6

1,8

2,0

2,2
01000 
00001 
01101 
00010 
10110 

Adaptation Chance History

C
on

tr
ib

ut
io

n 
to

 fi
tn

es
s

0,2

0,4

0,6

0,8

1,0

1,2

(A)

Ancestral fitness relative to 01001
0,84 0,86 0,88 0,90 0,92 0,94

Ev
ol

ve
d 

fit
ne

ss
 re

la
tiv

e 
to

 0
10

01

0,6

0,8

1,0

1,2

1,4

1,6

1,8

2,0

2,2
01000 
00001 
01101 
00010 
10110 

Adaptation Chance History

C
on

tr
ib

ut
io

n 
to

 fi
tn

es
s

0,2

0,4

0,6

0,8

1,0

1,2

Cervera et al. (2016) Proc. R. Soc. B. 283, 20160984



Take home messages

ü Sign and reciprocal sign epistasis are pervasive among random pairs of mutations, depicting
a rugged fitness landscape.

ü Variance in the type and strength of epistasis among pairs of random mutations exist. On
average positive epistasis is the norm, as expected for a anti-redundant genome. This has
implications in the evolution of robustness and recombination.

ü The magnitude and sign of epistasis depends on the host being infected.

ü RNA viruses efficiently explore the fitness landscape and escape from local fitness
optima, regardless how far are from their basin of attraction.

ü High-order epistasis significantly contribute to define the topography of fitness
landscapes.

ü Escape occurs by fixation of additional mutations at alternative loci.

ü The topography of fitness landscapes depends on the host being infected: it is smoother in
a novel host than in the natural reservoir, allowing access to a better genotype that was
not accessible in the reservoir.

ü Both topographies match the expectations from a random uncorrelated landscape: between
the House-of-Cards and the rough Mount Fuji models.



House-of-cards

Rough Mt. Fuji




