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RÉSUMÉ

Les virus à ARN sont l’une des entités biologiques évoluant le plus rapidement. À l’aide 

de leur taux de mutation, recombinaison et replication élevés, ainsi que leurs petits génomes, 

ils s’adaptent aisément à de nouveaux hôtes, causant régulièrement des épidémies.  Malgré 

leur simplicité, leur capacité à interagir entre eux par complémentation et d’autres formes de 

comportements collectifs fait émerger des dynamiques populationnelles complexes. Dans mon 

travail de thèse sur deux arbovirus, j’explore deux aspects de ces interactions sociales et leur 

influence sur l’évolution virale.

Une première partie de ce manuscript s’intéresse au rôle des génomes viraux défectifs 

(DVG)  généralement  décrits  comme  des  sous-produits  délétaires  de  la  polymérase  ARN-

dépendante des virus à ARN. Dans ces travaux,  nous avons testé si les DVG étaient capables 

d’intéragir  positivement  avec  les  génomes  viraux  standards.  Premièrement,  nous  avons 

indentifié  une mutation  de résistance à  la  ribavirine située dans la  polymérase virale  qui 

restaure les titres viraux en conditions mutagènes.  Nous avons par la suite introduit cette 

mutation  dans  un DVG du virus  Zika  précédemment  identifié,  et  démontré  que  ces  DVGs 

accéléraient  l’adaptation  virale  au  traitement  par  recombinaison  génétique.  Nous  avons 

montré que l’absence d’observation de complémentation était causée par l’impossibilité du 

domaine polymérase de NS5 à être  trans-complémenté.  Enfin, nous avons montré que non 

seulement les DVGs pouvaient être empaqueté en trans, mais qu’ils pouvaient égelement être 

co-empaquetés avec des génomes standards afin d’assurer leur maintien. 

Dans une seconde partie, j’ai ré-étudié l’hypothèse du compromis évolutif (trade-off) 

des arbovirus qui expliquerait leurs faibles taux de substitution dans la nature. En utilisant 

des clones du virus chikungunya barcodés et des techniques de séquençage à haut débit, j’ai  

proposé un design experimental  capable de résoudre les contradictions entre précédentes  

études. J’ai identifié que la diversité géntique variait selon les régions du génome et le régime 

de sélection. Les virus soumis à l’alternation entre hôtes montrent une diversité restraintes à 

chaque locus au niveau de l’hôte le moins permissif, ainsi que pour l’accumulation des DVG 

spécifiques.  L’analyse  du  nuage  de  variant  a  montré  qu’ils  avaient  acquis  en  partie  des 

mutations associées à l’adaptation chez le moustique, ainsi que des mutations spécifiques au 

régime alterné. Ces observations s’expliquent par l’asymétrie du trade-off: l’adaptation initiale 

aux cellules de mammifères a un coût adaptatif  en cellules d’insectes,  ce qui empêche ces 

mutations d’apparaître dans le régime alterné. De plus, nous n’avons pas observé de coût du 

généralisme,  et  nous  proposons  que  cela  s’explique  par  un  paysage  adaptif  différent 

avoisinant le chemin évolutif d’apatation aux cellules d’insectes.

Mots-clés:  virus  chikungunya,  virus  Zika,  virus  à  ARN,  évolution  expérimentale, 

sociovirologie,  génomes  viraux  défectifs,  complémentation,  recombinaison,  trade-off, 

arbovirus, séquençage à haut débit
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ABSTRACT

RNA viruses are one the fastest evolving biological entities. With their high mutation 

and recombination rates, small genomes, and fast replication rates, they easily adapt to new 

hosts, causing outbreaks regularly. Despite their simplicity, their ability to interact with each 

other through complementation and other forms of collective behaviors gives rise to complex 

population dynamics. In this work, I explore two aspects of these social interactions and their 

influence on virus evolution, using two arthropod-borne viruses.

A first part of this manuscript investigates the role of defective viral genomes (DVGs),  

which were typically described as ubiquitous deleterious by-products of the erroneous RNA-

dependent  RNA-polymerase  of  RNA  viruses.  In  this  work,  we  tested  if  these  DVGs  could 

positively  interact  with  standard  viral  genomes.  We  first  identified  identified  a  ribavirin-

resistance mutation in the viral polymerase that rescued viral titers in mutagenic conditions. 

We then introduced it in a previously described DVG of Zika virus, and showed that DVGs 

carrying this mutation accelerated viral population adaptation to ribavirin treatment through 

genetic recombination. We then showed that absence of observed complementation was due 

to a  trans-complementation incompetent NS5 polymerase domain.  Finally,  we showed that 

DVGs could not only be  trans-packaged, but they could also be co-packaged with standard 

genomes, ensuring their maintenance across new infectious cycles.

In  the  second half,  I  re-explored the question of  the  arbovirus  trade-off  hypothesis 

which is hypothesized to explain the low substitution rates of arboviruses in nature. Using 

barcoded chikungunya virus clones and high-throughput sequencing techniques, I proposed 

an extended experimental design to resolve conclusion discrepancies among previous studies.  

In a first phase of experimental evolution, I identified that genetic diversity was accumulated 

differentially in-between genomic regions and among passaging regimes. Alternating passages 

were restricted in  genetic  diversity by the most  stringent host  at  each locus,  and did not 

tolerate host-specific DVGs. Mutant cloud analysis showed that they in part acquired insect-

associated adaptive mutations,  but also alternation-specific  ones.  This pattern was in turn 

explained by the observation of an asymmetric trade-off: initial adaptation to mammalian cells 

has a fitness cost in insect cells, blocking such mutations to appear in alternation. Further, no 

cost  of  generalism  was  observed,  which  we  propose  is  explained  by  a  different  fitness 

landscape neighborhood around the insect-cell adaptive pathway. 

Keywords: chikungunya virus, Zika virus, RNA virus, experimental evolution, sociovirology, 

defective  viral  genomes,  complementation,  recombination,  trade-off,  arbovirus,  high-

throughput sequencing
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Résumé substantiel

Les virus à ARN sont des entités biologiques évoluant rapidement. Ils se distinguent 

par leurs petites tailles de génome, leurs forts taux de mutation et de recombinaison dus aux  

erreurs  commises  par  leur  ARN  polymérase  ARN-dépendante,  et  des  taux  de  réplication 

typiquement très élevés. Ces caractéristiques en font des modèles biologiques idéaux pour 

l’étude des processus évolutifs en laboratoire.  Néanmoins, la virologie évolutive est encore 

une  discipline  relativement  jeune,  ayant  pris  son  essor  depuis  les  années  1960  avec  la 

découverte des taux élevés de mutation et de substitution des virus à ARN. Ces propriétés l’ont 

au départ éloigné de la génétique des populations issue de la synthèse moderne de la théorie 

de l’évolution,  au profit  du modèle  des  quasi-espèces  développé par  Manfred Eigen qui  a 

dominé le cadre théorique de la discipline jusqu’à récemment. Cette théorie des quasi-espèces 

a  popularisé  l’idée  que  la  sélection  naturelle  chez  ces  virus  n’opérait  pas  à  l’échelle  des 

génomes individuels, mais plutôt au niveau d’un réseau de génomes interconnectés par des  

mutations  abondantes.  Malgré  les  controverses  et  les  limitations  du  modèle,  l’idée  d’une 

sélection de groupe à l’échelle de la population est aujourd’hui portée par la discipline de la  

sociovirologie reposant sur les théories de la sociobiologie. 

La théorie des quasi-espèces prédit que le taux de mutation des virus à ARN est tel que 

la fréquence de chaque haplotype ne dépend pas majoritairement de son taux de réplication 

et de sa valeur adaptative propres, mais également de sa génération par d’autres haplotypes 

par  des  processus  mutationnels.  Ainsi,  l’effet  de  la  sélection  naturelle  sur  les  fréquences 

alléliques ne pourrait agir directement sur les génomes isolés, mais opérerait plutôt sur le 

réseau de  variants.  Certains  auteurs  ont  vivement  critiqué  l’application  de  la  théorie  des 

quasi-espèces aux virus à ARN, argumentant principalement que le taux de mutation chez 

ceux-ci  étaient  en-dessous  de  celui  pré-requis  pour  permettre  une  telle  dynamique 

populationnelle.  Dans  mon  introduction  générale,  je  présente  d’autres  mécanismes 

permettant des dynamiques de sélection de groupe chez ces virus et ne reposant pas sur des  

critères d’application débattus. 

Tout d’abord, la capacité des virus à se complémenter en  trans au sein d’une même 

cellule  infectée  permet  l’émergence  d’interactions  génome-génome  influençant  la  valeur 

adaptative de chacune des molécules interagissantes. Ce phénomène est notamment observé 

lorsqu’un génome « aidant » vient supplémenter une fonction endommagée d’un génome dit 

défectif,  permettant à ce dernier d’achever son cycle de réplication et de se propager.  Par 

opposition,  certains  génomes  défectifs  interfèrent  avec  la  réplication  des  génomes  viraux 

standards,  réduisant  ainsi  leur  valeur  sélective.  Par  ailleurs,  la  complémentation  permet 

également à des mutations bénéfiques présentes sur des génomes différents d’interagir au 

niveau  protéique  et  faire  émerger  de  nouveaux  phénotypes.  Ceci  permet  notamment  de 

contourner  de  potentielles  contraintes  épistatiques  entre  mutations  bénéfiques.  À  noter, 

certains  variants  minoritaires  sont  capables  d’influencer  de  manière  dominante  la  valeur 

adaptative de la population virale à des fréquences alléliques faibles.

De  plus,  certains  virus  ont  tendance  à  se  disperser  en  groupe,  formant  des  unités 

d’infection collective capable d’augmenter  localement la  multiplicité d’infection,  et  donc la 

fréquence de co-infection. Les événements d’infection « en masse » permettent non seulement 

à la complémentation entre génomes d’opérer, mais font également émerger des dynamiques 



coopératives intrinsèques. En effet, un nombre initial plus important de virions infectant une 

même  cellule  permet  d’une  part  d’accélérer  la  réplication  des  génomes,  d’autre  part 

d’antagoniser de manière collective les réponses immunitaires de l’hôte.

Les travaux de ma thèse portent sur ces aspects populationnels de l’évolution des virus 

à ARN, et utilisent comme modèle deux virus transmis par les moustiques, les virus Zika et 

virus du chikungunya. Dans un premier chapitre, je m’intéresse aux génomes viraux défectifs 

(defective  viral  genomes,  DVG)  et  leur  capacité  ou  non  à  interagir  positivement  avec  des 

génomes viraux standards. Dans un second chapitre, je revisite la question de l’adaptation des 

arbovirus à alterner dans leur cycle de vie entre hôtes mammifères et insectes, et caractérise 

par séquençage profond la composition en variants contribuant à l’adaptation à chaque hôte, 

ou l’alternance entre les deux. 

Dans mon premier chapitre, je me suis intéressé aux rôles des DVG dans l’évolution des 

populations virales. Ces DVG sont des génomes viraux incapables de compléter un cycle de 

réplication  en  l’absence  de  génomes  standards  venant  complémenter  leurs  fonctions 

endommagées.  Pour  la  plupart, ces  DVG  possèdent  de  larges  délétions  ou  sont  des 

duplications des régions non-traduites à l’extrémité du génome (les « copy-backs »).  De ce 

fait, ces génomes sont typiquement de petites tailles, se répliquent plus rapidement et entrent 

alors en compétition avec les génomes viraux standards pour les facteurs cellulaires et viraux 

nécessaires à leur réplication. De plus, ces DVG, et plus particulièrement les copy-backs, sont 

capables de stimuler les voies de l’immunité, induisant ainsi une réponse antivirale de l’hôte 

et  une  réponse  inflammatoire.  Ainsi,  les  DVG  sont  très  souvent  associés  à  un  rôle 

d’interférence avec la réplication virale. Néanmoins, à l’exception d’un rôle potentiel dans la 

mise  en  place  d’infection  persistante,  aucune  interaction  positive  des  DVG  n’a  encore  été 

décrite. Nous avons alors imaginé deux scénarios possibles par lesquels les DVG pourraient 

contribuer à l’adaptation des populations virales : par complémentation ou recombinaison de 

mutations bénéfiques.

Dans  un premier temps,  nous  avons  identifié  deux  mutations  de  résistance  à  la 

ribavirine  (un  analogue  de  nucléoside  mutagène)  par  séquençage  profond  d’expériences 

d’évolution expérimentale du virus Zika. Après validation du phénotype de résistance, nous 

avons  introduit  l’une  de  ces  mutations  dans  un  DVG  précédemment  caractérisé  dans  le 

laboratoire afin de pouvoir tester son effet sur le reste de la population virale. Nous avons 

également  introduit  différentes  mutations  synonymes  additionnelles  afin  de  pouvoir 

distinguer par séquençage à haut débit notre mutation de résistance introduite dans le DVG de 

mutations apparues de novo. Après quatre passages dans des cellules préalablement traitées à 

la ribavirine du virus Zika standards en présence de DVG contenant la mutation de résistance, 

nous avons démontré que la mutation avait permis de restaurer en partie les titres viraux lors 

d’un traitement à la ribivarine. Par séquençage à haut débit, nous avons pu démontrer que ce  

phénotype était dû à un événement de recombinaison entre génomes viraux standards et DVG, 

suggérant que les mutations acquises par les DVG pouvaient contribuer à l’évolution des virus.

Nous avons également montré par une technique de RNA FISH que le DVG identifié 

était capable d’être co-encapsidé avec des génomes standards, assurant ainsi son maintien au 

sein de la population virale. Par ailleurs, nous avons montré que la mutation de résistance se 



trouvait sur un domaine non-complémentable du génome du virus Zika, ne nous permettant 

pas de conclure sur la possibilité de complémentation de génomes standards par des DVG. 

Dans mon deuxième chapitre,  j’ai  ré-exploré la  question du compromis évolutif  des 

arbovirus à circuler dans des cycles entre hôtes insecte et vertébrés. En effet, les arbovirus ont 

des  taux  de  substitutions  environ  10  fois  inférieurs  aux  virus  à  ARN  ayant  des  taux  de  

mutations similaires. L’une des hypothèses avancées pour expliquer cette différence est que 

les deux hôtes imposent des pressions de sélections très différentes, imposant un compromis 

évolutif  sur ces virus :  une mutation bénéfique dans un hôte a de grandes chances  d’être 

délétère dans l’autre. Bien que ce sujet a été étudié à de nombreuses reprises au début du 

siècle, aucun consensus sur l’existence d’un tel compromis n’a pu être établi. Par ailleurs, la 

caractérisation génétique des mutations adaptatives au cours de ces expériences d’évolution 

expérimentale  dans ces  précédents  travaux n’ont  été  réalisés  qu’en séquençage Sanger,  et 

n’ont permis d’identifier que des variants majoritaires.  Néanmoins, nous savons désormais 

que les variants minoritaires sont capables d’influencer la dynamique des populations virales,  

et leur identification permettrait de mieux comprendre les contraintes qu’impose le cycle de  

vie des arbovirus.

Durant ma thèse, j’ai ainsi réalisé vingt passages de virus chikungunya barcodés dans 

des cellules de U4.4 de moustique Aedes albopictus et dans des cellules BHK-21 de hamster de 

manière alternée, ou dans un seul des types cellulaires. J’ai par la suite réalisé un séquençage  

profond  de  mes  virus  dérivés  à  intervalle  de  passages  régulier  et  mesuré  leurs  valeurs 

sélectives relatives respectives.  L’analyse des résultats de séquençage profond a permis de 

montrer que la diversité génétique au cours des passages variait selon la cellule hôte, mais 

également  selon  la  région  génétique  observée.  Ainsi,  un  type  cellulaire peut  être  plus 

permissive à l’accumulation de mutations dans certains gènes, et inversement plus réfractaire 

dans d’autres régions. Le régime de sélection alterné quant à lui impose une restriction de la  

diversité génétique suivant celle de l’hôte le plus réfractaire tout le long du génome. De plus,  

l’accumulation de DVG est également restreinte par les deux hôtes dans un régime alternant. 

Cela  conforte  l’hypothèse  d’un  compromis  évolutif  restreignant  le  nombre  de  mutations 

pouvant  être  positivement  sélectionnées chez les  deux hôtes.  Une  analyse  en  composante 

principale  de  l’ensemble  des  variants  identifiés  lors  du  séquençage  nous  a  permis  de 

déterminer  des  variants  minoritaires  responsables  de  l’adaptation  à  chacun  des  hôtes. 

Notamment, nous avons observé une abondante accumulation de mutations non-synonymes 

dans le gène d’enveloppe E2 lorsque le virus a été passé en cellules de hamster. En outre, les 

virus  passés  en  régime  alterné  tendent  à  suivre  la  trajectoire  évolutive  d’adaptation  aux 

cellules de moustiques, mais accumulent également des mutations spécifiques à l’alternance 

entre les deux types cellulaires. 

La mesure des valeurs sélectives relatives des populations virales dérivées par mise en 

compétition avec un clone barcodé ancestral du virus chikungunya et mesure d’abondance 

relative des code-barres génétiques a permis de mettre en évidence un compromis évolutif 

asymétrique : l’adaptation aux cellules de hamster a induit un coût adaptatif chez les cellules 

de moustiques, tandis que l’adaptation à ces dernières n’a pas de coût sélectif apparent. De 

plus, nous n’avons pas observé de coût du généralisme lorsque les virus ont été soumis à un 

régime alterné : l’augmentation des valeurs sélectives dans les deux types cellulaires ne sont 

pas significativement différents des deux autres régimes de sélection. Mis en relation avec les  



données de séquençage précédemment décrites, ces résultats suggèrent que le régime alterné 

a poussé les populations virales à s’adapter dans un premier temps aux cellules de moustiques 

car ne provoquant pas de coût sélectif,  et permis l’acquisition de mutations bénéfiques en 

cellules de mammifères sans coût adaptatif chez les cellules de moustiques.

Ainsi,  au  cours  de  mes  travaux  de  thèse,  j’ai  pu  montrer  qu’une  approche 

populationnelle de la virologie évolutive permet une meilleure compréhension de l’évolution 

des arbovirus. En outre, j’ai pu démontrer que les DVG ne sont pas forcément des génomes 

affectant négativement les populations virales, mais qu’ils peuvent dans certains cas accélérer 

l’adaptation de ces populations.  J’ai également montré que ces DVG étaient capables de se 

disperser  collectivement  avec  des  génomes  viraux  standards,  leur  permettant  ainsi  de  se 

maintenir dans la population. Cela suggère qu’il pourrait exister des mécanismes promouvant 

la  co-encapsidation  de  ces  génomes  défectifs.  Enfin,  par  analyse  par  séquençage  profond 

d’expériences  d’évolution  expérimentale  visant  à  étudier  le  compromis  évolutif  du  cycle 

alterné des arbovirus, j’ai pu démontrer que les deux hôtes restreignaient l’accumulation de 

mutations  et  de  DVG  dans  un  schéma  alterné.  Par  ailleurs,  j’ai  également  pu  également 

identifier des variants spécifiques à l’adaptation à chaque type cellulaire, et déterminé que 

l’adaptation au régime alterné suivait préférentiellement la trajectoire évolutive d’adaptation 

aux cellules de moustiques. Cela s’explique par l’absence de coût adaptatif initial à l’adaptation 

à  ces  cellules,  contrairement  aux  cellules  de  mammifères.  Finalement,  l’identification  de 

mutations  spécifiques  au  régime  alterné  suggère  que  ce  cycle  imposerait  des  contraintes 

sélectives additionnelles. 
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PREAMBLE

This manuscript is divided into two independent chapters. 

The first one argues for the possibility for defective viral genomes to play positive roles 

in virus populations, notably through genetic recombination. This chapter is mainly written 

and  formatted  as  a  preprint  scientific  article  and  has  been  submitted  once  to  Nature 

Microbiology, but was desk-rejected. We aim to resubmit the manuscript to another journal 

such as PLOS Pathogens or PNAS after adding more controls to some of the experiments. 

The second chapter describes chikungunya virus population compositions and fitness 

phenotypes in experimental evolution in mammalian-only, insect-only or alternated passages. 

It was the initial project of my Ph.D. but has been put aside in favor of the other one during my  

third  year  of  PhD  in  order  to  be  able  to  submit  and  defend  in  the  context  of  the  Viral 

Populations and Pathogenesis Unit (my laboratory) closing down. It is an incomplete story in 

regards to  the  initial  objectives,  but will  nonetheless  be reformatted to  be submitted to a 

specialist journal such as Virus Evolution.

In addition, the general introduction has been written with the aim to be reformatted 

and submitted as a review for Nature Reviews Microbiology on the topic of “Mechanisms of 

RNA virus evolution”. An initial outline has already been submitted and accepted by the editor,  

and the initial submission of the manuscript proof is planned by the end of December 2022.

Finally,  I  have  been  involved  at  the  beginning  of  my  PhD  in  different  scientific 

collaborations to respond to the COVID-19 pandemic crisis, which yielded several co-author 

publications that  I’ve added in the Annexes section.  This work does not,  however,  find an 

integral place in my thesis as they do not integrate with the main topic of my dissertation.
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GENERAL INTRODUCTION

Viruses are the most abundant biological entities on the planet1,2,  infecting virtually 

every branch of cellular life3–7 and even other viruses8.  They are obligate parasites of their 

hosts, occasionally causing diseases, but their evolutionary history is independent due to their 

ability to cross species barriers1,4,9 on regular occasions throughout life's history. They play key 

roles in horizontal gene flows10,11, the regulation of ecosystems6 and nutrient cycles6. In a more 

anthropocentric view, they are responsible for major outbreaks throughout human history,  

with a recent rise in public interest with the coronavirus disease 2019 (COVID-19) pandemic 

caused by SARS-CoV-2. 

Despite viruses’ importance in shaping the Tree of Life11, evolutionary virology – the 

study of virus evolution – is a relatively young field12, inaugurated by papers on RNA virus high 

mutation13,14 and evolutionary rates15,16 in the 1960s and 1970s. These findings highlighted the 

key characteristic of RNA viruses that set them apart from other evolving entities: they have 

one of the highest mutation rates9, and subsequently evolve rapidly. This property led to the 

application of quasispecies theory – an alternative model to classical population genetics – as 

the main theoretical framework for RNA virus evolution for several decades17–19. Despite its 

controversies  and  limitations9,20,  the  theory  popularized  a  fundamental  idea  that  is  now 

carried by social evolution theories applied to virology21,22: that natural selection may act at 

the population level.

This  work  focuses  on  this  population  approach of  evolutionary virology using  two 

arthropod-borne viruses (arboviruses) with the goals to (1) explore the potential beneficial  

role that defective viral genomes play in virus evolution using a Zika virus defective genome 

previously  described  in  the  laboratory23,  and  (2)  characterize  the  population  dynamics  of 

chikungunya  virus  in  experimental  alternating  cycles  between insect  and  mammalian  cell 

lines. 

The following introduction aims at providing the reader with general knowledge on the 

mechanisms of RNA virus evolution, and the evolution of the idea of virus population as a unit 

of selection. I then briefly review in the introduction of Chapter 1 the generation mechanisms 

and  roles  of  defective  viral  genomes,  and  highlight  the  lack  of  literature  on  positive 

interactions with  wild-type genomes.  Finally,  in  Chapter  2,  I  present  the  specificity of  the 
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arbovirus life cycle and review the current literature on the experimental assessment of the 

trade-off hypothesis associated with generalism. 
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1. Mechanisms of RNA virus evolution

RNA viruses are fast-evolving biological entities, continuously engaged in an arms race 

against  the  cellular  organisms they infect.  Their  evolutionary (or  substitution)  rates  – the 

numbers of substitutions that reach fixation per nucleotide site and per year – range between 

10  to  10 ²  substitutions/nucleotide/year  (sub/n⁻⁵ ⁻ t/year),  with  a  median  rate  of  10 ³⁻  

sub/nt/year12,24. This number is many orders of magnitude above those of double-stranded 

DNA (dsDNA)  viruses  (typically  between  10  to  10  sub/n⁻⁹ ⁻⁷ t/year),  one  or  more  orders 

above single-stranded DNA (ssDNA) ones25.  Hence,  they are  ideal  model  systems to  study 

evolutionary processes at the human-life timescale and have been used to test evolutionary 

theories such as Muller’s ratchet 26 or the prisoner’s dilemma27. 

In  the modern synthesis  of  evolution,  population genetics is  a  powerful  theoretical 

framework used  to  decipher  and  explain  molecular  polymorphism  observed  in  nature.  It 

simply defines evolution as the change of allele frequencies in a population and defines four 

major forces that influence said frequencies: mutation, selection, genetic drift, and gene flow 

(or migration).  In this  section,  I  will  review the principal  mechanisms that  modulate RNA 

virus micro-evolution through this lens, intentionally omitting quasispecies theory, which will  

be discussed in the following section.  

1.1. High mutation rates in RNA viruses

If natural selection is by far the most popular force of ‘Darwinian’ evolution, to degrees  

such that evolution,  as a whole, is  commonly reduced to it,  mutation is probably the most 

important of them. Indeed, it is the only force that creates genetic novelty (alleles) de novo in a 

population and takes the form of punctual substitutions, deletions or insertions. It may not be  

a coincidence that the main characteristic of RNA viruses that sets them apart from other 

organisms  is  their  high  mutation  rates.  With  a  range  from  10  to  10 ³⁻⁶ ⁻  

substitutions/nucleotide/cycle (sub/nt/cycle)24, their error rates highly surpass those of DNA 

viruses (10  to 10  sub/nt/cycle)⁻⁸ ⁻⁶ 24 (Figure 1). On average, these error rates translate to one 

mutation per genome replication cycle.
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Figure 1 | Comparison of per-site mutation rates of different RNA viruses (orange) and other 
biological entities.  Mutation rates are expressed in sub/nt/cycle and genome sizes in nucleotides. 

Adapted from Gago et al., 200928.

A major determinant of these extremely high rates is the error-prone RNA-dependent 

RNA-polymerase  (RdRp)  of  RNA  viruses.  While  replication  of  genetic  information  is  an 

erroneous process per se, mechanisms of mismatch repair and proofreading usually buffer the 

amount  of  mutations  during  synthesis  in  DNA  organisms.  In  opposition,  most  RNA  virus 

RdRps, with the exceptions of viruses in the Coronaviridae and Roniviridae families, lack 3’-to-

5’ exonuclease proofreading activity9. Moreover, mutations that affect the RdRp fidelity itself 

have been identified in many viruses29–33,  allowing evolution of this heritable trait.  Indeed, 

fitness cost of both low and high-fidelity variants have led many to believe that mutation rates 

in RNA viruses may be finely tuned to produce  high genetic diversity while staying below a 

lethal threshold30,32–36. However, biochemical assays have linked such mutations in poliovirus 

to be associated with modified replication speed37. This evolutionary trade-off rather suggests 

that high mutation rates in RNA viruses are a rather tolerated than an optimized by-product of  

selection for faster replication37,38.

Additionally,  besides  intrinsic  polymerase  error  rates,  other  factors  contribute  to 

mutate viral genomes such as host cytosine deaminating enzymes from the APOBEC339–41 or 
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ADAR42,43 protein families. These enzymes are primarily used as a defense mechanism against 

viral infections, leading to hyper-mutated sterile genomes, but occasionally leave footprints on 

viral evolution39. Of note, while they induce a bias in mutation types from cytosine to uracil,  

with sometimes specific 3’ and 5’ context bias such as with the APOBEC3 superfamily 44, this 

only influences the distribution of the probability of mutations but not their random nature. 

1.2. Recombination and reassortment: forms of sex?

Recombination is often approached as a form of mutational process. This probably has 

to do with the fact that its main manifestation in RNA viruses, copy-choice recombination, 

occurs  during  replication  by  the  RdRp.  However,  its  effects  on  genetic  diversity  are  of  a 

different nature and can rather be assimilated with its sister process in segmented viruses,  

reassortment. Indeed, one can define recombination as the process that leads to the formation 

of a chimeric molecule from two or more parental genomes45. As such, recombination does not 

really create new alleles, but rather shuffles them into new haplotypes.

The  principal  mechanism  of  recombination  is  copy-choice  recombination.  In  this 

process,  the  RdRp starts  the  synthesis  of  the  complementary strand of  one parental  RNA 

molecule  (the  donor  template),  then  dissociates  from  the  donor,  switches  to  a  different 

acceptor template and resumes synthesis, resulting in a chimeric molecule of mixed origins. 

The exchange can occur between the same genomic region in the two parental templates, in 

which case the resulting molecule is a fully complete genome and the recombination is termed 

‘homologous’.  Conversely,  if  it  occurs  at  different  sites  or  between  dissimilar  parental 

molecules, the process is termed respectively ‘non-homologous’ or ‘illegitimate’45 (Figure 2). 

In  the  latter  cases,  the  resulting  product  is  often  deleterious  and  is  one  of  the  main 

mechanisms for the production of defective viral  genomes,  which will  be discussed in the 

introduction of Chapter 1. 
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Figure 2 |  Types of  copy-choice recombination products. Homologous recombination products 

have  the  same  genomic  organization  as  their  parental  genomes.  Non-homologous  recombinations 

produce duplications or deletions depending if the RdRp resumes extension on the acceptor template  

respectively in 5’ or in 3’ of the dissociation site on the donor template. Illegitimate recombinations 

result in chimeric progeny with different set of genes than their parental genomes. Dashed arrows 

represent dissociation and reassociation events of the RdRp from the donor to the acceptor template. 

Adapted from Mac Kain et al., 202146.

Alternative  mechanisms  of  recombination  involving  the  polymerase  have  also  been 

theorized, such as the ‘primer alignment-and-extension’  model47.  This process involves the 

hybridization of the 3’ end of a truncated RNA template with a complementary sequence. The 

truncated RNA then serves as a primer and is extended by the viral  polymerase using the 

opposite polarity genome as a template46,47. Non-replicative RNA recombination events have 

also  been  demonstrated  experimentally48,49.  In  these  processes,  truncated  RNA  templates 

(through cleavage, physical breakage, or aborted synthesis) spontaneously recombine through 

transesterification  reactions46,49 or  are  enzymatically  ligated  by  cellular  proteins46.  The 

biological relevance of such mechanisms is still under debate46.

Similar to mutations, replicative recombination is highly influenced by the erroneous 

replication of viral RdRps, and mutations affecting its rate are usually linked to altered fidelity 

and  replication  speed50.  However,  while  RNA  viruses  all  typically  display  high  rates  of 

mutations,  recombination  rates  vary  immensely  between RNA virus  families,  from almost 

clonal51 to highly recombinogenic52. However, these differences could be linked to differences 

induced by selection of recombinant products and should be validated through biochemical 

28



assays. Factors such as sequence homology52 and RNA secondary structure53 play major roles 

in the distribution of recombination breakpoints. 

Reassortment, on the other hand, is specific to segmented viruses, whose genomes are 

divided into different RNA or DNA molecules. In this specific case, no chimeric molecule is 

produced,  but  individual  segments  are  shuffled  to  produce  progeny  virions  containing 

molecules of mixed parental origin. Reassortment is very common in segmented RNA viruses, 

with about 70% influenza A virus progeny being the result of reassortment after an  in vivo 

infection55,56.  This  process  is  highly  constrained  by  RNA-protein  and  RNA-RNA  signal 

compatibility57,58, resulting in a skewed distribution of segments that participate in it57–59. 

Both  reassortment  and  recombination  have  been  experimentally  associated  with 

increased genetic diversity and virulence16,60–62, and are involved in virus emergence and re-

emergence.  For  example,  recombination  between  two  distinct  alphavirus species  is 

responsible for the generation of western equine encephalitis virus63, while multiple events of 

vaccine-derived poliovirus outbreaks are the result of recombination between live-attenuated 

vaccines and common enteroviruses64. Moreover, compelling evidence shows high numbers of 

recombination events inside the sarbecovirus subgenus, which could be responsible for the 

recent SARS-CoV-2-related pandemic65. Finally, reassortment in influenza A virus is one of the 

main drivers of the fast antigenic drift of seasonal flu66. 

These  results  have  led  many  authors  to  hypothesize  that  recombination  and 

reassortment are favored and fine-tuned by natural selection. Indeed, because both processes 

involve an exchange of parental genetic material resulting in chimeric progeny, recombination 

is often seen as a form of sex. As such, it falls into the prediction that sex can alleviate the 

accumulation  of  deleterious  mutations  in  asexual  populations  predicted  by  Muller’s 

ratchet26,67–69,  or  accelerate  the  rate  of  adaptive  evolution  by  combining  advantageous 

mutations, thus reducing the impact of clonal interference between beneficial mutations at 

two different loci70,71. However, other authors argue that non-adaptive explanations are more 

parsimonious  to  explain  differences  in  observed  recombination  rates.  Simon-Loriere  and 

Holmes suggest that RNA virus large population sizes and high mutation rates are sufficient 

enough to counter Muller’s ratchet and generate advantageous combinations of mutations45. 

Rather, they propose that recombination rates are by-products of viral genome organization 

and life cycles: negative-sense single-stranded RNA (-ssRNA) viruses experience low rates of  

recombination  because  their  RNA  molecules  are  quickly  bound  and  stabilized  by 
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nucleoproteins;  coronaviruses’  high  rates  are  encouraged  by  the  necessity  to  produce 

subgenomic mRNAs through template switching45. 

1.3. Natural selection and distribution of fitness effects

Evidence of natural  selection in RNA viruses  is  countless.  From antiviral resistance, 

innate and adaptive immune escape, to adaptation to new hosts or tissues, selection gives a 

direction  to  evolution  through  adaptation.  However,  it  is  important  to  keep  in  mind  that 

selection only acts on standing genetic variation already present in the population, and  de 

novo mutations are produced randomly. It does not produce adaptive alleles but rather fixes 

among the ones present, those that are better adapted. 

To model natural selection, population genetics uses the concept of ‘fitness’, which is 

defined as the expected number of viable progeny produced by one allele.  While absolute 

fitness is difficult to measure experimentally in an unbiased manner, relative fitness  w  – the 

change in frequency of one allele in regard to the total population – is easier to assess and can 

be denoted as:

Equation 1 p (t+1 )=
w

w
p (t ) ,

with  p (t ) the frequency of the allele at generation  t ,  and  w  the mean relative fitness of the 

population, usually set to 1 for convenience. It is then possible to define a selection coefficient  

s as the relative advantage or disadvantage of one mutant allele against the reference wild-

type as  w=1+s.  Of note, fitness and selection coefficient are  not absolute concepts and are 

measured for specific environments and genetic backgrounds Alleles can be advantageous in 

one condition and detrimental in another one, which will be further discussed in section 1.6.

A fundamental question in evolutionary biology concerns the proportion of mutants 

that are lethal, deleterious, neutral, or beneficial. Indeed, the pertinence of the neutral theory 

of molecular evolution theorized by Motoo Kimura72,73 as a null hypothesis and explanation of 

observed  molecular  polymorphism74–76 is  still  debated  more  than  50  years  after  its 

introduction. The underlying problem of the distribution of fitness effects (DFE) of mutations 

is even more relevant to RNA virus evolution given that high mutation and replication rates 

and small genome sizes allow RNA viruses to virtually explore all possible mutations. Initial  

assessment in  vesicular  stomatitis  virus  of  the DFE in RNA viruses lead by Sanjuán  et  al. 
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(Figure  3)  confirmed  the  expectations  that  almost  70%  of  mutations  were  deleterious, 

including almost  40% lethal  ones,  while  beneficial  mutations  were  rare  (less  than 5%)77. 

These observations were then further confirmed in other model bacteriophages78,79 and more 

recently with ultra-deep sequencing approaches in dengue virus80. While the high proportions 

of  deleterious  mutations  were  expected  for  non-synonymous  changes  because  of  the 

compactness and lack of redundancy in RNA virus genomes, evidence of parallel fixation of 

non-coding or synonymous mutations81 suggests that these types of mutations may also not 

be strictly nor behave neutral82.

Figure 3 | Distribution of lethal, deleterious, neutral and beneficial effects of random mutations 
in vesicular stomatitis virus. (A) Table of proportions and mean fitness effects (in percentages of 

change) of each class of point mutations. (B) Histogram of the distribution of fitness effects. Adapted 

from Sanjuán et al., 200477.

A  common  metaphor  to  visualize  the  directionality  of  evolution  through  natural 

selection  is  the  adaptive  fitness  landscape.  In  this  simplified  model,  genomes  and/or 

populations  explore  a  multi-dimensional  sequence  space  comprising  all  possible 

combinations of mutations in which topology is defined by the fitness values of corresponding 

haplotypes. If selection is strong enough to dominate substitution rates, populations tend to 

climb fitness ‘hills’, increasing their mean fitness. The topography of this fitness landscape is 

therefore essential in defining the direction of adaptation: if the landscape only comprises a 

single hill,  molecular evolution is highly parallel and the population eventually reaches the 

theoretical ‘highest peak’, while if multiple peaks exist and are distant enough, populations can 

climb local hills and reach local optimum fitness, thus getting trapped as they cannot go down 

31



in fitness values to reach the global highest peak (Figure 4).  Landscape ruggedness83 and 

steepness of hills84 are also predicted to play a role in molecular evolution, particularly under 

the  quasispecies  theory  and  the  subsequent  ‘survival  of  the  flattest’  model  which will  be 

discussed in section 2. Nevertheless, this metaphor has caveats: populations that reach fitness 

peaks  are  predicted  to  enter  stasis  in  rates  of  adaptation,  but  long-term  experimental 

evolution on bacteria shows that while these rates slow down, they do not reach zero and 

better fit a power law dynamic85. 

Figure 4 | Adaptive pathways on a fitness landscape. An ancestral genotype can climb fitness peaks 

by using adaptive routes which increases its fitness along the way. Multiple paths (solid lines) are 

possible, and the peak it reaches depends on stochastic contingency of evolution. A genotype located 

on a local sub-optimal peak (B) can no longer reach the highest peak (A) as it requires to decrease its  

fitness first (dashed line).

1.4. Population sizes and genetic drift: the importance of bottlenecks

In opposition to natural selection, genetic drift is a non-adaptive random process of 

evolution.  It  is  the  stochastic  fluctuation  of  allele  frequencies in  finite  populations  and  is 

usually modeled as the result  of  random sampling of alleles participating in the following 

generation.  Consequently,  the  importance of drift  is  inversely proportional  to  the effective 

population size  N e – the number of genomes actively participating in the production of the 

next  generation.  The  effects  of  genetic  drift  in  small  populations  can  be  dramatic:  it  can 

eliminate  rare  beneficial  alleles  before  they reach fixation,  and  conversely  fix  detrimental 
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ones, hindering population mean fitness. For de novo neutral mutations, their rate of fixation 

in  asexual  populations  is  estimated  to  be  of  the  order  of  µ the  mutation  rate,  and  more 

importantly independent of  population size.  This substitution rate at neutral sites is  often 

used as a molecular clock to reconstruct phylogenies.

One prediction of genetic drift in asexual populations is the stochastic accumulation of 

detrimental mutations over cycles of replication, leading to the collapse in mean population 

fitness values, termed ‘Muller’s ratchet’67.  This prediction has been verified in RNA viruses 

through  experimental  plaque-to-plaque  passages68,69.  However,  whether  this  phenomenon 

happens in natural viral populations has yet to be shown and might be dissipated by high 

recombination rates26 or compensatory mutations45. 

More importantly, the estimation of effective population sizes N e of viral populations is 

fundamental  to  deciphering  which  of  genetic  drift  or  selection  plays  the  major  role  in 

substitution rates  in  RNA virus  evolution.  Indeed,  population genetics  predicts  that  when 

N e s≫1,  selection  dominates  the  dynamic  of  substitution  rates.  A  naive  approach  to  the 

question would assume that because viral population sizes are so large during infection, even 

near-neutral  low  selective  effect  mutations  can  be  selected.  However,  viral  populations 

undergo successive transmission bottlenecks during their life cycles at within-86–88 and inter-

host87–91 levels, and studies have shown that such bottlenecks affect genetic diversity through 

founder effects91,92. 

These  drops  in  genetic  diversity  and  potential  random  fixation  of  detrimental 

mutations (which we previously stated are the majority) have been associated with decrease 

in viral population fitness experimentally93,94. Surprisingly, bottlenecks can also have positive 

effects on fitness95: in theory, they can displace populations away from a local fitness optimum 

in  the adaptive  landscape,  allowing them to  explore  and  potentially  reach higher  peaks87. 

Bottlenecks  can  also  prevent  the  emergence  of  social  cheaters  by  limiting  co-infection 

events21,87 and improve selection on trans-complementing alleles87. 

1.5. Genome organization, replication and mode of transmission

While  mutation,  selection  and  genetic  drift  are  direct  forces  acting  on  allele 

frequencies, other factors constrain or influence the outcome of these forces.
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Generally speaking, RNA viruses have very short genomes with an average size of about 

10,000 nt9.  Therefore, they have very low to no redundancy in gene functions and extremely 

high proportions of coding sequences.  The remaining non-coding regions are often further 

constrained by bearing RNA structures essential to the virus life cycle. Moreover, some RNA 

viruses have overlapping open-reading frames (ORFs) usually involving a +1 or -1 frameshift,  

such  as  in  the  Coronaviridae family.  These  highly  constrained  genomes  may  explain  the 

majority of deleterious mutations found in RNA viruses: mutations cannot be compensated by 

redundant genes and may affect multiple functions at once.

Genome organization itself also plays a major role. First, RNA polarity of the packaged 

genome influence how important RNA secondary structure is: positive-sense single-stranded 

RNA  (+ssRNA)  virus  genomes  must  serve  as  templates  for  translation,  replication  and 

packaging, therefore cis-acting RNA elements (CREs) are fundamental for RNA modularity96,97. 

On the other hand, I have discussed in section 1.2 how -ssRNA virus genomes rapidly form 

ribonucleoprotein complexes which limit the extent of recombination. Further, segmentation 

of  RNA  virus  genomes  limits  the  extent  of  hitch-hiking  mutations  –  neutral  or  slightly 

deleterious mutations that reach fixation by being physically linked to positively selected loci – 

across the genome through reassortment45. To an extreme, multipartite viruses – segmented 

viruses  that  package  their  individual  molecules  in  separate  virions  –  allow  almost 

independent evolution of genome segments98,99. Finally, translation strategies and how viruses 

regulate  relative  protein  abundance  constrain  genetic  regions  that  serve  as  signals;  some 

viruses transcribe multiple mRNAs or subgenomic RNAs; others simply cleave the translated 

polyproteins,  and some others use discontinuous transcription,  frameshift  or read-through 

stop codons45.

In addition, replication mode has been theorized to affect mutation accumulation in the 

population. Evidently, replication rates, and more specifically the speed of a single infectious 

cycle  from  one  cell  to  another,  significantly  modulates  substitution  rates.  Fast-replicating 

viruses  are  predicted  to  accumulate  more  mutations  over  time  than  latent  viruses.  More 

dramatically,  for retroviruses in which replication is dominated by clonal expansion of the 

infected cells they integrated their genome in, substitution rates tend to be closer to their host 

evolutionary  rates100.  Of  significance,  which  RNA  molecules  can  be  used  as  templates  for 

replication  in  a  single  cell  determines  the  distribution  of  the  number  of  mutations  per 

genome. If a single or few molecules are used to produce all progeny, mutations accumulate 
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linearly  following  a  so-called  ‘stamping  machine  replication’  mode  and  the  number  of 

mutations is expected to fit a Poisson distribution101. In opposition, if all progeny RNAs can 

serve  as  templates,  mutations  accumulate  geometrically  (‘geometric  replication’)  and 

therefore at a faster rate101.

Finally,  transmission  mode  also  affects  evolutionary  rates.  Collective  dispersal  of 

virions102–104 locally increases the multiplicity of infection and therefore co-infection events, 

which favor recombination. Vector-borne viruses tend to have slower substitution rates due to 

having  to  find  compromises  to  adapt  to  different  hosts  and  environments  (this  will  be 

discussed in detail in the introduction of Chapter 2). And even surprisingly, host alternation 

can promote genome integrity in Rift Valley fever virus105. 

1.6. Epistasis and pleiotropy

As  stated  previously,  mutations  do  not  possess fitness  effects  (or  even  phenotypic 

effects)  per  se,  rather  their  fitness  is  dependent  on  their  genetic  background  and  the 

environment. To better comprehend the effect of genetic background on a mutation at a given 

locus, population genetics uses the concept of ‘epistasis’ which can be defined as the deviation 

from purely additive phenotypic effects of mutations at two or more loci. What that means is 

that epistasis is the result of the interaction of mutations at different loci.  We can identify 

different types of epistatic interactions: magnitude epistasis and sign epistasis (Figure 5A). 

Magnitude  epistasis  is  defined  when  two  mutations,  both  either  beneficial  or 

detrimental,  interact in such a way that their absolute combined fitness effects is  stronger 

(synergistic epistasis) or fainter (antagonistic epistasis) than the expected addition of the two. 

Theoretically,  synergistic  epistasis  can  happen  through  positive  feedback  loops  when 

mutations affect the same metabolic pathway. However, studies in RNA viruses have shown 

that the widespread deleterious mutations interact mostly in an antagonistic (positive) way106–

108:  they tend to compensate each other.  These compensatory mutations are thought to be 

mainly linked to protein109 and RNA secondary structures110. In the latter case, this can explain 

the positive selection patterns of non-coding or non-synonymous mutations81 observed and 

argues against selective neutrality of these sites110. Analysis of interactions between beneficial 

mutations also shows a trend for antagonistic (negative) epistasis108. This tendency for mostly 
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antagonistic  epistasis  in RNA viruses can be explained by their  small,  lack of redundancy 

genomes: mutations will often damage the same function111,112. 

Sign epistasis on the other hand happens when the deleterious or beneficial effect of a 

mutation is reversed in presence of another mutation. To an extreme, reciprocal sign epistasis  

occurs when two beneficial or deleterious mutations combined result in the opposite fitness 

effect. These interactions are of particular interest as they can lead viruses into fitness traps:  

one  beneficial  mutation  could  cause  other  otherwise  beneficial  mutations  to  become 

deleterious, blocking further adaptation113.  Conversely, stabilizing mutations can permit the 

fixation  of  otherwise  destabilizing  mutations  with  advantageous  phenotypes109.  More 

generally, sign epistasis highly constrains the trajectory of molecular evolution, and has been 

linked to the  divergence of Asian and Indian Ocean lineages of chikungunya virus in their 

capacity to adapt to the Aedes albopictus mosquito species113,114. Widespread sign epistasis is 

predicted to result in more rugged fitness landscapes115, increasing the role of contingency in 

evolution.

While the study of epistasis is interested in the interaction of two or more mutations on 

one phenotype, pleiotropy is the phenomenon of one mutation affecting different functions at 

once. Consequently, trade-offs are the result of pleiotropy.

First, pleiotropy can be considered at the genome level: because viral proteins usually 

have  multiple  functions,  or  change  functions  after  post-translational  modifications,  single 

mutations are expected to affect different phenotypes at once. Moreover, for RNA viruses with 

overlapping ORFs, mutations affect different proteins at once. Interestingly, because they are 

usually the result of +1 or -1 frameshifts, synonymous mutations in one ORF usually results in  

a non-synonymous change in the other one, highly constraining the space of non-detrimental  

mutations.  Additionally,  RNA secondary structure  and presence of  CREs in  coding regions 

means that structural stability of mutations must also be taken into consideration in addition 

to residue change in resulting proteins.

Alternatively, pleiotropy also applies to the difference in fitness effects of mutations in 

different  environments.  Similar  to  epistasis,  pleiotropy  can  affect  the  strength  of  one 

mutational effect across different environments (magnitude pleiotropy) or the detrimental or 

beneficial  nature  of  said  mutation  (sign  or  antagonistic  pleiotropy)  (Figure  5B). 

Environmental pleiotropic effects of mutations have been widely studied in RNA viruses for 
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adaptation to  different  temperatures116,117,  and in  the  case  of  vector-borne viruses  for  the 

adaptation to multiple hosts. Because antagonistic pleiotropy tends to be widespread in the 

latter case,  its  study is  of  significant importance to understand the evolution of generalist 

organisms and will be the topic of Chapter 2.

Figure 5 | Different types of epistasis and environmental pleiotropy.  (A) Epistatic interactions 

result in fitness deviations from the expected linear sum of gene fitness effects. Stacked color bars 

correspond to the expected fitness effects of double-mutants without epistasis, while brown ones are 

the observed fitness effects. The left part of magnitude epistasis corresponds to antagonistic epistasis, 

the right part to synergistic epistasis. Plus (+) and minus (–) symbols indicate what are typically called 

respectively ‘positive’  and ‘negative’  epistasis  depending on the initial  fitness effects  of  mutants of 

interest.  (B)  Environmental  pleiotropy  corresponds  to  differences  in  fitness  effect  of  the  same 

mutation in different environments. Inspired by Bergh et al., 2018118.

1.7. Mutational robustness

Because  RNA  viruses  have  elevated mutation  rates  and  a  majority  of  them  are 

deleterious  or  lethal,  they  have  developed  different  mechanisms  to  buffer  the  mutational 
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burden.  This  buffering  of  mutation  effects,  termed  ‘mutational  robustness’  occurs  at  the 

genomic, population and cellular levels. 

Genetic mutational  robustness  often  takes  the  form  of  codon  optimization:  while 

different codons can give rise to the same amino acid, they differ in their position in the fitness 

landscape, and consequently in their accessible mutational neighbourhood119,120. For example, 

the use of codons that have higher chances of resulting in synonymous or similar amino acid 

changes through random mutations is more robust. Consequently, codon-deoptimized viruses 

have been shown to have reduced fitness and pathogenicity121,122 and can be used to make 

safer  live-attenuated  vaccines122,123.  These  studies  could  be  criticized  because the  cost  of 

deoptimizing  codons  can  be  confounded  with  the  effects  of  discrepancies in  codon  bias 

between  the  virus  and  its  host122,124;  however  mutational  robustness  has  been  elegantly 

demonstrated in coxsackie B3125, influenza A125 and chikungunya virus123 by attenuating them 

through  codon  substitution  with  synonymous  ones  closer  to  non-sense  mutations. 

Interestingly,  mutational  robustness  through codon optimization reveals  a  property of  the 

geometry of the fitness landscape: at high mutation rates, genomes that replicate the fastest  

(the fittest)  do not  necessarily  outcompete  more robust  slower replicator84,119,126.  This  can 

happen because the mean expected fitness of one progeny genome does not depend solely on 

the fitness of its progenitor, but is the integration of fitness values of all possible neighboring 

mutations. This phenomenon is thus termed ‘survival of the flattest’ in reference to the gentler 

gradient  in  fitness  effects  surrounding  local  peaks.  Survival  of  the  flattest  has  first  been 

demonstrated  in  digital  organisms84,  and  in  vitro evidence  has  shown  that  in  artificially 

elevated mutation rate conditions, more robust and less fit populations outcompete otherwise 

fitter ones126,127. Nevertheless, evidence of such dynamics at natural mutation rates has yet to 

be found9. 

At the population level,  robustness can occur first through population size. Because 

RNA virus populations are generally large, unmutated progeny numbers can be sufficiently 

large to survive and propagate to the following replication cycle. When combined with large 

amounts  of  lethal  and highly  deleterious  mutations,  population size  allows the  quick  and 

efficient purge of unwanted alleles. This property has been coined ‘population robustness’128. 

Of  note,  this  form of  robustness  relies  on  individual  genome hypersensitivity129,  therefore 

opposing  itself  against  genetic  robustness.  Additionally,  population-level  robustness  can 

emerge  from  networks  of  complementation  between  mutated  genomes.  Because  random 
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mutations are expected to affect different functions in progeny,  trans-complementation can 

buffer the effect of detrimental mutations through shared viral resources. This mechanism can 

extend  itself  to  include  co-infection  events  at  high  multiplicity  of  infection  and  has  been 

demonstrated in RNA phage 6ɸ 130. Interestingly, in the latter study, Montville  et al.  showed 

that high levels of co-infection relax the need for genetic mutational robustness130. 

Finally,  extrinsic  factors  also  provide  robustness  to  mutational  changes.  Molecular 

chaperones of the heat shock protein (Hsp) family are expressed during cellular stress to 

prevent  misfolding  of  cellular  proteins  during  biogenesis  or  facilitate  the  degradation  of 

misfolded ones. As such, they can preserve protein functionality regardless of destabilizing 

detrimental  mutations.  Hsp proteins are  known to  often interact  with viral  proteins128 for 

trafficking or assembly131, and play essential roles in viral entry132,133 and RNA synthesis134 of 

some viruses. Moreover, over-expression of chaperones is common during viral infections135, 

leading to the hypothesis that they can also buffer detrimental mutations in viral genomes. 

Indeed, inhibition of Hsp90 cellular expression affects poliovirus capsid variants’ fitness and 

influences synonymous mutant distribution136. 

Because mutational robustness buffers the effects of mutations, it hereby reduces the 

heritability of traits.  A naive approach would lead to the conclusion that evolvability – the 

capacity of  a  system for adaptive evolution through the selection of heritable traits  – and 

robustness  are  antagonistic.  However,  contradictory  results  rather  show  increased 

evolvability in robust systems137. This apparent contradiction can be resolved because robust 

populations can explore a wider neutral space of mutations, therefore having a wider panel of  

accessible  alleles138.  In  addition,  robust  populations  with  cryptic  genetic  diversity  in  one 

environment  can  show  potentially  higher  phenotypic  diversity  through  environmental 

pleiotropy138. However, demonstrations of such phenomena have yet to be described in RNA 

viruses.
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2. RNA virus populations as a unit of selection: from quasispecies to social 
evolution theories

Quasispecies theory was first formulated by Manfred Eigen in 1971 to describe and 

predict the evolutionary dynamics of self-replicating macromolecules (presumably RNAs) at 

the origins  of  life139,  although the term  quasispecies itself  was only coined in 1977140.  The 

theory was developed to study replicating entities at extremely high error rates,  which was 

argued could not be done using classical population genetics as it was developed under the 

assumption of low mutation rates. At its core, it describes the dynamic of such populations as 

a  distribution  of  mutant  macromolecules  closely  linked  by  mutational  networks  and 

dominated  by  one  or  several  master  copies140.  Because  these  molecules  are  genetically 

coupled,  frequencies of  variant genomes do not depend on their  own replication rates  or 

fitness,  but  also  on  their  production  by  erroneous  replications  of  linked  genomes.  As  a 

consequence, quasispecies theory defines the unit on which selection operates as the mutant 

distribution, and not individual genomes141. 

After the findings of the high error rates of RNA bacteriophage Q  by Domingo β et al. in 

197813,  quasispecies  theory  was  broadly  adopted  by  virologists  to  describe  and  explain 

experimental  evolution  results,  and  served  as  the  main  theoretical  framework for  several 

decades17–19.  Of note, it guided successful antiviral strategies such as lethal mutagenesis by 

nucleotide  analog  treatments142,143,  and  increased  interest  in  evolutionary  concepts  in 

virology9. Nevertheless, many authors criticized the relevance of quasispecies theory to RNA 

virus (and even DNA virus) evolution, arguing mainly that mutation rates were not sufficiently 

high to observe such mutation coupling dynamics9,20. In recent years, alternative theories that 

also predict  that  selection acts on groups of viral  genomes have gained popularity among 

virologists21,22. Among them, social evolution theories rely on kin and/or group selection and 

is  compatible  with  population  genetics  (although  not  without  its  own  controversies). 

Additionally, it does not rely on the extreme mutation rate assumptions of quasispecies theory. 

In  this  section,  I  briefly  present  quasispecies  theory  and  its  main  concepts  and 

predictions,  and  confront  them  with  the  main  arguments  against  its  application  to  RNA 

viruses.  I  then proceed  to  review different  types  of  collective  behaviors  observed in  RNA 

viruses and argue that  a  population-wide approach is  still  necessary to comprehend viral 

evolution, then present social evolution theories. Finally, I argue that defective viral genomes 
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and other non-standard genomes should be considered as part of viral populations, therefore 

contributing to their evolution.

2.1. Quasispecies theory: a controversial debate among virologists

2.1.1. DEFINITION OF QUASISPECIES TERMINOLOGY

A substantial amount of criticism towards quasispecies theory targets the misuse of its 

terminology in virology literature. Indeed, many authors use the term ‘quasispecies’ solely to 

refer  to  genetic  polymorphism,  or  as  a  synonym  for  viral  populations,  without  any 

consideration for its underlying mathematical model9,141. As stated earlier, a quasispecies is a 

specific network of mutants bound under mutation coupling dynamics. Here, the terminology 

(molecular)  species refer  to  a  single  replicative  unit140 and has no link with the naturalist 

species concept. Because one species abundance relies not only on its own replication but also 

on that of other mutationally linked ones, the network behaves as (quasi-) a single replicative 

unit  (-species),  and  evolutionary  forces  act  on  this  second-order  species rather  than  on 

individual molecules. In the following sub-section, I will introduce the fundamental equations 

in quasispecies theory and the popular concepts associated with it.

First, quasispecies theory defines the rate of frequency changes ẋ i of the mutant  i as:

Equation 2 ẋ i (t )=( A iQii−Di )x i (t )+ ∑
k=1 , k ≠i

n

w ik xk ( t )+ϕi ,

with Ai the replication rate, Qii the fraction of non-erroneous replication from sequence i to i, 

Di the rate of degradation of i, w ik the rate of production of sequence i from sequence k  such as 

w ik=A kQik, and ϕi the flow of removal of sequence i outside of chemical reactions140. To note, 

Ai integrates  the  concept  of  fitness  (the  rate  of  reproduction),  while  Qii is  related  to  the 

mutation rate µ such as Qii=1−µ. The term W ii=AiQii−D i, called the ‘intrinsic selective value’ 

by Eigen140,  therefore represents a mutation-selection balance coefficient144 which tends to 

resemble population genetics relative fitness w  when mutation rates µ are close to zero144. The 

quasispecies  is  then  defined  as  the  linear  combination  of  x i,  and  the  fittest  distribution 

corresponds to the quasispecies composition defined by the eigenvector  associated with the 

maximum eigenvalue of the matrix W : 
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Equation 3 W=[
W 11 w21 ⋯ w k1

w12 W 22 ⋯ w k2

⋮ ⋮ ⋮ ⋮

w 1k w2k ⋯ W kk

]
From the previous formula, one can then define the ‘master sequence’ as the one with 

the highest intrinsic selective value W ii, which dominates the mutant distribution (sometimes 

called  mutant  ‘swarm’,  ‘cloud’  or  ‘spectrum’)  and  is  critical  for  the  maintenance  of  the 

information in  the  distribution140.  Importantly,  the  master  sequence is  not  necessarily  the 

most abundant in the distribution: this is rather determined by the values of the eigenvector, 

and  its  sequence  does  not  necessarily  match  the  consensus  sequence  –  the  sequence 

composed of the most dominant nucleotide at each position in the population.  Even more 

surprisingly, the consensus sequence may not be represented at all in the viral swarm. This 

latter  consequence is  of  particular  importance,  as  a  substantial  part  of  virology literature 

bases its conclusions on the consensus sequence and admits it as the ‘wild-type’ (Figure 6). 

Figure 6 | Simplified representation of a quasispecies. (A) Mutant network of the quasispecies on a 

fitness landscape (gray circle gradient). The master sequence (star) is the fittest of the distribution. 

Circle  sizes  represent  variant  abundances.  Solid  lines  correspond  to  mutational  coupling  between 

variants.  (B)  Composition  of  the  quasispecies.  The  master  sequence  is  not  necessarily  the  most 

abundant sequence, which is indicated by the gray arrowhead. The consensus sequence corresponds to 

the ‘average’ sequence of the population and is not necessarily represented in the quasispecies.
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2.1.2. THE ERROR THRESHOLD

A  second  aspect  of  quasispecies  theory  focuses more  on  the  stability  of  the 

quasispecies  itself.  Briefly,  because  the  master  sequence  is  assumed  to  dominate  the 

distribution  and  hold  its  information  content,  its  disappearance  through  excessive  error 

would lead to the collapse of the quasispecies itself,  resulting in a random distribution of  

mutations (no information). This predicts an ‘error threshold’ above which the information is 

lost. It is defined when the average error rate ¯pmax is

Equation 4 ¯pmax=
ln (σm )
νm

with  σ m=
Am

Dm+ ¯Ek ≠m

 .

σ m is the superiority parameter of the master sequence m, νm the amount of information in the 

master sequence (which is proportional to its length), and ¯Ek ≠m the average productivity of all 

competitors k  such as ¯Ek ≠m=∑ ( Ak−Dk ) xk /∑ xk . Consequently, the more information νm in a 

sequence (the longer it is), the lower the error threshold is at similar superiority values of the 

master sequence. Moreover, the master sequence must maintain a superior replication rate Am 

(independent of its accurate replication) which compensates for its degradation  Dm and the 

overall production of minor sequences  ¯Ek ≠m. Of note, as pointed out by Bull  et al., the error 

threshold of one quasispecies only signifies that the master sequence holding its structure 

gets lost, but another master sequence of lower selective value W ii can replace it and generate 

a new distribution145. Only when no other sequence can sustain its information content does 

the population reach the ‘extinction threshold’145 where the viral population goes extinct.

The error threshold is a fundamental prediction of quasispecies theory and has been at  

the origin of the concept of lethal mutagenesis as an antiviral  strategy9,143.  The major idea 

coming from studies around viral polymerase fidelity is that viral populations tend to have 

mutation rates situated just below the error threshold to maximize genomic diversity and thus 

adaptability30,32–36.  As such, using mutagens such as 5-fluorouracil or ribavirin can push the 

mutation rate passed the threshold and lead the population to  an ‘error catastrophe’.  The 

effects of lethal mutagenesis have shown successful attenuation of viruses in vitro146–149 and in 

vivo150. However, whether this attenuation is due to a true ‘error catastrophe’ is still debated9. I 

will discuss in section 2.1.4 alternative explanations for the observation of lethal mutagenesis. 
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2.1.3. SURVIVAL OF THE FLATTEST QUASISPECIES

Another prediction of quasispecies theory is the ‘survival of  the flattest’  which  was 

introduced in section 1.7. Particularly for quasispecies, the evolutionary dynamic is not linked 

to  genetic  mutational  robustness  of  single  genomes,  rather it  is  a  property of  the mutant  

network as a whole acting as a single unit. Because the distribution spans across a surface of 

sequence space,  the  topology of  the  landscape plays  an important  role:  the  fitness  of  the 

quasispecies is determined as the linear combination of the fitness of each mutant. As a result,  

highly diverse and spread-out distributions on lower but flatter peaks tend to have better 

fitness  overall  than  ones  situated  at  higher  sharper  peaks.  In  contrast to  mutational 

robustness  at  the  genome  level,  where  more  robust  genomes  outcompete  lesser  ones  at 

elevated mutation rates, and is the result of contingent random mutations, this survival of the 

flattest  dynamic  in  quasispecies  is  completely  deterministic  as  the  population  is  already 

composed of a mutant spectrum (Figure 7).

Figure 7 | Survival of the flattest at high mutation rates or in quasispecies.  At low mutation rates 

the fittest variant (orange) produces on average a fitter progeny than the more robust but less fit  

variant (yellow). At high mutation rates, progeny genomes accumulate more mutations and are more 
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genetically distant than their progenitor. Because the more robust variant lies on a flatter peak, fitness 

values decrease less dramatically with genetic distance, resulting on average in a fitter progeny than 

the fittest variant. In quasispecies, the respective mutant networks already span the high mutation rate 

distribution, and the average fitness correspond to the fitness of their populations. Arrows indicate 

average fitness of progeny (mutational robustness) or mutant networks (quasispecies). Adapted from 

Sanjuán et al., 2007127.

2.1.4. LIMITATIONS AND CONTROVERSIES OF QUASISPECIES THEORY

As stated before, the main controversy around quasispecies theory is its applicability to 

RNA virus evolution. Indeed, many authors argue that mutation rates in RNA viruses, and even 

more so in DNA viruses, are too low to allow mutational coupling between mutants 9,20. Indeed, 

validation of quasispecies dynamics in silico with digital organisms by Wilke et al. has shown 

that survival of the flattest only emerges at mutation rates ranging from 1.13-3.5 mutations 

per  genome  per  replication  cycle  (mut/genome/rep)84,  or  for  Comas et  al. above  2 

mut/genome/rep151.  This is typically higher than the 1 mut/genome/rep usually associated 

with RNA viruses. In opposition, evidences of survival of the flattest  in vitro126,127 push other 

authors to affirm that these tested viruses do indeed follow a quasispecies dynamic, although 

it is only observed at artificially elevated mutation rates. 

Moreover,  other  critics  target  the  use  of  quasispecies  theory  as  an  alternative  to 

classical population genetics and argue that all current observations are more parsimoniously 

explained by an already robust and validated theoretical framework. For example, I developed 

in section 1.7 how survival of the flattest is also predicted in population genetics while only 

involving genetic mutational robustness and the majority of deleterious mutations in the DFE, 

without  the  need for  mutation  coupling.  Additionally,  the  underlying  mechanism of  lethal 

mutagenesis  is  not necessarily  the  error catastrophe theorized under quasispecies  theory. 

Indeed, the error catastrophe only predicts the loss of the master sequence but not necessarily 

the collapse in fitness of the population. First, mutagen treatments can lead to the selection of  

high-fidelity  and  mutagen-resistant  variants29,149,152,153 or  more  robust  genomes127,  thus 

actually increasing their fitness value in the fitness landscape under mutagenic conditions. 

Further,  loss  of  viral  infectivity  can  still  happen  while  the  viral  population  continues  to 

replicate because of the action of defective genomes148. Finally, the approach of viral extinction 

through loss of sequence information is also too stringent: mutational robustness allows the 

maintenance of phenotype despite the deformation of the initial information. Rather, lethal 
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mutagenesis  can simply be explained by the increase in  the expected number of lethal  or 

deleterious mutations per replicated genomes. This last approach allows for a more relaxed 

definition of a different lethal mutation threshold that could be typically lower than the error 

threshold predicted by quasispecies theory.

In addition, other phenomena have been associated with quasispecies theory, although 

they  are  not  directly  predicted  by  it.  Among  them,  the  concept  of  ‘memory  genomes’  in 

quasispecies  refers  to  genomes  that  were  once  dominant  (master  sequences)  in  the  past 

evolutionary  history  of  the  population,  but  declined  and  remained  as  minority  variants 

through constant replenishing by mutational coupling. In theory, they can accelerate the rate 

of re-adaptation to former selective pressures through simple selection forces and become 

dominant again. The existence of such memory genomes has been reported in viral systems in 

vivo150,154,  and  sheds  light  on  the  importance  of  minority  variants  and  the  historical 

contingency of viral evolution9. Nevertheless, the maintenance of sequences at minority levels 

is  not  specific  to  quasispecies  and can be achieved if  these  sequences  do not  accumulate 

deleterious mutations over time and are lost through genetic drift.

In conclusion, I argue that whether or not quasispecies dynamics are possible in RNA 

virus populations, they do not provide better evolutionary explanations to experimentally or 

naturally  observed  viral  evolution  patterns.  Nevertheless,  quasispecies  theory popularized 

among virologists the idea that the unit of selection is not necessarily the individual genome, 

but could be analyzed at a second-order level. In the next sub-sections, I will illustrate how 

viral genomes interact in complex manners to replicate, then argue for another type of group 

selection theory.

2.2. Collective behaviors of viral populations

2.2.1. COMPLEMENTATION AND MINORITY VARIANTS

One  form  of  interaction  between  different  viral  genomes  is  complementation:  one 

genome produces proteins that can then help in trans other genomes in their infectious cycle. 

Most of  the examples of complementation described in the literature show how wild-type 

genomes can rescue functions of other genomes that have depleted functions 155–157. However, 

the extent of complementation does not stop at helping otherwise defective genomes, but can 

also happen between strains containing beneficial mutations. In their paper, Xue et al.  show 
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how two influenza A virus variants at residue 151 in the neuraminidase (NA) protein are 

capable of cooperating to increase viral  yields superior to  pure populations of one or the 

other158. The proposed mechanism is that one of the variants (G151) is more proficient at cell 

entry while the other (D151) improves cell exit, and assembly would result in chimeric virions  

containing  both  NA  protein  variants,  regardless  of  the  genome  variant  packaged.  This 

complementation between strains leads to stable mixed populations after multiple passages,  

and even becomes obligate when the hemagglutinin protein lacks receptor-binding activity158. 

Interestingly, complementation between genomes is not completely random, and some 

genomes are required to produce some proteins in cis to be able to be complemented in trans 

for other functions. In their paper, Rezelj  et al.  show that a defective viral genome (DVG) of 

Zika virus can only be complemented by a helper full-length genome if the DVG retains its ORF 

without  frameshifts23.  More  generally,  it  appears  possible  that  not  all  proteins  can  be 

complemented in  trans,  and spatial distribution of replication units and viral factories in a 

single  cell  could  affect  protein  flow.  For  example,  structural  proteins  are  thought  to  be 

typically  more easily  shared,  to  the  extreme that  envelope glycoproteins  from other  virus 

species  can  be  used  for  delivery  of  genetic  material of  other  species  such  as  in  virus 

pseudotypes159.  Further research should be conducted to resolve a complete map of possible 

complementation between viral genomes.

 In segmented viruses,  complementation is  almost essential  for successful  infection 

cycles: Brooke et al. showed that at low multiplicity of infection with influenza A virus, up to 

90% of infected cells failed to express at least one essential viral protein, leading to mostly  

abortive  infections160.  They  conclude  that  most  virions  are  semi-infectious  and 

complementation-dependent. To a certain extreme, this requirement for multiple infections to 

recapitulate a fully functional infectious cycle is at the core of multipartite viruses’ life cycle. 

In non-segmented viruses, such requirements for complementation do not seem to be 

the rule160,  but  effects  on population  fitness  and intra-host  dissemination are  nonetheless 

important. Ciota et al. demonstrated that fitness values of diverse West Nile virus populations 

are significantly higher than the mean or median fitness of individual clones from the same 

populations, and that this discrepancy increased with multiplicity of infection161. Even more 

striking,  diverse  population  fitness  can  only  be  recapitulated  when  reconstructed  mutant 

haplotypes are mixed with some at frequencies of only 10% in the population162. These effects 

of so-called ‘minority variants’ have emphasized viral population diversity as a main driver of 
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pathogenicity32,92,163,  which  has  been  linked  for  example  to  neurotropism  in  poliovirus163. 

However,  genetic  diversity  by  itself  –  the  existence  of  beneficial  haplotypes  that  can  be 

positively selected – obscures the role of minority variant complementation found by Bordería 

et al.: some minority genomes can exert dominant phenotypes at very low frequencies, which 

could  explain  balanced  selection  of  variants  at  intermediate  frequencies  in  experimental 

evolution set-ups162. 

An interesting property of complementation is that it alleviates epistatic interactions in 

the  same  genome,  allowing  interactions  of  beneficial  mutations  at  the  protein  level,  for 

example  during  oligomer  assembly158,164,165,  while  avoiding  antagonistic  negative  epistasis. 

Moreover, as shown in the paper from Xue et al., cooperation can happen between different 

alleles at the same locus158, which could otherwise only be possible through gene duplication 

without complementation. Of note, cooperation between co-infecting genomes can produce 

new phenotypes158,165.

 

2.2.2. CHEATER GENOMES

A  direct  consequence  of  complementation  is  the  emergence  of  ‘cheater  genomes’.  

Indeed, because some viral resources are shared, genomes can evolve to participate unequally 

in costly protein production while still benefiting from these common resources. Most cheater 

genomes  described  are  defective  viral  genomes  (DVGs):  genomes  that  are  incapable  of 

completing a full replication cycle on their own and require ‘helper’ genomes to do so166. DVGs 

are  therefore  complementation-dependent.  However,  some  cheaters  do  not  require 

complementation and can function on their own, albeit when they co-infect cells with wild-

type genomes,  they outcompete the latter ones by better exploiting common resources or 

producing  more  proteins  that  function  preferentially  for  their  progenitor  genomes167. 

Nevertheless, co-infections and complementation weaken purifying selection of deleterious 

mutations,  therefore  promoting  the  accumulation  and  maintenance  of  ‘inferior’  cheater 

genomes168.

2.2.3. COLLECTIVE INFECTIONS

A determining factor for complementation and the emergence of cheater genomes is 

the probability of co-infections.  The simplest way to achieve co-infection of cells is through 
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elevated multiplicities of infection (MOI): the distribution of the number of infectious units  

infecting a single cell follows a Poisson distribution. However, evidence of several forms of 

collective infectious units (CIUs) that locally increases the MOI have been reported and seems 

to represent a substantial proportion of infection events103. Consequently, in typical titration 

by plaque assays, single plaques initially thought to represent single infectious genomes are 

often in reality ‘chimeric plaques’ composed of different variants103,169,170. These CIUs can be 

formed  from  clustered  single  virions,  or  readily  released  as  multi-virion  structures104.  In 

addition,  multiple genomes can be packaged in a single virion,  resulting in polyploid viral 

particles171–173.  The  ability  for  virions  to  co-package  different  genomes  depends  on 

encapsidation selectivity174 and virion structure modularity173.

Clustering of individual virions through virion aggregates can happen spontaneously 

depending on pH and saline properties of their containing fluids169,175.  This phenomenon is 

probably  the  underlying  mechanism  of  virion  aggregates  in  saliva102,176.  Additionally, 

interactions  with  extracellular  matrix  compounds  can  also  promote  aggregates,  such  as 

amyloid fibrils found in semen which interact with human immunodeficiency virus 1 (HIV-1) 

virions177. Other forms of clustering also occur through concentration at the surface of ‘third-

party  cells’:  HIV-1  particles  are  captured  and  accumulated  in  membrane  invaginations  of 

dendritic cells before being transmitted to target CD4+ lymphocytes178. For enteric viruses, the 

accumulation of virions at the surface of commensal bacteria facilitates co-infections of host 

cells179. 

Moreover, viral particles can be delivered readily as multi-virion structures. Human T-

cell leukemia viruses 1 were described to aggregate after egress in virus-induced extracellular 

matrix networks at infected cell surfaces, which subsequently rapidly adhere to other cells 

upon contact180. This type of structure has been compared to bacterial biofilms180. In addition, 

membrane-mediated  structures  have  also  been  described.  These  extracellular  vesicles 

originate  either  from the exosomal  secretory pathway181–183 or  autophagy bodies183–186 and 

enable en bloc infections without cell-to-cell contacts. 

Finally, direct co-infections through cell-to-cell spread are common for many viruses.  

These can involve preexisting junctions such as plant plasmodesmata187 or neural synapses188, 

or virus-induced structures such as filopodial bridges189. More dramatically, the formation of 

syncytia through membrane fusion of infected and non-infected cells190,191 leads to the delivery 

of the entire intracellular viral population to the new targeted cells. 
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Altogether, these mechanisms are thought to increase bottleneck sizes103,104, especially 

at inter-host transmission events176,177, therefore increasing initial genetic diversity. Moreover, 

co-dispersal  structures  can  increase  virion  stability192 and  protect  from  neutralizing 

antibodies180. Complete avoidance of circulating antibodies can also be achieved by cell-to-cell  

spread.  Experimental  infectivity  assessments of  virion  clusters  against  independent  ones 

usually show more potent infections when viral particles disperse in CIUs180,182,183, suggesting 

that these mechanisms might have been the result of positive selection. However, no genetic 

determinant for these mechanisms has been identified in viral genomes, shedding doubts on 

their  heritability  and  evolvability  per  se104.  Finally,  mechanisms  that  prevent  co-infection 

events  also exist.  Among them,  superinfection exclusion blocks  the  secondary infection of 

already infected cells at either the entry193 or genome replication194,195 step. This phenomenon 

can dramatically modify cell-to-cell transmission events196 and induce spatial segregation of 

virus populations in situ196,197. 

Figure 8 | Types of collective infectious units. Adapted from Sanjuán and Thoulouze, 2019104.
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2.2.4. STRENGTH IN NUMBERS: COLLABORATION THROUGH ‘MASS EFFECT’

I  have discussed how collective  infections and complementation networks  draw an 

interdependent picture of viral genomes, where selection cannot act solely on individual viral 

variants because of their interactions. In addition to this view, viral population size itself has 

emerging collaborating properties. 

First, co-infection events can lead to cooperative replication, where early synthesis of 

viral  proteins  from multiple  templates  accelerates  the  initial  speed  at  which  progeny  are 

produced.  This  is  due  to  the  positive  feedback  of  viral  genomes  producing  their  own 

polymerase which then replicate their numbers. This cooperative process has been validated 

experimentally in different mammalian viruses198.

Additionally, this ‘mass effect’ in single cells also allows cooperative suppression of the 

host immune response. Because host restriction factors are limited, early higher numbers of  

viral  genomes  and  restriction  factor  antagonists  can  overwhelm  the  antiviral  response, 

leading  to  reduced  abortive  infections199–201.  This  cooperative  antagonism  of  antiviral 

immunity is well described in bacteriophages that must overcome the CRISPR-Cas defense 

system of host bacteria. They evolved anti-CRISPR (Acr) proteins that antagonize this immune 

response, however, the amount of Acr proteins delivered by a single phage is often insufficient,  

leading  to  a  critical  population  number  threshold  under  which  infection  fails200,201.  More 

surprisingly,  previous  abortive  infections  initiated  by  insufficient  numbers  of  phages  still  

temporarily hinder the CRISPR-Cas system of infected bacteria, therefore predisposing them 

to  successful  infections by other  phages201,202.  In  vertebrates,  successful  antagonism of  the 

interferon signaling pathway not only helps other viral particles to infect the already infected 

cells, but also prevents neighboring uninfected cells from entering into an antiviral state21,203.

2.2.5. VIRAL COMMUNICATION

The discovery of  the  arbitrium communication system regulating the lysis-lysogeny 

cycle of bacteriophages must be one of the most fascinating forms of collective behavior yet 

identified in viral populations. Briefly, the system consists in the production and sensing of a 

small peptide AimP by infected bacteria: AimP is secreted and internalized by host bacteria,  

where it then downregulates the transcription of an inhibitor of lysogeny AimX by binding to a  

phage-encoded receptor AimR, which upregulates AimX expression in its unbound form204. 
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The concentration of AimP in the medium therefore reflects the density of already infected 

bacteria.  When AimP concentrations are low, lysogeny is inhibited by expressed AimX and 

infected bacteria undergo lysis which releases new virions during burst.  Conversely,  when 

AimP concentrations are high, AimR cannot activate the expression of AimX and lysogeny is  

promoted,  allowing  prudent  exploitation  of  hosts  when  their  uninfected  concentration  is 

expected to be low202. Of note, while this communication system highly resembles the quorum-

sensing system of the bacteria they infect, AimP, AimX and AimR are all produced from the 

phage genome itself. Therefore the arbitrium system is not simply a hijacking of their host 

communication system.

Figure  9  |  Types  of  viral  collective  behaviors. (A)  Complementation.  Synergistic  interactions 

between co-infecting variants can improve total population fitness and lead to new phenotypes (e.g. 

oligomer assembly). Complementation is sensible to the emergence of cheater viruses. (B) Collective 

infections.  Virus  genomes often disperse  in  groups,  increasing  the  multiplicity  of  infection locally. 

(C) Cooperative replication. Positive feedbacks between the initial number of  genome templates and 

polymerases  being synthesized result  in an short  term replication advantage of  co-infections  over  

single infections.  (D) Cooperative  immune suppression.  High multiplicity of  infection can limit  the 

number of abortive infections through higher concentrations of restriction factor antagonists. (E) Viral 

communication. The bacteriophage arbitrium system promotes prudent host exploitation by inhibiting 

lysis when available uninfected bacteria numbers are low. Adapted from Sanjuán, 202121.

2.3. Social evolution theories: alternatives to quasispecies to account for virus-virus 
interactions

In  the  previous sub-section,  I  depicted  RNA virus  populations as  complex  pools  of 

interacting genomes which sometimes disperse in groups. Because of the widespread network 
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of complementation between co-infecting genomes and  de novo variants being produced by 

the  erroneous  RdRp,  I  argue  that  considering  single  genomes  as  a  unit  of  selection  is 

insufficient to describe viral infections and evolution. Nevertheless, quasispecies theory which 

has been previously used to account for selection at the mutant network (quasispecies) level 

has teleological flaws: if selection acts on groups of genomes, it is not mainly because they are 

linked through mutational coupling, but because at different levels (intracellular replication 

units,  cells,  tissues)  the  proteins  they produce  interact  and can be  shared between other 

genomes. 

Under this  particular  light,  social  evolution theories can help widen the theoretical 

framework  of  population  genetics  without  having  to  account  for  yet  non-validated 

prerequisites such as mutational coupling.  Indeed, social  evolution combines kin selection, 

group selection and game theories to account for interactions between individuals when they 

share resources, usually referred to as ‘public goods’,  which impact their fitness. While the 

theory has been first developed to account for social interactions in higher organisms, I will 

present how it has already been applied to virus populations to explain some observations. 

2.3.1. BRIEF INTRODUCTION TO SOCIAL EVOLUTION

Social evolution theories were first formulated to explain traits that were identified as 

altruistic – organisms helping the reproduction of other organisms at the cost of their own  

fitness. An extreme form of altruistic behavior is the example of sterile eusocial insects, such 

as honeybees or ants, where large numbers within the colonies work to help the reproduction 

of a few queens. At first look, these observations defied the selection at the individual level 

thought to result  from Darwinian evolution.  Indeed,  the emergence of social  cheaters was 

thought to block any form of altruism, as they would benefit from cooperative traits without  

suffering their  fitness  costs,  therefore  having higher  fitness  than cooperators.  Three main 

mechanisms were then theorized to explain such traits: kin selection, game theory and group 

selection.

First, kin selection focuses on a gene-centered approach to evolution. It theorizes that 

for altruistic behaviors to emerge, individuals should only cooperate with other genetically 

related individuals. William Donald Hamilton used the concept of ‘inclusive fitness’, in addition 

to the classical ‘personal fitness’, to describe the number of offspring one individual supports 

53



regardless of their progenitor. Using this, he showed that not only does a gene’s evolutionary 

success in a given population depend on its own replication, but success can also increase if it  

promotes the reproduction or survival of other individuals carrying the same gene. He derived 

a formula called Hamilton’s rule which determines if  a gene coding for altruistic traits can 

stably spread in a population: 

Equation 5  rb−c>0

where r  is the probability that a cooperating trait benefits individuals carrying the altruistic 

gene and is usually referred to as the ‘degree of relatedness’, b the reproductive benefits of the 

recipient of  the altruistic trait,  and  c the reproductive cost of the trait  for the altruist.  To 

increase the probability of cooperator assortment, kin recognition – the ability to selectively 

recognize related individuals – and “viscous” population – the spatial proximity of close kin 

dispersal – are different mechanisms thought to increase values of r .

Second, evolutionary game theory is the application of classical game theory used in 

economic sciences to explain stable evolutionary strategies. It was developed by John Maynard 

Smith to understand how different heritable strategies and their interactions in cost or gain of 

fitness for players could result in altruistic behaviors while maintaining the assumption that 

selection occurred upon individuals which act for self-interest. In evolutionary game theory,  

the evolutionary stable strategies (ESSs) are strategies or mixes of strategies that are stable 

once adopted by a population. One particularly interesting game is the Hawk-Dove game (also 

known as ‘Snowdrift’),  in which two types of strategies exist:  hawk which wins the public 

goods (V ) when it meets a dove, but suffers a cost (C) when it meets another hawk; and dove 

which shares the resources when it meets another dove, but leaves the public goods to the 

competitor if it is a hawk. When the costs suffered by hawks are higher than the gains (C>V ), 

the ESS is a stable mix of hawks and doves in the population. If the hawk and dove strategies 

are  respectively  associated  with  cheaters  and  cooperators  in  social  interactions,  then 

cooperators can resist the invasion of cheaters if  C>V . More complex models also exist with 

the addition of kin selection.

Last,  in  opposition  to  the  previous  theoretical  frameworks,  group  selection  rather 

argues for multi-level selection. It postulates that when competition between groups is more 

important  than  competition  between  individuals  in  said  groups,  then  selection  acts  to 

maximize group fitness. Briefly, it argues that if cheaters tend to beat cooperators in a group, 
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groups  of  cooperators  outcompete  groups  of  cheaters.  Group  selection  has  been  widely 

criticized  by  gene-centric  evolutionary  biologists,  however,  it  allows  the  consideration  of  

division of labor in populations, which can account for certain traits observed in microbial 

populations205.  Division of labor allows for functional specialization and relieves organisms 

from certain trade-offs. Interestingly, division of labor can result in individual fitness loss for  

some  individuals  in  mixed  populations,  while  increasing  population  fitness  overall205.  The 

latter case is  observed in the case of specialized replicators and maintainers,  and is often 

compared  to  the  division  of  labor  between  germinal  and  somatic  cells  in  multicellular 

organisms, therefore reinforcing the argument that selection acts upon the group.

2.3.2. APPLICATIONS TO VIRUS-VIRUS INTERACTIONS

While  all  of  these  social  evolution  theories  have  been  first  formulated  for  higher 

organisms, they also have been applied to virus populations and form an emergent field of 

studies called sociovirology22. 

For  example,  the  study  of  defective  viral  genomes  (DVGs)  and  their  ubiquitous 

presence  in  virtually  all  viral  families  have  attracted  a  lot  of  attention  from  evolutionary 

virologists. Because DVGs are social cheaters, their ubiquity should drive cooperative traits in 

viruses  to  extinction.  However,  as  I  have  previously  described,  complementation  and 

cooperative  immune  escape  are  observed  in  many  viruses.  An  analysis  of  this  problem 

through  evolutionary  game  theory’s  Hawk-Dove  game,  where  DVGs  are  hawks  that 

preferentially hoard public goods when in presence of wild-type dove genomes, but suffer an 

absolute fitness cost when they are only met with other DVGs that cannot complement them, 

allows us to predict that cooperators and cheaters can still co-exist in an evolutionary stable 

state. Works from Chao and Elena found that it is the non-linear advantage of DVGs both not  

participating  in  public  goods  production  and  replicating  faster  than  wild-type  genomes 

because of their smaller sizes that promote the Hawk-Dove dynamic. Further, they predict that 

the system evolves towards the co-existence of ultra-cheaters and ultra-cooperators and high-

level production of public goods206. This not only recapitulates current observations but can 

serve as a neutral evolutionary explanation for the existence of DVGs without having to find in 

them selective advantages.
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In  addition,  kin  selection  has  been  used  to  explain  the  evolution  of  interferon 

suppression  as  a  social  trait21,203.  Because  interferon  suppression  benefits  other  viruses 

infecting neighboring cells but has an inherent fitness cost, it acts as an altruistic trait and is  

sensible to cheater invasion.  Using in vitro and in vivo experiments with vesicular stomatitis 

virus,  Domingo-Calap  et  al.  showed  that  the  spatial  structure  of  infections  allows  higher 

assortments between cooperating variants, which promotes higher yields in virus titers and 

prevents invasion of fitter cheater genomes203. The importance of spatial structure for social 

traits  could  explain  the  evolution  of  superinfection  exclusion  as  a  mean  to  increase  kin  

assortments, although other cooperative mechanisms such as increased viral spread have also 

been proposed207.

Furthermore,  mathematical  models predict  that  collective infectious units  produced 

from the same infected cells increase genetic relatedness between co-infecting genomes and 

limit cheater invasion risk even when complementation is high156. 

2.4. Defective viral genomes are an integral part of viral populations

I have described how viral populations function as complex interacting units, and how 

social evolution theories can help model their evolution. However, what should be counted as 

part of viral populations can be a subject of debate. I argue, similarly to Aparicio et al. in their 

review208,  that DVGs are integral parts of viral populations, and could play specific roles in 

viral infections. 

Indeed,  as I have developed before, DVGs can be considered social cheaters. As such, 

their existence is not just a meaningless by-product of viral replication, but an expected part of 

viral  populations predicted by social  evolution,  with conflict  dynamics in shared viral  and 

cellular resources. Moreover, as I will develop further in the introduction of Chapter 1, some 

DVGs  have  clear  interfering  properties,  stimulating  the  host  immunity23,166,209,210 or  having 

enhanced competitive advantages over their wild-type counterparts166. As a consequence, they 

can drive standard genomes to evolve resistance to their interfering properties211,212. DVGs that 

persist over passages are also not random, exhibiting particular features such as preserved 

ORF23,213, specific mutations167 or deletions23,214,215. They can compete with one another167 and 

accumulate specific mutations not observed in standard genomes216,217. Interestingly, contrary 

to their commonly accepted portrayal as purely detrimental members of virus populations, 

they were shown to promote persistent infections166,210,218.  A more complete exploration of 
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possible  positive  interactions  of  DVGs  with  the  rest  of  viral  populations  has  yet  to  be 

researched and is the topic of Chapter 1 of this thesis.
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BOX 1 | MAJOR POINTS OF THE GENERAL INTRODUCTION

 RNA viruses have high mutation and recombination rates due to their error-prone 

RNA-dependent  RNA  polymerase.  Combined  with  their  small  sizes  and  high 

replication rates, they can virtually explore all possible mutations.

 Most mutations are deleterious or lethal. Severe bottlenecks at transmission or host-

barrier crossing events can fix those deleterious mutations.

 Intra-genomic  epistatic  interactions  between  mutations  are  usually  antagonistic, 

buffering additive deleterious effects and resulting in a rugged fitness landscape with 

multiple adaptive pathways.

 Viral  population  interactions  can  increase  robustness  to  deleterious  mutations 

through mass-effect population robustness and complementation.

 Complementation in viral populations is ubiquitous and can act dominantly (minority 

variants), with individual genomes being either semi-infectious or having significantly 

lower fitness than the population one.

 The widespread network of complementation (shared resources), collective infectious 

units  and  other  forms of  virus-virus  interactions  argue  that  natural  selection  acts 

rather on the population level than the individual genome one.

 Social evolution theories are more parsimonious than quasispecies theory to model 

and explain virus evolution.

 Defective  viral  genomes  are  integral  parts  of  virus  populations,  driving  standard 

genome evolution and harboring specific mutations.
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CHAPTER 1: POSITIVE INTERACTIONS OF DEFECTIVE VIRAL GENOMES IN ZIKA 

VIRUS

1. Introduction

1.1. Definition and types of defective viral genomes

Defective viral genomes (DVGs) were first identified by Preben Von Magnus in 1947 in 

in vitro passages of influenza A virus, where he found incomplete viruses that could interfere  

with and reduce viral  yields of  wild-type viruses219.  This  discovery  raised interest  in  viral 

particles with interfering properties, and led to the coining of the term ‘defective interfering 

particles (DIPs) two decades later by Huang and Baltimore220. However, in their paper, Huang 

and Baltimore also considered other types of defective viral  particles which they excluded 

from  the  DIP  definition  because  they  lacked  interfering  properties.  In  my  manuscript, 

following  the  definition  from  Vignuzzi  and  López166,  I  will  refer  to  DVGs  simply  as  viral 

genomes  incapable  of  completing  a  full  replication  cycle in  the  absence  of  co-infecting 

standard viral genomes. This definition includes genomes that do not necessarily interfere, 

but also genomes incapable of being packaged contrary to defective viral particles considered 

by Huang and Baltimore. Of note, while all DVGs are by definition cheater genomes, not all 

cheater genomes are defective on their own.

Because  this  definition  only  involves  complementation-dependance,  DVGs  can  be 

generated by diverse genomic alterations: single lethal mutation or hypermutation, frameshift, 

insertion, deletion,  reassortment and copy-back or snap-back166 (Figure 10). Among them, 

DVGs comprising deletions are the most abundant species observed  in vitro and  in vivo in 

virtually all  viral  families166,  and are sometimes referred specifically as deletion-containing 

viral genomes (DelVGs)221. Moreover, copy-back and snap-back DVGs are specifically found in 

-ssRNA viruses and are generated when the polymerase detaches from its donor template and 

reattaches to the nascent RNA strand, forming viral RNAs with complementary 3’ and 5’ ends 

and typical hairpin structures222.
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Figure 10 | Types of defective viral genomes. Extracted from Vignuzzi and López, 2019166.

1.2. Factors of DVG generation and maintenance

Since  DVG  generation  is  mainly  caused  by  mutational  or  recombinational  events, 

random errors  generated by viral  polymerases  are  thought  to  be  the main factor  of  their 

formation. Indeed, experimental results in RNA viruses showed that mutations in the RdRp 

affecting recombination rates were linked to increased amounts of DVGs50,223,224. Additionally, 

mutations outside of the RdRp but affecting proteins interacting with replication complexes 

were also reported to affect DVG abundance225–227. Consequently, mutation and recombination 

hotspots are believed to affect the distribution of types of DVGs166. The particularity of copy-

back and snap-back DVGs in -ssRNA viruses but not in +ssRNA suggests that RNA polarity or  

yet undiscovered genomic signals might also drive DVG generation. 

Finally, as discussed in the general introduction, mechanisms promoting co-infections 

consequently promote cheater genome (including DVGs) maintenance.  Even more,  because 

high multiplicities of  infection have been associated with increased DVG generation,  these 

CIUs play a double role: they increase DVG generation and promote their maintenance in new 

infectious cycles.  Surprisingly,  some viral protein domains have been directly associated to 

increased DVG packaging while not affecting standard genome packaging228.

1.3. Defective Interfering Particles (DIPs): DVGs as social cheaters

When DVGs were identified by Von Magnus, he noticed that infectious viral titers were 

fluctuating in an oscillating manner across passages219. This phenomenon was attached to the 

interfering properties of the defective interfering particles he identified: when infectious titers 
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are high, high levels of co-infection occur and DIPs increase in frequency, resulting in following 

passages in a drop in viral titers; conversely, when titers become too low, the MOI becomes 

insufficient  to  sustain  DIPs  and  titers  recover.  This  phenomenon  was  observed  in  other 

viruses229,230 and mathematically modeled based on a modified predator-prey model231. 

In the following section, I review different mechanisms by which DIPs interfere with 

standard  genomes,  and  discuss  how  DIPs  can  be  used  for  novel  antiviral  therapies  or 

prevention.

1.3.1. INTERFERENCE OF VIRAL PRODUCTION

First, an already discussed mechanism for DIP interference is their competition against 

standard genomes for public goods,  namely viral  and cellular resources166,  which has been 

modeled using social evolution theories156,203,206. 

Briefly, DVGs are thought to replicate faster because of their usual smaller sizes229, or by 

encoding signals that enhance their ability to replicate232. The latter case is well documented 

for copy-back species which have highly efficient flanking trailer promoters that enhance their 

replication233,234. The relationship between DVG size and replication kinetics on the other hand 

appears not to be completely linear,  with intermediate optimal deletion sizes found across 

different viruses23,215,229.  Whether this non-linearity is due to necessary  cis-acting genes23 or 

structures that DVGs must preserve, or packaging limitations to ensure proper assembly of the 

nucleocapsid235 has still to be resolved (Figure 11A). 

Moreover,  DVGs  can compete  for  other  viral  resources,  notably  structural  proteins, 

while  keeping  their  replication  rates  at  similar  levels  than  standard  genomes.  Enhanced 

packaging signals  have been found in some DIP species167,236,  while  others  showed on the 

contrary decreased packaging efficiency235.

Finally, DIPs can interfere with standard genomes by affecting their infectious cycle. A 

fascinating study by Fonville et al. revealed that while semi-infectious particles in influenza A 

virus promoted reassortment between viral  segments,  DIPs on the other hand suppressed 

reassortment237.  This  phenomenon could affect  population genetic  diversity,  and  therefore 

viral  population fitness.  Additionally,  DVGs in Sendai virus were reported to affect  cellular 

trafficking, thus affecting released viral particles’ composition238. Defective protein production 
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from DIPs can also negatively affect viral population through dominant phenotypes such as 

with oligomeric structural proteins239,240.

Of note, DVGs do not necessarily need to outcompete standard genomes for replication 

or packaging to harbor interfering properties, as their defection in viral protein production 

readily reduces available resources for standard genomes.

1.3.2. STIMULATION OF HOST IMMUNITY

Other well characterized mechanisms by which DIPs interfere is through stimulation of 

their host immunity. 

In vertebrates, DIPs are recognized by pattern recognition receptors (PRRs) such as 

Toll-like  receptors  (TLRs)  and  RIG-I-like  receptors  (RLRs).  This  in  turn  stimulates  the 

secretion of type I and III interferons (IFNs) and pro-inflammatory cytokines, including tumor 

necrosis  factor  (TNF),  interleukin  (IL)-6  and IL-1β209,227,241–244.  More  particularly,  copy-back 

DVGs were reported to be extremely potent at immunostimulation with higher magnitudes 

than DelVG245. This potency is mediated by copy-back-specific motifs enhancing RIG-I sensing 

of vRNA246. In addition, DIPs stimulate the adaptative immunity by promoting maturation of 

dendritic cells and enhancing antigen presentation capabilities242,247 (Figure 11B).

In  plants,  DIPs have been shown to  activate  the RNA interference (RNAi)  response 

through enhancement of post-transcriptional gene silencing248. In insects, the RNAi response 

is also involved through the implication of Dicer-2. DVGs can be processed classically through 

their  dsRNA form by the  RNAse III  domain  of  Dicer-2 to  produce small  interfering  RNAs 

(siRNAs),  but they were shown to also serve as templates for the formation of linear and 

circular viral DNAs (vDNAs) which amplify the siRNA silencing pathway249. 
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Figure 11 | Modes of interference of defective viral genomes.  (A) Interference of standard viral 

production. Here is depicted competition for polymerase replication, where smaller size DVGs replicate 

faster than full-length genomes. (B) Interference through immunostimulation. Here is depicted copy-

back DVGs being recognized by PRRs, inducing innate immunity and inflammation signaling. MAVS: 

mitochondria antiviral-signaling protein. Extracted from Vignuzzi and López, 2019166.

1.3.3. THERAPEUTIC INTERFERING PARTICLES (TIPS): USING VIRAL PARASITES FOR CONTROL, PREVENTION 

AND TREATMENT

The interfering properties of DIPs have initiated several studies to use them as antiviral 

therapies for mainly human infections.  These specific  DIPs termed ‘therapeutic  interfering 

particles’ (TIPs) were shown to induce potent immune response in vivo and reduce viral loads 

when  administered  to  animals23,214,250,251.  Specifically,  some  TIPs  were  shown  to  work  as 

prophylactics to prevent against cognate standard viral infection challenges250,251, but also to 

cross-protect against other RNA viruses from different viral families250.  However, this latter 

broad-spectrum protection could also just  be a result of  boosted innate immune response 

through the interferon pathway, rather than directly interfering with viral replication. 

In addition, a TIP of Zika virus identified in our laboratory was shown not only to work 

as a therapeutic in mice,  but to also drastically limit  viral  dissemination and transmission 

when injected in mosquito vectors23. This opens the way to the use of DIPs as a way to mitigate 

arbovirus  epidemics  by  controlling  viral  populations  directly  in  their  vectors,  therefore 

limiting spill-overs or breaking their urban life cycles.
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Finally,  DVGs  were  identified  in  different  live-attenuated  vaccines252–254.  However,  it 

remains  unclear  if  these  DVGs provide additional  immunization,  for  example  by acting  as 

adjuvants through increased immune stimulation255.

 

1.4. Positive interactions of DVGs?

I have depicted in the previous section a strictly negative portrait of DVGs for their viral 

populations. However, while some of them first attracted interest because of their interfering 

properties, potential roles in promoting persistent infections and chronic diseases have been 

associated to DVGs166,210. This opens new research questions concerning alternative positive 

roles of DVGs in viral populations. More precisely, investigations of DVGs that not only do not 

interfere  but  actively  help  increase  viral  population  fitness  would  drastically  change  the 

current vision of DVGs as simple viral cheaters. In the following paragraphs, I first present 

current results in DVGs’ implication in viral persistence, then explore alternative positive roles 

they could play for standard genomes. 

1.4.1. ROLE IN VIRAL PERSISTENCE

It has been observed on several occasions that DIPs lead to persistently infected cell 

cultures  in  vitro218,230,256,257.  This  phenomenon  has  been  attached  to  the  ability  of  DIPs  to 

stimulate  the  interferon  response,  which  correlates  with  the  establishment  of  persistent 

infections258.  In their work, Xu  et al. showed that cells containing high levels of DVGs were 

capable  of  surviving  infection259,  therefore  promoting  persistence.  They  attached  this 

phenotype to  a differential  activation of the  TNF-induced immune pathway:  high levels  of 

DVGs induced the expression of TNF receptor associated factor 1 (TRAF1) through activation 

of mitochondria antiviral-sensing proteins (MAVS), which promoted cellular survival through 

the TNF receptor 2 (TNFR2) activation pathway; conversely, cells with low levels of DVGs were 

stimulated by endocrine TNF through TNFR1, promoting cell apoptosis210,259. 

While these observations of persistent infections induced by DVGs were validated  in 

vitro,  the presence of  DVGs in infections  in vivo260 suggests they could play a role in  viral 

infections that typically result in chronic diseases. Notably, Von Magnus oscillations of viral  

titers  could  be  linked  to  Ebola  virus  reactivation  in  convalescent  patients257.  Further 
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experimental  investigations of  DVGs  in  vivo should elucidate  if  they indeed play  a role  in 

persistent infections, or rather if other mechanisms are involved.

1.4.2. ADJUSTING PROTEIN STOICHIOMETRY

DelVGs that selectively preserve their ORF are believed to be able to translate their 

genomes into functional deleted polyproteins23,213. While unbalanced protein production can 

lead  to  interfering  properties,  such  DVGs  could  alternatively  play  similar  roles  than 

subgenomic RNAs in regulating protein stoichiometry.  Indeed, a hepatitis C virus DVG has 

been  reported  to  increase  core  protein  accumulation  without  translation  of  envelope 

glycoproteins,  resulting  in  an  upregulation  of  viral  genome  replication  and  release213. 

Moreover,  DVGs  observed  in  Flock  House  virus  contain  multiple  deletions  without 

accumulation of single-deletion intermediates, which could be the result of regulation signals 

that promote specific types of DelVGs, and consequently translation products215. One of this 

DelVG in Zika virus has been however associated with interfering properties23, but this only 

occurred  at  DelVG  proportions  probably  higher  than  what  occurs  in  natural  infections, 

therefore having negative effects through artificially skewed protein stoichiometry.

If validated, this hypothesis would strengthen Simon-Loriere and Holmes’s claim that 

recombination rates have evolved to regulate viral protein expression45.

1.4.3. CAN DVGS COMPLEMENT WILD-TYPE GENOMES?

Another interesting consequence of DelVGs being capable of protein production is that 

their  own  mutations  can  in  theory  trans-complement  standard  viral  genomes.  Specific 

mutations were shown to covariate with deletion breakpoints, while others anti-correlated 

with the latters217. Specifically, in Flock House virus, one single-nucleotide variant (SNV) found 

in  a  DelVG  was  found  to  be  lethal  in  standard  full-length  genome217,  indicating  that 

rearrangements in DVGs alleviate antagonistic or negative sign epistasis. This could signify 

that some SNVs play specific roles in DVGs, perhaps for the benefit of the viral population. 

Moreover, reports of a dengue virus type 1 DVG showing long-term co-transmission with full-

length genomes over several years261 suggest that maintenance of some DVGs could promote 

their evolution and allow division of labor if co-transmission is favored. 
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1.4.4. CAN DVGS ENHANCE POPULATION EVOLVABILITY?

Different studies have reported that DVGs tend to accumulate more mutations than 

standard  genomes216,226,244,262,  usually  with  RNA  editing  signatures  from  the  adenosine 

deaminase acting on RNA (ADAR) enzyme family226,262. Whether these hypermutation patterns 

are linked to relaxed purifying selection due to complementation by standard genomes or 

preferential editing of DVGs has still to be determined166. Nevertheless, this implies that DVGs 

can increase genetic diversity at particular loci, which could in turn benefit the adaptability of 

viral populations through complementation or genetic exchange through recombination. 

1.5. Zika virus

1.5.1. GENOME AND VIRUS STRUCTURE

ZIKV  is  an  enveloped,  single-stranded  positive-sense  RNA  virus  from  the  flavivirus 

genus,  Flaviridae family. Its genome consists of a linear non-segmented +ssRNA molecule of 

around 10.8 kb with a single ORF, a 5’ a 7-methylguanosine cap and a 3’ loop structure which 

leads to the formation of a non-coding subgenomic flavivirus RNA (sfRNA) upon degradation 

of the rest of the genome. The ORF encodes at its 5’-part three structural proteins, namely a 

capsid (C), a precursor membrane (prM) and an envelope protein (E). The remaining majority 

of the ORF codes for seven non-structural proteins (NS), namely NS1, NS2A, NS2B, NS3, NS4A, 

NS4B and NS5, and a 2 kDa peptide (2K) (Figure 12A). 

The  genome  is  enclosed  in  an  icosahedral  nucleocapsid,  which  is  enveloped  in  a 

endoplasmic-reticulum-derived membrane decorated in its mature form by 90 antiparallel E 

dimers  arranged  in  an  icosahedral-like  symmetry.  The  overall  viral  particle  is  a  smooth 

spherical structure of around 50 nm (Figure 12B).
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Figure 12 | Genome and polyprotein organizations and viral particle structure of Zika virus. (A) 

ZIKV genome viral RNA and its polyprotein membrane anchoring. Arrows show cleavage site during 

the polyprotein processing: dark blue arrows for host proteases, light blue arrows for NS3 protease 

activity and red arrow for Golgi protease. (B) Schematic representation of the mature viral particle. 

Extracted from ViralZone. 

1.5.2. REPLICATION CYCLE

Similar to other flaviviruses, viral entry is mediated by the interaction of E proteins 

with a variety of host factors expressed at the host-cell surface such as heparan sulfate or 

phosphatidylserine receptors. However cellular receptors are still largely uncharacterized263. 

The virion is internalized through a clathrin-mediated endocytosis, and is then trafficked to 

late  endosomal  compartments.  As  the  pH  becomes  more  acidic,  the  E  protein  dimers 

disassociate and form E trimeric structures, exposing their fusion loops which interact with 

the endosomal membrane and trigger the nucleocapsid release in the cytosol. 

The nucleocapsid disassembles and the positive-sense vRNA is readily translated by 

host ribosomes at the endoplasmic reticulum (ER) membrane. The genomic RNA is translated 

into a single polyprotein which anchors itself in the ER membrane via the transmembrane 

domains of prM, E, NS2A, NS2B, NS4A and NS5B. This polyprotein exposes C, NS3 and NS5 to  

the cytosol, while prM, E, NS1 and parts of NS2A, NS4A and NS4B are located in the ER lumen.  

It is then cleaved into individual proteins by host proteases on the ER lumen side, and through 

NS2B-NS3 protease activity for the cytosol-facing cleavage sites (Figure 12A). 

NS1,  NS2A,  NS2B,  NS4A and  NS4B  transmembrane  proteins  associate  to  provide  a 

molecular  scaffold  for  NS5  RdRp  and  NS3  activities,  resulting  in  ER  membrane 

69



rearrangements into small  membrane invaginations called vesicle pockets (VPs) where the 

replication complex is located. There, the positive-sense single-stranded vRNA is transcribed 

by the NS5 RdRp activity into dsRNA. The NS3 helicase then unwinds the generated dsRNA 

into positive- and negative-sense ssRNAs. The -ssRNA is then processed again by the RdRp to 

serve as a replication template, while produced +ssRNAs combine with structural membrane-

associated proteins C, prM and E in assembly complexes. 

 The  structural  protein  complexes  bud  into  the  ER  lumen to  form immature  virus 

particles and are trafficked to the trans-Golgi network where they are processed. Immature 

virions are characterized by trimeric structures of prM-E heterodimers which form spikes at 

the particle surface, unlike the smooth mature virus particle. The acidic environment of the 

trans-Golgi network provokes a conformational change in E proteins which rearrange to form 

antiparallel dimers which lie flat against the viral membrane, exposing prM proteins at the 

surface.  This exposes a furin cleavage site on prM proteins which is  then cleaved by host  

proteases in the Golgi lumen into precursor peptides pr and the membrane proteins M. Due to 

the acidic conditions of the Golgi, pr peptides stay associated with the E-M complexes. Finally,  

mature virions are released into the neutral extracellular milieu through exocytosis,  which 

releases the pr peptides from the final mature virion surface264 (Figure 13B).

Additionally, some +ssRNAs are partially degraded by host  5’-to-3’ exoribonuclease 1 

(Xrn1) proteins, resulting in sfRNAs from the degradation-resistant 3’ loop structure at the 

end of the genome. These sfRNAs are known to antagonize host immune response265.

For  a  graphical  summary  of  Zika  virus  replication  cycle,  see  Figure  13A.  Table  1 

summarizes known protein functions described in Lindenbach et al., 2021266.
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Figure 13 | Zika virus replication cycle. (A) The complete ZIKV replication cycle. (B) Maturation of 

ZIKV virions through pH-dependent conformational E proteins changes and prM furin cleavage in the 

trans-Golgi network (TGN). Extracted from Pierson et al., 2021267 and Lindenbach et al., 2021266.
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Protein Size (aa) Function

C 104 Encapsidates viral genome.

prM 168 Assists proper folding of E and prevents fusion during maturation; 

anchors the prM-E complex through a C-terminal ER-retention domain.

E 500 Mediates receptor binding and membrane fusion through fusion loop; 

major neutralizing antigen.

NS1 352 Essential for formation of VPs and RNA replication; contributes to virus 

particle assembly; major antigen; may enhance transmission to 

mosquitoes268.

NS2A 226 Part of the replication complex molecular scaffold; inhibits interferon 

response.

NS2B 130 Part of the replication complex molecular scaffold; co-factor of the 

NS2B-NS3 serine protease activity; inhibits innate immunity.

NS3 617 Cleaves polyprotein and inhibits interferon response via N-terminal 

serine protease catalytic domain; RNA helicase.

NS4A 127 Part of the replication complex molecular scaffold; co-factor of NS3 

helicase activity; induces membrane alterations via 2K cleavage; 

antagonizes innate immunity.

NS4B 251 Part of the replication complex molecular scaffold; antagonizes innate 

immunity.

NS5 903 N-terminal guanylyltransferase and methyltransferase activities for 5’ 

RNA capping; C-terminal RdRp; inhibits interferon response; may 

dysregulate host gene expression.

Table 1 | Zika virus proteins and functions. Summarized from Lindenbach et al., 2021266.

1.5.3. A ZIKV DVG TO EXPLORE POSITIVE INTERACTIONS

Previous work in the laboratory by Rezelj et al.23 identified a TIP candidate ZIKV DVG 

comprising  an in-frame deletion of nucleotides 581 to 3250, resulting in a conserved ORF 

which encodes for a polyprotein lacking the C-terminal 130 amino acids of prM, the complete  

envelope protein E, and the N-terminal 254 amino acids of NS1 (Figure 14A). This DVG was 

shown to  be incapable  of  packaging its  own genome due to  the lack of most  of  M and E 

glycoproteins, but is also incapable of replicating its genome in absence of wild-type virus. 
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Complementation of this DVG by wild-type was shown to require an intact ORF (Figure 14B), 

suggesting  that  DVG  RNA  replication  requires  some  of  its  own  non-structural  proteins 

encoded in 3’ of the deletion to act in cis. Moreover, replication of DVG RNAs was restored by 

solely providing in trans the NS1 protein to the DVG (Figure 14C). 

This DVG showed interfering properties both in mammalian and insect cells when co-

transfected  at  1:1  or  10:1  (DVG:WT)  molar  ratios.  In  mammalian  cells,  this  interfering 

property was only observed when the DVG preserved its ORF (Figure 14D), but whether the 

high number of DVG RNAs replicating, stoichiometry imbalance in protein production, NS1 

snatching, or other mechanisms are involved in this interference has still to be explored. In 

contrast, in insect cells the ORF is not required, and interference was shown to be mediated by 

the RNA interference pathway through Ago2 knock-downs.  In vivo  experiments in mice and 

mosquitoes have shown reduced viral replication of WT viruses when the animal models were 

treated  with  this  DVG.  In  mice,  DVG  treatment  reduced  viral  symptom  severity,  while 

treatment in mosquitoes showed drastic reductions of viral dissemination and transmission. 

Altogether, this DVG was proposed as a candidate TIP for treatment or prevention of ZIKV 

infections. Importantly, this specific type of DVG has been observed in West Nile virus and 

yellow fever virus high MOI passages, suggesting that it may be constitutive of flavivirus viral  

populations in general.
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Figure 14 | The candidate ZIKV DVG requires a conserved ORF and WT-encoded NS1 in  trans to 
be replicated and show potent interfering properties in vitro. (A) The candidate DVG comprises a 

deletion that conserves the ORF. A +1 framshift (DVG out of frame) results in a truncated polyprotein.  

(B)  Complementation assay of nanoluciferase reporter DVGs or replicons in infected or uninfected 

cells. Replication of the DVG is only restored in presence of infectious virus and a conserved ORF. (C) 

Complementation of the DVG only requires NS1 in trans. (D) Co-transfection of DVG and WT genomes 

results in decreased infectious titers in HEK-293T only when DVGs retain the ORF. Extracted from 

Rezelj et al., 202123.

 Finally,  this  DVG was shown to persist  and increase in frequency relative to  other 

deleted  genomes  over  successive  passages,  suggesting  that  it  may  be  packaged  and 

transmitted to new uninfected cells.  However,  apart  from experimental  virus-like particles 

(VLPs),  no experimental evidence of constitutive viral  packaging of these genomes has yet 

been performed, and their presence in the population could alternatively be the result of  de 

novo generation. In case of constitutive DVG packaging, questions relative to their collective 

dispersal with WT genomes to be complemented and maintained need to be addressed. 

Besides  its  promising  role  for  antiviral  therapy  and  control,  this DVG  is  an  ideal 

candidate to study possible positive interactions with full-length genomes. First,  because it 

retains  a  functional  ORF,  positive  non-synonymous  mutations  affecting  coding  sequences 

could be shared with WT through complementation. Second, since we showed that this DVG 

had  potent  interfering  properties,  showing  positive  interactions  that  alleviate  this  cost  in 
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population fitness would suggest that viral populations could evolve to mitigate the cost of  

ubiquitous cheater genomes. Moreover, because it appears to be maintained across passages, 

mutations  arising  in  this  DVG  could  be  transmitted  to  uninfected  cells,  selected  for  their  

population  advantages,  and  allow  division  of  labor  or  memory  genomes  dynamics. 

Interestingly,  DVG  genetic  diversity  could  therefore  play  a  role  in  population  evolvability, 

either through dominant complementation like minority variants, or genetic recombination 

with full-length genomes. Finally, since this type of DVG is observed in mammalian and insect 

cells  and in  at  least  two different  flaviviruses,  experimental  observations  in  the  following 

study could lead to investigations of such dynamics in natural populations.

1.6. Aims of Chapter 1

To explore if  DVGs could play positive roles in viral  population infections and their 

evolution, we first aimed at identifying a beneficial mutation that could be used in controlled 

in  vitro experiments  to  test  our  hypothesis.  We  realized  classical  experimental  evolution 

passages  of  wild-type  ZIKV  in  mutagenic  conditions  to  select  and  identify  resistance 

mutations to ribavirin treatments. 

Then, by introducing the identified mutation in DVGs but not in WT genomes, we tested 

if co-infections of beneficial mutation-carrying DVGs and WT could benefit overall population 

survival  in  mutagenic  conditions,  therefore  alleviating  the  DVG  interfering  cost.  We  then 

aimed at identifying if the underlying mechanism of this positive interaction was the result of  

complementation or genetic recombination. 

Finally,  we  tried to validate that  DVGs could be naturally packaged in virions to be 

maintained across  multiple  rounds of  infections,  and looked for  collective  infectious units 

which could promote DVG maintenance through DVG and WT co-infections. 
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2. Article: Defective viral genomes can accelerate viral population 
adaptation

The  inserted  manuscript  corresponds  to  the  version  we  submitted  to  Nature 

Microbiology  in  March  2022.  It  was  desk-rejected  by  the  editor.  Since  then,  more 

investigations have been performed and were added in the following ‘Complementary results’  

section.
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3. Complementary results

3.1. Material and methods of complementary results

3.1.1. CELLS

Vero  and  Vero-E6  cells  were  maintained  in  Dulbecco’s  modified  Eagle’s  medium 

(DMEM; Gibco) containing 10% (v/v) FBS and 1% (v/v)  P/S in a humidified atmosphere at 

37°C with 5% CO2. HEK-293T cells were grown in similar conditions with the addition of 1% 

(v/v) non-essential amino acids in the culture medium.

3.1.2. PLASMIDS

The Zika virus (ZIKV) strain used is the prototype African MR-766 strain infectious 

clone under a cytomegalovirus (CMV) promoter (GenBank accession number KX830960)269. 

This clone was used as a template for site-directed mutagenesis for the generation of mutant 

viruses containing the L513V (codon TTG changed to GTA) and Q514P (codon CAA changed to  

CCG)  in  the  non-structural  protein  5  (NS5)  polymerase.  The  DVG  clone  used  has  been 

previously described in Rezelj  et al.23 and comprises a deletion of nucleotides 581 to 3250 

from the wild-type (WT) ZIKV clone. Additionally, the ZIKV replicon was described in Rezelj et 

al.23 and Xie et al.270 and consists of the replacement of the structural protein genes (capsid C, 

precursor membrane prM and envelope E) from the N-terminal 38 amino acids of C protein to 

the C-terminal 30 amino acids of protein E with a NanoLuc reporter gene followed by foot-

and-mouth disease virus protease 2A (NanoLuc-2A). The DVG reporter clone was similarly 

designed to contain the NanoLuc-2A cassette at  the deletion site.  Altered DVG or replicon 

(NS5AAA) have their NS5 polymerase catalytic motif G664D665D666 modified by three successive 

alanine residues. Additionally, a DVG with a deleted NS5 protein (DVG- NS5) was constructedΔ  

by  removing  the  entire  gene  at  the  exception  of  its  translation-termination  codon  (TAA). 

Barcoded  WT  and  DVG  clones  were  obtained  through  site-directed  mutagenesis  by 

introducing the following silent mutations, respectively: G2298C, C2307A, T2319C, A2328T 

and A2337G (WT) and C9189C, G9195A, A9284C and A9216T (DVG).

All  plasmid stocks were obtained through classic transformation protocols of XL-10 

Gold Ultracompetent cells  (Agilent) or Top10 Chemically  competent  E.  coli (ThermoFisher 

Scientific), followed by Mirapreps271 of colonies grown in 100 mL LB Miller using NucleoSpin 

Plasmids kits (Macherey Nagel). Purity and concentrations of extracted DNAs were evaluated 
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on a NanoDrop (ThermoFisher Scientific Scientific). Full plasmid sequences were checked by 

Sanger sequencing (Eurofins Genomics). 

2.1.3. VIRUSES

Rescue of ZIKV was carried out using the TransIT-LT1 kit (Mirus Bio) to transfect the 

infectious clone in HEK-293T cells following the manufacturer’s instructions. Three days post-

transfection (dpt), the cell culture supernatant was clarified by centrifugation at 11 000×g for 

10 minutes (min). Virus stocks (passage 1) were then obtained by infecting Vero cells at a 

multiplicity of infection (MOI) of 0.01 plaque-forming unit per cell (PFU/cell). Supernatants  

were collected and clarified at 5 days post-infection (dpi), and titers determined by plaque 

assays in Vero-E6 cells in triplicates.

3.1.4. SITE-DIRECTED MUTAGENESIS BY IN VIVO ASSEMBLY

Site-directed  mutagenesis  was  performed  by  in  vivo  assembly  (IVA)272.  Briefly, 

overlapping  primers  containing  the  mutations  of  interest  (Integrative  DNA  Technologies) 

were used to amplify target DNA products through polymerase-chain reaction (PCR) using the 

Phusion  High-Fidelity  DNA  Polymerase  kit  (ThermoFisher  Scientific)  for  18  cycles  at 

annealing  temperatures  of  60°C.  Reaction  products  were  then  digested  with  DpnI 

(ThermoFisher Scientific)  for 30 min at  37°C to eliminate plasmid DNA and used without  

purification  to  transform  XL-10  Gold  Ultracompetent  cells  (Agilent)  or  Top10  Chemically 

competent  E. coli  (ThermoFisher Scientific).  Each transformation was performed by adding 

2 µL PCR product to 25 µL suspended bacteria, incubated 30 min on ice, heat-shocked at 42°C 

for  40 seconds (s),  supplemented with  100 µL SOC media  (ThermoFisher  Scientific),  then 

incubated in a shaking incubator at 37°C, 120 rotations per minute (rpm) for 1 hour (h). After 

incubation,  total  volume  was  plated  on  a  LB  agar  plate  with  100 µg/mL  ampicillin  and 

incubated  at  37°C  overnight.  Successful  mutagenesis  were  validated  by  randomly  picking 

colonies to grow in 5 mL LB Miller overnight followed by plasmid DNA extraction minipreps 

(NucleoSpin Plasmids,  Macherey Nagel) and Sanger sequencing of the target mutation site 

(Eurofins Genomics).
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Mutation Sense Primer

NS5Δ Forward 5’-CTGGTTAAGAGACGTTAAGCACCAATTTTAGTGTTGTCAGG-3’

NS5Δ Reverse 5’-ACGTCTCTTAACCAGGCCAG-3’

NS5AAA Forward 5’-GGCGGTCAGTGCAGCTGCCTGCGTTGTGAAGCCAATC-3’

NS5AAA Reverse 5’-CTGCACTGACCGCCATTCGTTTGAG-3’

Table 2 | Primers for ZIKV IVA site-directed mutagenesis. 

3.1.5. VIRAL TITERS

Infectious viral titers were determined by plaque assays. Briefly, monolayers of Vero-E6 

cells  in  24-well  plates  were  inoculated  with  150 µL  serial  10-fold  dilutions  of  viruses  in 

unsupplemented DMEM and incubated at 37°C and 5% CO2  for 1h. Then, wells were gently 

covered with approximately 1 mL of a solid overlay comprising DMEM supplemented with 2% 

FBS, 1% P/S and 0.8% agarose (Invitrogen) and incubated again for 5dpi until fixation with 

4%  formaldehyde  (Sigma).  Plaques  were  revealed  by  crystal  violet  0.8%  staining  and 

manually counted.

3.1.6. COMPLEMENTATION ASSAYS

DVG and replicon reporter RNAs were generated by amplifying by PCR their respective 

plasmid constructs with a forward primer replacing the CMV promoter with an SP6 promoter 

sequence at its 5’-end (5’-CCGATTTAGGTGACACTATAGAGTTGTTGATCTGTGTGAGTCAGACT-3’) 

and a reverse primer which anneals downstream of the ZIKV 3’-UTR and the SV40 poly-A tail  

signal  of  the  molecular  clone  (5’-CCCCTGAACCTGAAACATAAAATGAATGCAATTGTTGTTG-3’). 

PCR products were purified (NucleoSpin Gel and PCR Clean-Up, Macherey Nagel) and used for 

in  vitro transcription  of  messenger  RNA  (mRNA)  using  the  SP6  mMessage  mMachine  kit 

(Invitrogen), followed by mRNA purification using the RNeasy MinElute Cleanup kit (Qiagen). 

Purified RNAs were quantified using the Qubit RNA BR assay kit (Invitrogen) on a Qubit 2.0  

fluorometer (Invitrogen).
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Sub-confluent Vero cells in 24-well plates were infected with ZIKV at MOI 1 PFU/cell, 

or left uninfected. After 1 h incubation at 37°C, naive and infected cells were transfected with 

50 ng reporter RNAs using the TransIT-mRNA transfection kit (Mirus Bio). At 6 h, 24 h, 48 h 

and 72 h post-transfection (hpt), supernatants were removed and cell lysed in 1X Luciferase 

Cell  Culture  Lysis  Buffer  (Promega)  for  5 min,  and  prepared  Nano-Glo  Luciferase  Assay 

reagents (Promega) added to the wells and incubated for10 min on a shaking plate. 10-fold 

dilutions  of  the  reaction  in  1X  PBS  were  finally  loaded  onto  black  96-well  plate  and 

luminescence  was  measured  in  a  Tecan  Infinite  M200  Pro  plate  reader  (Tecan)  with  an 

integration  time  of  10  seconds.  Relative  light  units  (RLUs)  were  normalized  against  total 

protein concentration by performing in parallel a Bradford assay (Zymo) on cell lysates. 

3.1.7. DVG MUTANT DISTRIBUTION ANALYSIS

Variant frequency distributions were investigated in sequencing data of DVG-WT co-

infections at passage 3, which had the highest number of aligned reads to the ZIKV MR766 

reference genome (GenBank accession number KX830960).

Reads containing the 581-3250 deletion breakpoint were identified using the ViReMa 

(Viral Recombination Mapper) algorithm273. Briefly, reads were clipped and trimmed (phred 

quality score < 30 and minimum length = 50) using BBDuk, and PCR duplicates removed with 

Clumpify from the BBMap v38.91 toolkit  (https://sourceforge.net/projects/bbmap/). Then, 

alignments  against  the  ZIKV  MR766 reference  sequence  and  recombination  sites  were 

determined using ViReMa v0.25 (https://sourceforge.net/projects/virema/) with seeds of 20 

nucleotides and maximum 2 mismatches allowed. Reads containing the deletion breakpoint 

were  then  filtered  from  the  original  fastq  files  using  seqtk  v.1.3 

(https://github.com/lh3/seqtk).

Variant calling on either total viral  reads or filtered breakpoint-containing reads was 

performed with ViVan v0.43 (Viral Variant Analysis)274  against respectively the ZIKV MR766 

WT or DVG reference sequence.  Insufficiently covered bases  (< 50X) were discarded prior 

variant calling and a generalized likelihood-ratio test was performed to identify statistically 

significant variants (padj < 0.05 after a Benjamini-Hochberg false-discovery post-hoc test). Only 

SNVs with base coverage > 100 and frequencies > 0.15% (the lowest frequency successfully 

called in DVG filtered reads) were considered.
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3.2. Results

3.2.1. MUTATIONS IN NS5 RDRP DOMAIN CANNOT BE TRANS-COMPLEMENTED

 The  ribavirin-resistance  mutation  introduced  in  the  DVG  did  not  show 

complementation effects at initial passages (p1) in ribavirin-treated cells (Article Figure 3c). 

However, sequencing results showed that DVGs were at relative frequencies of only 10-20% in 

the viral population (Article Figure 4a), suggesting that the mutation might have been at too 

low frequency to rescue viral titers.  To evaluate if  trans-complementation by the ribavirin-

resistance mutation was possible, we first aimed at verifying that NS5 was itself capable of  

complementation.  We  designed  DVG  reporters  carrying  a  NanonLuc  gene  at  the  deletion 

junction  with  either  no  additional  modification  (DVG-NS5WT),  an  altered  polymerase  GDD 

catalytic motif consisting of three successive alanine residues (DVG-NS5AAA), or a deleted NS5 

gene (DVG- NS5). Additionally, we used similar replicon reporters as described previously inΔ  

Rezelj  et  al.23 for  controls,  which consist  of  replication-capable  genomes with  an identical 

NanoLuc  reporter  gene  which  replaces  deleted  structural  genes.  The  active  replicon 

(Replicon-NS5WT)  serves  as  a  positive  control  for  genome  replication,  while  the  inactive 

replicon carries the same alteration to its GDD motif (Replicon-NS5AAA) and has been shown to 

be incapable of replication even in presence of infectious virus23 (Figure 15A). 

While  the  DVG-NS5WT reporter  showed  restored  replication  when  transfected  in 

infected  cells,  neither  DVG-NS5AAA nor  DVG- NS5  were  able  to  replicate  throughΔ  

complementation by full-length infectious viruses (Figure 15B). This indicates that the RdRp 

activity of NS5 cannot be trans-complemented, and is required in cis for DVGs to replicate. As a 

consequence, because the L513V mutation affects the polymerase, absence of viral titer rescue 

in ribavirin assays at early passages was due to the impossibility for this mutation to act in  

trans. 
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Figure 15 |  NS5 polymerase activity  cannot  be  trans-complemented to rescue DVG reporter 
replication. (A) Schematic diagram of reporter constructs. The NanoLuc-2A reporter gene (yellow) is  

inserted at the deletion breakpoints of the replicon or the DVG. (B) Complementation assays of DVG 

and replicon reporters in infected and uninfected cells. Equal molar amounts of replicon or DVG RNAs  

were transfected in naive or infected Vero cells (MOI 1 PFU/cell), and relative light units (RLUs) were 

measured and normalized at the 6, 24, 28 and 72 hours post-transfection (hpt). The y-axis shows log2 

fold changes of normalized RLUs against the mean values of the Replicon-NS5WT positive control at 

6 hpt in uninfected cells. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001; Student t-test with Bonferroni 

post-hoc multiple comparison correction. Means and standard deviations (SDs) are shown;  n=3 per 

group. 

3.2.2. DVGS SHOW SIGNS OF RELAXED PURIFYING SELECTION

Previous  studies  have  shown  that  some  DVGs  showed  extensive  mutagenic  RNA 

editing, resulting in hypermutation profiles216,226,244,262. This increased genetic diversity could in 

theory  benefit  standard  WT  genomes  through  recombination  similarly  to  the  L513V  we 

introduced.  However,  it  is  still  unclear  if  these  hypermutated  DVGs  are  the  result  of 

preferential  RNA editing  of  DVGs,  or  if  DVGs  can  tolerate  deleterious  or  lethal  mutations 

through  complementation  by  standard  genomes.  To  provide  insights  on  the  question,  we 

looked at the distribution of SNV frequencies in DVGs, and compared it to the distribution in 

total  viral  genomes. Because we only had short-read Illumina sequencing data,  only reads 

containing the 581-3250 deletion could be attributed with certainty to DVGs. We therefore 

used  ViReMa273 to  identify  reads  containing  the  581-3250  deletion  breakpoint  and  ran 

ViVan274 to call variants on those selected reads, which typically covered with sufficient depth 

(> 100X) a 300-nucleotide window around the breakpoint. Conversely, we called SNVs on total 

reads  and  selected  variants  which  corresponded  to  the  same  genomic  region as  the  DVG 

window. While total viral genomes showed higher amounts (275) of called SNVs than DVGs 

(51), they are in their majority (89%) situated at frequencies below 0.5% (Figure 16A). In 
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DVGs, mutation frequencies span a wider distribution,  with 59% of them located between 

0.5% and 2.5% frequencies (Figure 16B). These results indicate that while our DVG do not 

necessarily mutate more than standard genomes, mutations seems less subject to purifying 

selection,  allowing  them  to  reach  higher  frequencies  on  average  (0.75%  against  0.31%; 

p=6.74e-8)  through  genetic  drift.  Finally,  inspection  of  relative  frequencies  of  RNA 

deamination editing substitutions caused by ADAR1 (namely A>G and U>C) in DVG or total  

genome reads show relative increases, but requires bigger datasets to support preferential 

editing of this specific species of DVG (respectively, p=0.558 and p=0.4339 with Pearson’s ²-χ

test) (Figure 16C). 

Figure 16 | Mutations in DVGs can reach higher frequencies than in standard genomes.  Allele 

frequencies of called variants in all reads (A) or in DVG reads (B) spanning a 300-nucleotide window 

around the deletion breakpoints (dashed vertical line). Each point represent a SNV. Marginal curves on 

the right of each panel  represent density curves of variant  counts in regards to allele frequencies. 

p=6.74e-8; Student t-test. (C) Relative frequencies of nucleotide substitution.
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4. Discussion and perspectives

4.1. Summary of results

We successfully identified a ribavirin-resistance mutation resulting in a L513V residue 

substitution in the NS5 polymerase through a classical experimental evolution approach. After 

introduction of this mutation in a barcoded DVG, we challenged viral populations of either WT 

genomes alone or a mix of WT genomes and mutated DVGs through successive passages in 

presence of ribavirin. We demonstrated that the presence of the resistance mutation in DVGs 

allowed  faster  adaptation  of  the  entire  viral  population  to  the  mutagenic  conditions.  We 

showed that this phenotype was the result of genetic recombination between WT genomes 

and DVGs, suggesting that DVGs can serve as a pool of genetic diversity for standard genomes.  

While we did not observe higher numbers of mutations in DVG-associated reads than in total  

viral reads, mutations present in DVGs arose to significantly higher frequencies, suggesting 

relaxed  purifying  selection  on these  genomes.  Moreover,  while  we  first  hypothesized  that 

mutations  in  coding  regions  of  DVGs  could  benefit  standard  genomes  through 

complementation, we were unable to test this hypothesis. Indeed, the identified mutation was  

incapable of trans-complementation as it is located on the NS5 polymerase domain, which we 

demonstrated cannot be complemented. Finally, we uncovered through smFISH that not only 

our DVG was capable of being trans-packaged, a low yet significant proportion of DVGs were 

co-packaged  with  standard  genomes,  therefore  facilitating  their  maintenance  through  co-

dispersal. 

4.2. Recombination between DVGs and standard genomes

In our study, we showed that beneficial mutations readily present in DVGs  could be 

exchanged  to  standard  genomes  through  recombination  events,  therefore  accelerating 

adaptation to mutagenic conditions. However, this is an artificial situation as it is very unlikely 

that a beneficial mutation would be present in all DVGs before being transferred to standard 

genomes.  In  more  realistic  scenarios,  DVGs  could  randomly  acquire  mutations,  possibly 

increase their frequencies to intermediate levels if they provide selective advantages in cis or 

in  trans,  and  through  random  events  provide  through  recombination  these  beneficial 

mutations to WT genomes. This raises at least two fundamental questions: (1) Are mutation 
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rates  in  DVGs higher  than  in WT genomes for  them to significantly  accelerate  the  rate  of 

adaptation? (2) How frequently does recombination occur between DVGs and WT genomes?

Evidences  of  hypermutation  and  RNA  editing  have  already  been  found  in  several 

viruses216,226,244,262.  However,  these types of mutations provoke biased substitutions with 3’- 

and 5’-nucleotide context dependence, as they rely on deaminating enzymes from the ADAR or 

APOBEC protein families41,43,44.  Moreover, these proteins originally act as restriction factors, 

and induce lethal mutagenesis in standard genomes41,43. It is therefore probable that mutation 

patterns  from  such  processes  would  mostly  induce  deleterious  mutations  to  DVGs,  and 

subsequently  result  in  non-functional  recombination  products  with  standard  genomes. 

Indeed,  hypermutation  in  DVGs  has  rather  been  associated  with  increased  interfering 

properties of DIPs244. Nevertheless, some ADAR1 editing has also been shown to have proviral 

effects42,216 and could potentially be carried and exchanged by DVGs. 

In addition, if DVGs replicate at faster rate than WT genomes, at similar mutation rates  

per  replication  cycle,  DVGs  could  still  in  theory  harbor  more  genetic  diversity  through 

geometric replication kinetics. Our results were however inconclusive as our sequencing data 

were not of sufficient quality to have sufficient reads mapping to the deletion breakpoint. 

Moreover, our deep-sequencing technique has limitations in terms of technical error rates: it  

does not allow us to explore mutations below 0.1%. This could be remedied by using high-

accuracy library preparation protocols such as CirSeq275, that can even detect lethal mutations 

as they are generated80. However, such techniques result in shorter read lengths (85-100 nt), 

therefore reducing the probability of them spanning the deletion breakpoint. Development of 

algorithms such as CoVaMa which associate long-read sequencing haplotype reconstruction 

abilities and short-read sequencing high-accuracy217 could theoretically break this trade-off 

and offer a wider overview of mutation frequency distributions in DVGs.

Concerning the second question, a genome-wide barcoding approach of either DVG or 

standard  genomes  and  estimation  of  their  linkage  disequilibrium  when  co-transfected 

together could help estimate the frequency of recombination events between these two types,  

and  even  identify  recombination  hotspots  if  linkage  disequilibrium  is  not  homogeneous. 

Moreover, because our results showed that NS5 polymerase activity could only act in  cis for 

DVG replication,  this  raises  new questions on the biochemical  mechanisms of  copy-choice 

recombination. Indeed, if NS5 preferentially replicates the template genome it was translated 

from,  mechanisms  and  factors  of  template-switching  should  be  investigated.  A  possible 
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explanation to resolve this apparent contradiction could be that initiation of replication has to  

occur  in  cis,  which is  then followed  by  template-switching that  is  no  longer  restricted  to 

certain templates afterwards. 

Finally, a possible approach to resolve if DVGs can accelerate adaptive evolution would 

be to co-infect WT genomes and functional (DVG-NS5WT) or dysfunctional (DVG-NS5AAA) DVGs 

without prior adaptative mutations at very high scale, and perform experimental evolution 

passages of such preparations in selective environments, such as mutagenic treatments. If the 

rate of phenotypic response is higher with functional DVGs, it would suggest that their ability 

to replicate and thus accumulate mutations helped viral populations to adapt faster to new 

selective pressures.

4.3. Complementation: an unresolved question

One of the goals of our work was to test if beneficial mutations in coding regions of 

DVGs  could  complement  standard  genomes.  This  was  motivated  by  the  observations  that 

some reported DVGs had accumulated specific mutations, while counter-selecting for  others 

observed  in  full-length  genomes217.  Unfortunately,  the  ribavirin-resistance  mutation  we 

identified  is  located  on  NS5  which  is  not  complementation-competent  for  its  polymerase 

domain, preventing us from testing this hypothesis. It is therefore necessary to identify new 

mutations that confer  fitness advantages, and that are capable of trans-complementation to 

pursue our investigation.

A first possible approach would be to select for mutations that confer resistance to 

drugs  targeting  structural  protein  functions  or  assembly.  Indeed,  structural  proteins  are 

believed  to  be  readily  complementation-competent  as  they  were  shown  to  trans-package 

DVGs in our study. Moreover, they are one source of competition for public goods between 

defective  and standard genomes167.  Such molecules targeting oligomeric  structural  protein 

assembly240 and viral  entry276 have already shown efficacy in  dengue virus,  and resistance 

mutations have been identified240,276. However, as shown with the resistance against ST-148, 

the oligomeric properties of their target could lead to susceptibility-dominance to the drug,  

rendering complementation ineffective and preventing selection of such alleles240. Moreover, 

efficacy of these antivirals  on ZIKV have not yet  been characterized,  and flaviviruses have 

shown differential susceptibilities to antivirals277.
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One  promising  antiviral  and  its  associated  resistance  mutations  is  the  nucleoside 

inhibitor MK-0608 described in Mateo et al.240 which showed potent inhibition of hepatitis C 

virus278 and dengue virus serotype 2 (DENV-2)279 replication. In their study, they showed that 

evolved  populations  of  DENV-2  treated  with  this  drug  selected  independently  for  two 

mutations in the methyltransferase domain of NS5, namely NS5-A60T and NS5-Y201H, that 

partially restored viral titers upon treatment. Moreover, they showed that not only were these 

mutations complementation-competent, but their phenotypes were also dominant even when 

present at 10% in the inocula240. Nevertheless, translation of these results to ZIKV might prove 

to  be  unsuccessful:  while  the  60A  residue  is  conserved  in  ZIKV,  the  202  residue  (ZIKV’s 

homologue of  DENV’s  201 residue)  is  already a histidine,  suggesting that  the  virus  might 

already be resistant to the drug. Additive resistance phenotype of double-mutant viruses have 

not been explored by the authors. An alternative way to continue our investigations would be 

to create a structurally similar DVG in DENV-2 and to introduce in its genome the described 

mutations. Such DENV-2 DVG should have similar replicating and interfering properties, as 

Rezelj et al. have shown that this specific in-frame DelVG species seems to consistently appear 

in other flaviviruses23, and have been reported in other studies280,281.

Additionally, Mateo et al. showed that the methyltransferase domain of NS5 of dengue 

virus (and probably other flaviviruses) is capable of trans-complementation, in opposition to 

the strictly cis-acting RdRp activity that we described. This suggests that protein localization is 

probably  not  involved  in  limitations  for  complementation  in  this  specific  case.  Future 

investigations of factors affecting complementation-competence of protein functions would 

not only inform what type of DVGs are structurally capable of being replicated, but as Mateo et 

al. suggest,  identify  targets  for  either  susceptibility  or  resistance  dominance  during  drug 

development.

4.4. Co-dispersal of DVGs and WT genomes

We have shown that not only DVGs could be  trans-packaged and transmitted to new 

uninfected cells, but a minor but still significant proportion of them (13.9%) was capable of  

being  co-packaged  with  WT  genomes,  ensuring  their  maintenance  in  following  infection 

cycles, even at lower MOIs. Whether this ability for co-packaging is specific of this species of  

DVG, or rather a more common phenomenon of polyploid virions in flaviviruses has still to be 

investigated.  Interestingly,  this  ability  for  DVG  co-packaging  could  explain  the  report  of  a 
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transmissible DVG of DENV-1 over several years in Myanmar282.  Indeed, such phenomenon 

could enhance co-transmission even through tight cross-species bottlenecks that are believed 

to occur multiple times during the full arbovirus life cycle. In addition, Ke et al. have shown 

that such co-transmission events increased transmission rates compared to standard genome-

only transmission chains261.  An interesting hypothesis would be that co-packaging of DVGs 

could be an evolvable trait, either encoded by the DVG itself or its helper functional genome. 

To go further, investigations on other type of CIUs DVGs could exploit to co-disperse should be 

performed. For example, their ability to affect cellular trafficking and the composition of viral 

particles released has already been shown in Sendai virus238. Finally, a hepatitis C virus DVG 

has been shown to exploit the exosomal transport system213, which is a known form of CIU.

4.5. DVG genetic diversity and relaxed purifying selection 

I  have  already  discussed  how  increased  genetic  diversity  in  DVGs  could  benefit 

standard  genomes  through  genetic  recombination  and  complementation.  Because  of  their 

reliance on complementation for some parts of their replication cycle, one could envisage that  

DVGs are subject to more relaxed purifying selection on complemented genes. We have found 

in our data that mutations in DVGs could reach higher frequencies, probably through random 

drift.  However,  these  results  only  indicated  a  distribution  spanning  below  a  2%  allele 

frequency, and was not attached to any fitness effects of SNVs. On a macro-evolution level,  

relaxed  selective  pressure  has  been  observed  in  the  long-term  transmitted  DENV-1  DVG, 

where d N /dS ratios were significantly higher in the region in 3’ of the non-sense mutation282. 

More strikingly, some DVGs were shown to tolerate a normally lethal mutation in flock house 

virus217,  suggesting  they  reside  in  a  different,  more  robust  fitness  landscape  than  their 

standard  genome  counterparts.  These  results  suggest  that,  in  theory,  DVGs  could  explore 

fitness valleys that standard genomes could not because of their fitness costs.  I  propose a 

model  in  which,  through random exploration of  fitness  valleys  by DVGs,  viral  populations 

stuck in local fitness peaks could transition to higher peaks through genetic recombination. In 

order to explore this hypothesis,  identification of a beneficial phenotype that requires two 

successive  mutations  linked  by  reciprocal  sign  epistasis  is  necessary.  In  a  theoretical  

experimental  design,  a  wild-type  standard  genome  could  be  co-passaged  in  presence  of 

barcoded functional and/or defective genomes containing one of these deleterious mutations. 
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If standard genomes acquire the second epistatically beneficial mutation preferentially from 

the DVG, this would validate the proposed model.

4.6. Investigations in less artificial set-ups

While our results serve as a proof-of-concept for beneficial interactions between DVGs 

and standard genomes, our current experimental design is still very artificial. Nevertheless, 

we hope that it will inspire future investigations of such interactions in more natural set-ups, 

or in natural infections. To our knowledge, besides promoting persistent infection, only two 

studies reported advantages associated with DVGs. The first paper corresponds to the DENV-1 

DVG presented earlier, which appeared to have conferred higher transmission rates to its co-

infecting viral  population lineage through phylodynamic analysis261.  However,  experimental 

validation  of  this  effect  has  not  yet  been  performed,  and  a  molecular  dissection  of  the 

underlying  mechanism  could  reinforce  the  view  that  DVGs  are  integral  part  of  virus 

populations. A second study reported that a hepatitis C virus DVG enhanced viral replication 

and  release,  and  suggested  that  the  increased  production  of  core  proteins  could  be 

responsible  for  this  phenotype213.  Of  importance,  both  DVGs  were  identified  in  natural 

infections. Interestingly, different reports of in-frame DelVGs have been observed in chronic 

patients infected by  Flaviviridae viruses283,284,  suggesting they might play important roles in 

their virus life cycles, similar to subgenomes284.

4.7. Concluding remarks

Further investigations on positive interactions of DVGs should be pursued to finally 

remove  their  current  association  with  interfering  properties.  Indeed,  while  DIPs  probably 

represent  a  substantial  proportion  of  DVGs,  they  have  probably  benefited  from  a  biased 

exposure in the published literature for their potential as therapeutics. For example, our DVG 

was not reported to decrease viral titers in the experimental passages it was first identified, 

suggesting it was present at low frequencies255. Only when ratios were of 1:1 (DVG:WT) did we 

observe significant interference. However, these high levels of DVGs probably do not occur in 

natural infections. This would suggest that even potent identified interfering DVGs could have 

relative neutral effects in natural infections, therefore suggesting that a majority of DVGs could 

be neutral products of viral replication. 
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Finally, as my goal was to demonstrate that DVGs were capable of positive interactions, 

I want to highlight the importance of avoiding adaptationist narratives. If DVGs can improve 

fitness and evolvability, it does not necessarily mean that they evolved for this reason. More 

generally,  even  if  some  DVGs  have  been  associated  with  life  cycle  functions,  more 

parsimonious neutral explanations for their ubiquity in viral populations exist. Among them, 

the  error-prone  RdRp  and  the widespread complementation  network in  viral  populations 

naturally promote social cheaters, and game theory has established that mixed populations of 

cheaters and cooperators could be stable. If DVGs have evolved to serve specific functions in 

virus life cycles, it is a secondary evolutionary process, as their existence does not require 

them. As Gould and Lewontin wrote in  their  critique of the adaptationist  program 285,  it  is 

critical to “distinguish current utility from reasons of origin”.
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CHAPTER 2: POPULATION DYNAMICS OF CHIKUNGUNYA VIRUS IN 

EXPERIMENTAL ALTERNATING PASSAGES

1. Introduction

1.1. Arboviruses life cycles and the trade-off hypothesis

Arboviruses  are  RNA  viruses  that  circulate  between  an  arthropod  vector  and  a 

vertebrate host. In most cases, this circulation is referred as an endozootic cycle, as it does not 

involve humans. The virus can exit this cycle and be transmitted by spill-over to a secondary 

host, which  often is a dead-end host incapable of sustaining a transmission cycle. On some 

occasions, arboviruses successfully escape their primary endozootic cycle and circulate in a 

secondary epizootic  one. For arboviruses of human concern, this creates a so-called urban 

cycle that is usually sustained by other species of competent vectors, which feed preferentially 

on humans (Figure 17).

Figure 17 | Arboviruses’ sylvatic and urban life cycles. Example of a mosquito-borne arbovirus that 

circulates in non-human primates in its sylvatic cycle, and is capable of establishing an urban cycle in 

humans.

During their life cycle, arboviruses undergo very different selective pressures between 

their two dissimilar hosts. Body temperature, cellular factors, codon usage, microbiotes and 

more importantly immune responses are a few examples of dissimilar factors to which these 

viruses  need  to  concomitantly  adapt.  For  the  latter  factor,  vertebrate  hosts  rely  on  the 
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interferon response and their adaptative immunity to overcome viral infections, while insect 

hosts use mainly the RNA interference response to antagonize infection. 

These constraints have been used to explain why arboviruses tend to have around 10-

fold lower substitution rates (1.4-5 × 10  mut/nt/year) than other RNA viruses⁻⁴ 286. Indeed, in 

what is called the arbovirus trade-off hypothesis, it is hypothesized that arboviruses undergo 

higher levels of purifying selection.  Because of antagonistic pleiotropy and the majority of 

single  mutations  being  deleterious  or  lethal  in  one  environment77,  beneficial  or  neutral 

mutations in one host are expected to be deleterious in the other one. This highly reduces the 

pool  of  truly  neutral  or  beneficial  mutations  available,  therefore  constraining  arboviruses 

adaptive  pathways  and  neutral  mutation  accumulation  through  genetic  drift  and  founder 

effects.  In  addition,  it  theoretically  limits  optimal  fitness  values  of generalists  in  both 

environments compared to specialists118,287. This ‘cost of generalism’ is quantifiable through 

the geometry of the Pareto front of the fitness trade-off,  and allows predictions on overall 

fitness  values  over  multiple  environments118.  Conversely,  specialists  are  expected  to 

outcompete generalists in constant environments to which they are adapted, and suffer a cost 

of adaptation when they adapt to new niches118 (Figure 18A).

However, evolutionary stasis is not necessarily predicted for generalism. First, while 

Pareto fronts are  useful  models for  simple  phenotype trade-offs,  they fail  to  model  multi-

variable complex traits such as fitness. Indeed, because of widespread epistatic effects in RNA 

virus  genomes,  fitness  landscapes  are  rugged  and  adaptive  pathways  taken  by  viral 

populations change the shape of the trade-off front depending on their position in sequence 

space.  Consequently,  dynamics  of  adaptation  depends  on  fitness  landscape  congruence 

between the two environments: 

- if landscapes are congruent on restricted numbers of low fitness peaks, populations suffer 

the  cost  of  generalism  and  stasis  occurs  through  back-and-forth  movements  in  fitness 

landscapes;

-  if  congruent  peaks  are  more  densely  scattered,  generalists  can  wander  through  fitness 

landscape local peaks and substitution rates are not diminished;

-  if  congruent  peaks  correspond  to  high  optimal  fitness  peaks  in  their  respective 

environments, then stasis occur but generalists do not suffer the cost of generalism;

- if there is no congruence, adaptation can be dominated by one environment and generalists  

behave similarly to specialists of that given environment287 (Figure 18B).
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Moreover,  as  I  have  introduced  in  the  general  introduction,  viral  populations  are 

cooperative  groups  of  viral  genomes that  can  complement  each  other.  This  allows  the 

possibility  for  division  of  labor  inside  populations,  and  therefore  the  existence  of  sub-

populations specialized in each environment205,288. In mixed populations without interactions, 

this already predicts higher geometric mean fitness than generalists under a fitness trade-off 

through expansion of the specialist sub-population118,288 (Figure 18A). If interactions through 

complementation  are  added,  this  could  completely  alleviate  the  trade-off.  However,  the 

possibility  of  evolution  of  specialized  sub-populations  in  alternating  conditions  is  still  

debated, as complementation puts a break on adaptation. 

Figure 18 | Model of population fitness in alternating environments. (A) Cost of generalism and 

trade-off cost of adaptation (left). Schematic representation of the Pareto front of a fitness trade-off 

(right). Heterogeneous populations can partially alleviate the trade-off, pushing the Pareto front. (B) 

Host  fitness landscapes’  congruence determines available fitness peaks of  arboviruses.  The fitness 

landscapes can be congruent on a single low fitness peak (left),  multiple peaks or the highest peak 

(middle).  Alternatively,  one host  can dominate  the adaptation (right).  Extracted from Bergh  et  al., 

2018118 and Novella et al., 2011287.
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1.2. A review on previous experimental studies

Many authors have tried to test the trade-off hypothesis and derive conclusions on the 

topology  of  the  fitness  landscapes  by  submitting  arboviruses  (usually  alphaviruses  or 

flaviviruses)  to  experimental  evolution passages  in  vitro or  in vivo.  However,  studies from 

different teams yielded contradicting results, leaving the questions partially unresolved. In the 

following  section,  I  summarize  their  results  and  discuss  their  technical  and  experimental 

design limitations.

 Most  works  on  the  trade-off  hypothesis  used  a  similar  approach:  investigators 

experimentally  passaged  viruses  in  either  a  single  host (insect  or  vertebrate  cells,  or  live 

arthropods and rodents) or in an alternating pattern for a variable number of experimental 

passages, then they submitted the evolved viruses to a variety of assays to estimate fitness 

changes in both environments. Additionally, some researchers also performed challenges on 

cell  types  or  animals  which were  not  used  for  the  experimental  evolution.  Sequencing of 

consensus changes and measures of genetic diversity were often also performed. 

As a proxy for fitness, authors were divided on two different approaches to measure it.  

A  first  category  measured  the  replication  rate  of  viable  viruses  through  classical  growth 

curves  in  the  competition  cell  lines  or  hosts105,289–293.  They  usually  derived  the  estimated 

replicative fitness from the slope of the log-transformed titer curve during the exponential  

growth, or the area under the curve to account for higher titer plateaus. This approach does 

not require any pre-required manipulation of the virus genome, and can easily be performed 

in viral isolates. However, because there is no direct competition between evolved lineages 

and ancestral stocks, conclusions on relative fitness are subject to errors: in cases where initial 

replication is faster  yet yields fewer progeny during infection, it is unclear which lineage is 

more fit. Moreover, the assay is less sensitive to small differences in fitness and requires more 

biological  replicates  to  increase statistical  power.  The second  method to  estimate  relative 

fitness is through competition assays,  in which evolved lineages are co-inoculated with an 

ancestor surrogate. Relative abundance changes can then be used to calculate the population 

genetics  relative  fitness  w  through neutral  molecular  markers  such as  restriction enzyme 

sites294–297,  neutralizing  antibody  resistance155,288,298–302 or  molecular  barcoding303,304.  This 

method can be very sensitive to small fitness differences if carried over multiple competition 

passages, but requires either pre-introduction or pre-identification of target neutral markers 

in order to be carried out. If competition results are measured by antibody resistance, only 
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live  viruses  are included,  while  restriction sites  or sequencing of molecular barcodes give 

information on genome abundance regardless of infectivity.  Moreover,  complementation or 

recombination  between  ancestral  and  derived  lineages  can  occur,  usually  reducing  the 

magnitude of the estimated relative fitness. 

While  all  studies  reported  viral  adaptation  of  serially  passaged  viruses  to  their 

respective  single  host,  conclusions on the existence of  a  trade-off  and  therefore  a  cost  of  

adaptation in the by-passed host are contradictory, even with the same virus model. Some 

authors found a fitness cost of adaptation in both single-host evolved lineages 290,292–294,296,297, 

whereas others found no fitness change in the by-passed host105,291,295,  or even increases in 

fitness298.  Asymmetric  cost  of  adaptation  was  also  reported  when  viruses  adapted  to  the 

mosquito host, but not when passaged in mammalian hosts289,295,303. A particularly interesting 

case is the study from Coffey et al. where cost of adaptation was not observed when viruses 

where passaged in vivo, but was found when passaged in vitro295. Moreover, they showed that 

while  in  vivo  passages  did  not result  in  fitness  cost  in  by-passed hosts,  viruses passed in 

BHK-21 cells lost fitness when challenged in hamsters295. As suggested by Novella  et al., the 

lack of expected trade-off could be linked to cell  culture adaptation and released selective 

pressure287, which would indicate that viruses used are not already on the Pareto front and 

still  have margins for adaptation in both hosts. This could be even true for  in vivo studies 

where the virus model was usually isolated through successive cell passages295.

As a consequence of the absence of observable trade-offs in some experimental studies, 

the cost of generalism was not always reported289,293,294,296,298.  In instances where generalists 

suffered a cost, in most cases they still gained in fitness value, although at magnitudes lower 

than  specialists105,290,291,295,297,303.  In  one  study  with  vesicular  stomatitis  virus,  alternated 

lineages even suffered fitness loss in BHK-21 cells, which was linked to persistent infection 

passages of LL-5 sand fly cells302. More generally, it appears that generalists tend to maximize 

their  fitness  gain  in  the  vector,  suggesting  that  they  play  a  more  determinant  role  in 

evolutionary trajectories290,293. 

See Table 3 for a summary of experimental designs and conclusions. 
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Article Virus Vertebrate Invertebrate
Nb 

passages
Nb 

replicates MOI Fitness proxy
Cost of 
generalism

Cost of 
adaptation

Arias-Goeta, 2014289 CHIKV BHK-21 Aag-2 30 1 0.1 Growth curve No Yes in Aag-2

Coffey, 2011
294 CHIKV BHK-21, 

HeLa

C6/36 7 1 0.1 Competition assay 

(restriction site)

No Yes

Cooper, 2001
291 EEEV PDE C7-10 10 10 0.01 Growth curve Yes No

Weaver, 1999
296 EEEV BHK-21 C6/36 100

 (20-40)

1-4 0.01 

(clonal)

Competition assay 

(restriction site)

No Yes

Greene, 2005
297 SINV BHK-21 C6/36 20-50 2 0.01 Competition assay 

(restriction site)

Yes Yes

Coffey, 2008
295 VEEV Hamsters, 

mice

Ae. aegypti 10 1 10  PFU⁶ Competition assay 

(restriction site)

Yes No

Coffey, 2008
295 VEEV BHK-21 RML12 10 1 0.1 Competition assay 

(restriction site)

Yes Yes in 

RML12

Chen, 2003
293 DENV Vero C6/36 30 1 10 Growth curve No Yes

Vasilakis, 2009
290 DENV Huh-7 C6/36 10 2 0.01 Growth curve Yes Yes

Jerzak, 2008305 

Deardorff, 2011
303

WNV Chickens Cx. spp. 20 3 100 ID50 Competition assay 

(Sanger)

Yes in 

mosquito

Yes in 

mosquito

Ciota, 2007
292 WNV DF-1 C6/36 20-40 2 0.1 Growth curve N/D Yes

Zarate & Novella, 

2004
302

VSV BHK-21 LL-5 25 4 0.1 Competition assay 

(MARM U)

Yes in BHK Yes

Novella, 1999
298 VSV BHK-21 LL-5 80 4 0.1 Competition assay 

(MARM U)

No Opposite in 

BHK

Moutailler, 2011
105 RVFV BHK-21 Aag-2 30 1 0.1Growth curve Yes in BHK No

Table 3 |  Experimental evolution designs and results investigating the trade-off hypothesis in 
arboviruses. Cost of generalism is observed if the fitness gain in generalist is lower than in specialist.  

Cost of adaptation is observed if adaptation to a serial condition leads to fitness cost in the by-passed 

condition.  CHIKV: chikungunya virus;  EEEV: eastern equine encephalitis virus;  SINV: Sindbis virus; 

VEEV: Venezuelan equine encephalitis virus; DENV: dengue virus; WNV: West Nile virus; VSV: vesicular 

stomatitis virus; RVFV: Rift Valley fever virus; ID50: infectious dose 50%; MARM U: VSV clone resistant 

to neutralizing antibody.

Some of these studies not only assayed the fitness phenotype of derived viral lineages,  

but also tried to identify causal mutations for the population fitness changes. Most of them 

used Sanger sequencing of either amplified extracted total vRNA293,296–298,302, isolated plaques290 

or subcloned vRNA after RT-PCR105,288,289,292,294,295,305, therefore restricting themselves to near-

consensus  SNV  identification.  Methods  using  plaque  isolation  and  subcloning  allowed  for 
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determination  of  genomic  diversity  of  lineages.  Generally,  the  alternated  lineages  did  not 

undergo evolutionary stasis and accumulated substitutions290,295,298,302,305. However, conclusions 

on stronger purifying selection in alternating conditions were contradictory as well. Coffey et 

al.  found  that  alternation  reduced  mutation  frequencies,  and  associated  it  with  higher 

proportions  of  viable  genomes  than  in  serially  passaged  populations,  suggesting  higher 

selective constrains294. On the other hand, other authors rather found that  while single-host 

passaging  restricted  genetic  diversity,  whether  the  vector289,290,294,295 or  the  host302,305 was 

responsible for reduced genetic diversity was not consensual. Additionally, when substitutions 

were cloned and assayed for  replication efficiency, they did not necessarily recapitulate the 

observed  phenotype  in  evolved  lineages289,  suggesting  that  undetected  minority  variants 

played a role in population adaptative values. This is even more striking in the study from 

Coffey  et al. where no consensus change was observed in viruses passaged in mosquitoes,  

despite significant fitness increase of the population295. 

Altogether, these investigations on the existence of a trade-off hypothesis do not draw a 

definite conclusion. These inconsistencies can be attributed to differences in virus and cellular  

or  animal  models  used;  however,  limitations  in experimental  design  also  spurred  hasty 

conclusions. First,  on the cost of adaptation and generalism, it is impossible to  conclude  if 

ancestor populations are not  readily situated on the Pareto front  of  the trade-off.  Second, 

estimation  of  nucleotide  diversity  is  only  partial  when  using  low-throughput  sequencing 

techniques which cannot identify low frequency variants. Finally, in order to link genotype and 

phenotype, minority variants should be identified. In this chapter, my aim is to re-explore this 

evolutionary question using an updated experimental design and high-throughput sequencing 

which  has  since  become  more  affordable.  In  the  following  section,  I  briefly  present 

chikungunya virus (CHIKV) which is my virus model, and then present the initial experimental  

design I had planned.

1.3. Chikungunya virus

1.3.1. GENOME AND VIRUS STRUCTURE

CHIKV is a small enveloped, positive-sense single-stranded RNA virus belonging to the 

alphavirus genus within the Togaviridae family. It is part of the Semliki Forest virus complex 

together with closely related viruses such as o’nyong-nyong, Semliki Forest, Ross River and 

Mayaro  viruses306.  Its  genome  consists  of  a  non-segmented  linear  RNA  molecule  of 
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approximately 11.8kb, with a 7-methylguanosine cap at its 5’-end and a 3’ polyadenyl (poly-A) 

tail.  It  contains  two  ORFs  separated  by  an  non-coding  region containing  a  subgenomic 

promoter, which allows the generation of a 26S subgenomic RNA. The first ORF encodes for 

four non-structural  proteins (nsPs,  namely nsP1 to nsP4),  which constitute the replication 

complex.  Similarly  to  most  alphaviruses,  CHIKV  nsp3 gene  contains  a  read-through  opal 

termination  codon  (UGA)  near  the  3’-end  of  its  sequence.  The  second  ORF  codes  for  six 

structural proteins, namely the capsid (C), 3 envelope glycoproteins (E1, E2 and E3), a small 

6 kDa  peptide (6K) and  a  transframe  peptide (TF)  produced  from a  ribosomal  frameshift  

sharing the same N-terminal region with 6K307 (Figure 19A). 

The  genome  is  surrounded  by  an  icosahedral  nucleocapsid  formed  by  240  capsid 

monomers, which is enclosed in a plasma-membrane-derived lipid bilayer decorated with 80 

trimers of E1-E2 heterodimers. These trimers constitute the spikes on the virus surface and 

mediate  virus-cell  contact  and  viral  entry.  Overall,  the  mature  virion  has  a  diameter  of 

approximately 70 nm307 (Figure 19B).

Figure 19 |  Genome organization and viral particle structure of chikungunya virus. (A) Full-

length genomic (49S) and subgenomic (26S) viral RNA of CHIKV. (B) Schematic representation of the 

viral particle. Extracted from ViralZone. 

1.3.2. REPLICATION CYCLE

CHIKV has a broad cellular tropism, replicating in many mammalian and insect cells. In 

mammalian cells, matrix-remodeling associated protein 8 (Mxra8) has been identified as an 

entry receptor for the virus308,309.  However, partial protection against CHIKV infection from 

knock-outs of  Mxra8 in some cell  lines suggest  that  other receptors could also be used 308. 

Interactions with phosphatidylserine receptors T-cell immunoglobulin and mucin domain 1 

(TIM-1)310 and glycosaminoglycans (GAGs)311 promote viral binding and entry. On the virus 
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side, E2 mediates the attachment to cells, and the viral particle is internalized by a clathrin-

mediated endocytosis. 

Lower pH in endosomes induces conformational  changes in  the viral  glycoproteins, 

exposing the E1 fusion loop  that inserts itself in the endosomal membrane, leading to the 

fusion of  the  viral  and endosomal  membranes and the release  of  the  nucleocapsid in  the 

cytoplasm. Upon release, the nucleocapsid disassembles and the full-length 49S genomic viral 

RNA (vRNA) is delivered into the cytosol for translation. 

There, the host ribosomal machinery translates and processes the first ORF into two 

non-structural  precursor  polyproteins  P123  and  P1234.  P123  represents  the  majority  of 

products, while P1234 is synthesized through a low-frequency ribosomal read-through of the 

opal stop codon at the end of  nsp3, yielding around 10% of full-length polyproteins312. After 

translation, nsP4 is cleaved autoproteolytically through the cysteine protease activity residing 

at the C-terminus of nsP2. The complex formed by P123 and nsP4 is the early polymerase 

complex capable of synthesizing the full-length 49S  minus-strand vRNA which serves as a 

template for the synthesis of subgenomic 26S and  de novo 49S plus-strand vRNAs. Minus-

strand  vRNA  synthesis  takes  place  at  the  plasma  membrane,  through  anchoring  of  the 

replication complex mediated by nsP1 amphipathic domain, in membrane invaginations called 

‘spherules’.  These  viral  replication  compartments  are  thought  to  protect  double-stranded 

RNAs (dsRNAs) from degradation and detection by the host immune system. 

The P123 polyprotein is rapidly cleaved into nsP1 and P23, which in turn is cleaved in 

trans into nsP2 and nsP3. Concomitantly, a fraction of spherules are internalized to form type I  

cytopathic vacuoles (CPV-I) containing numerous spherules at the membrane interface. All 

fully processed nsPs form the late replication complex which can only synthesize plus-strand 

49S  and  26S  vRNAs.  This  induces  a  switch  to  strictly  plus-strand  vRNA  synthesis  in 

mammalian cells after 4 hours post infection. 

Translation of the subgenomic 26S vRNAs, which are produced in excess comparatively 

to the 49S vRNAs, leads to the production of the structural polyprotein. During its synthesis,  

the  capsid  protein  is  cleaved  and  released  early  through  its  autocatalytic  serine  protease 

domain,  and  forms  oligomers  with  newly  synthesized  49S  plus-strand  vRNAs  to  form 

nucleocapsids  each  containing  a  full-length  vRNA.  The  remaining  polyprotein  synthesis 

produces a majority of E3-E2-6K-E1, and about 10-18% of E3-E2-TF due to a -1 ribosomal 
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frameshift. The signal peptide at the N-terminus of E3 translocates the two polypetides to the 

endoplasmic reticulum (ER) where they are cleaved by host proteases into pE2 (E3-E2), 6K or 

TF,  and E1. As the E1 and pE2 complex matures through the secretory pathway as a non-

covalent hetero-oligomer, it undergoes post-translational modifications such as palmitoylation 

and glycosylation to form mature glycoproteins. Next, E3 is released through cleavage, leading 

to trimerisation of E1-E2 heterodimers to form mature spikes which are transported to the 

plasma membrane. Finally, recruitment of nucleocapsids at the plasma membrane results in 

mature virion budding.  Alternatively, at a late stage of infection, type II cytopathic vacuoles 

(CPV-II) are formed from the trans-Golgi network. They typically contain oligomers of E1-E2 

dimers  and  are  studded  with  nucleocapsids,  which  allow  assembly  and  egress  of  mature 

virions. 

For  a  graphical summary  of  CHIKV  replication  cycle,  see  Figure  20. Table  4 

recapitulates known functions of CHIKV proteins.
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Figure 20 |  Chikungunya virus replication cycle in mammalian cells.  Extracted from Silva and 

Dermody, 2017307.
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Protein Size (aa) Functions

nsP1 535 Methyltransferase and guanylyltransferase for vRNA capping; 

membrane anchor through amphiphatic domain.

nsP2 798 N-terminal NTPase, helicase and RNA triphosphatase activities; non-

structural polyprotein cleavage through C-terminal cysteine protease.

nsP3 530 Phosphoprotein with unknown functions, but required for minus-stran 

synthesis; likely interacts with host proteins.

nsP4 611 RNA-dependent RNA polymerase; putative terminal transferase activity.

C 261 Encapsidates vRNA to form nucleocapsid; autocatalytic serine protease.

E3 64 N-terminus directs structural polyprotein to the ER-Golgi pathway.

E2 423 Mediates attachment to cell receptors; major target of neutralizing 

antibodies.

6K/TF 61/76 Putative ion channels; may enhance viral egress.

E1 437 Mediates fusion of viral envelope and cellular membrane via fusion 

loop.

Table 4 | Chikungunya virus proteins and functions. Adapted from Silva and Dermody, 2017307.

1.3.3. EPIDEMIOLOGY

CHIKV is an arbovirus which was first identified in an 1952-1953 outbreak in Southern 

Tanganyika (current Tanzania)313.  The different strains are classified into different lineages 

according  to  their  genetic  diversity,  namely  the  West  African,  Asian,  East-Central-South-

African  (ECSA)314,  and  more  recently  the  Indian  Ocean  lineage  (IOL)  which  emerged  and 

evolved from the ECSA genotype315. 

The virus circulates in a sylvatic cycle between non-human primates and sylvatic Aedes 

spp. mosquitoes such as Aedes furcifer, Aedes luteocephalus  and Aedes africanus316. The ECSA 

lineage has been detected in  multiple non-human primate  species  in  Africa317,  and causes 

outbreaks in human populations through spillovers from  its sylvatic cycle to its  urban life 

cycle where Aedes aegypti becomes the main vector318.

The first major outbreak  in modern times  occurred in 2005, when a strain from the 

ECSA lineage spread to the Indian Ocean islands, India and South-East Asia, giving rise to the 

IOL  lineage.  This  outbreak  caused  around  6.5  million  cases,  including  imported  cases  in 
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Europe  and  North  America  and  small  autochthonous outbreaks  in  Italy319 and  southern 

France320.  The importance of this epidemic was linked to a change in vector species: while 

ECSA strains in Africa are typically transmitted by  Aedes aegypti mosquitoes in their urban 

cycle, most human IOL infections were linked to Aedes albopictus ones, which distribution has 

expended to tropical and temperate regions worldwide321. In particular, a specific mutation in 

the E1 glycoprotein inducing a A226V substitution was linked to the outbreak315, and was later 

confirmed to increase infectivity, dissemination and transmission rates in  Aedes albopictus, 

while having no effect in  Aedes aegypti322,323. Additional substitutions, namely E2-L210Q and 

E2-K252Q, were shown to increase virus fitness in Aedes albopictus in the E1-A226V genetic 

background324,325. 

 In  Asia,  introduction  of  the  Asian  lineage  is  thought  to  have  happened  through 

shipping at the beginning of the 20th century318, and has caused sporadic outbreaks mediated 

by  Aedes aegypti318,  until the 2013  epidemic where it spread to the Caribbean Sea and the 

American continent, causing the world second major CHIKV outbreak326,327. Interestingly, while 

Aedes albopictus is abundant in South-East Asia, there is no evidence of its implication in Asian 

lineage outbreaks. This phenomenon was attributed to an epistatic interaction with the E1-

98T residue present in all Asian genotypes, which prevents the acquisition of the E1-A226V 

substitution114, and therefore adaptation to this new vector. 

More  recently,  outbreaks  in  India,  Pakistan,  Bangladesh,  Thailand,  Myanmar  and 

Cambodia between 2010 and 2020 were linked to another  sub-lineage of the ECSA clade, 

which is characterized by E1-K211E and E2-V264A substitutions, and the absence of the IOL 

E1-A226V one328. 

1.4.4. EXPERIMENTAL DESIGN AND AIMS OF CHAPTER 2

In order to re-explore and test the arbovirus trade-off hypothesis, we will use an IOL 

lineage CHIKV clone previously used in the laboratory123,214 to serially or alternately passage it 

in  BHK-21 or  U4.4 cells.  Both of  these cell  lines  were chosen as  they are  widely used in  

virology  literature,  yield  sufficient  viral  titers  for  subsequent  assays  and  high-throughput 

deep-sequencing,  and relatively preserve their functional innate immune pathways.  Fitness 

estimations will be performed by competition assays as they are more sensible to small fitness 

differences,  and  relative  abundance  of  derived  populations  measured  with  an  accuracy-
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improved  multiplex  RT-qPCR  approach described  in  Carrasco  et  al.304.  To  identify  evolved 

populations  from  the  ancestral  surrogate  competitor,  all  experimental  evolution  lineage 

replicates and the surrogate contain a unique 6-nucleotide molecular barcode inserted at the 

3’ end of the subgenomic promotor. While exogenous, this small barcode is non-coding and 

has been shown to be relatively neutral123, and it does not affect the initial position of each 

clone in fitness landscape.  In addition to its use for competition assay read-outs,  it  allows 

identification  of  cross-contamination  between samples,  and  the possibility  to  mix  evolved 

populations to evaluate their contributions in complementation. Sequencing of lineages across 

passages  will  be  performed  with  Illumina  short-read  RNA-sequencing,  which  allows  the 

identification of minority variants down to 0.1% in frequencies. 

Briefly,  similarly  to  previous  studies,  barcoded clones are  first  passaged  serially  or 

alternately  for  20  experimental  evolution  passages  in  BHK-21  and  U4.4,  and  variant 

composition and population fitness assayed across passages. This allows initial adaptation to 

each passaging condition, and should move viral populations towards the theoretical Pareto 

front. In a second phase of experimental evolution, each lineage switches regime: alternated 

passages are released from alternation and serially passaged in each cell line; serial passages 

are either switched to the by-passed host, or alternately passaged (Figure 21). In theory, if a 

trade-off exists, new adaptation to their former by-passed host should result in fitness cost to  

the formerly adapted one, as the virus population moves along the Pareto front. Combined 

with high-throughput sequencing,  loci under antagonistic  epistasis could be identified and 

mapped onto the viral genome. Moreover, other conditions aim to explore the ruggedness and 

congruence of the two fitness landscapes,  allowing us to conclude if  evolutionary stasis is  

expected.  Finally,  to  test  if  division  of  labor  and  collaborative  complementation  between 

specialist  populations  could  be  maintained  in  alternated  regimes,  we  will  mix  serially-

passaged populations over several passages.

To  account  for  evolutionary  contingency  and  measure  parallel  evolution  of  each 

condition,  six independent biological replicates for each regime, with their own distinctive 

molecular barcode, will be passaged.
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Figure 21 |  Two-phase experimental  evolution design in constant  or  alternated passages of 
barcoded CHIKV in BHK-21 or U4.4 cells. (A) Each lineage replicate is barcoded with a unique 6-

nucleotide insert in 3’ of the subgenomic promotor. (B) Virus populations are initially passaged either 

serially in U4.4 or BHK-21 cells, or alternately between the two cell lines for 20 passages. (C) Viral 

population fitness and variant compositions are determined through Illumina RNA deep-sequencing 

and a competition assays followed by a multiplex RT-qPCR read-out.  (D) Terminal  passages of the 

initial phase of experimental evolution are switched to new regimes to map the Pareto front geometry 

and determine fitness landscape congruence and loci of antagonistic pleiotropy. (E) Serially-passaged 

populations are mixed together to test if division of labor yield higher population fitness in alternated 

passages.
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2. Material and methods

2.1. Cells, plasmids and viruses

2.1.1. CELLS

U4.4 cells were maintained in Leibovitz’s L-15 medium (Gibco) complemented with 

10% (v/v) fetal bovine serum (FBS; Gibco), 1% (v/v) penicillin-streptomycin (P/S; Gibco), 1% 

(v/v) non-essential amino acids (Gibco) and 2% (v/v) tryptose phosphate broth (Sigma) at 

28°C without CO2.

Vero-E6 and BHK-21 cells  were maintained in Dulbecco’s  modified Eagle’s  medium 

(DMEM; Gibco) containing 10% (v/v) FBS and 1% (v/v)  P/S in a humidified atmosphere at 

37°C with 5% CO2.

2.1.2. PLASMIDS

The chikungunya virus (CHIKV) infectious clone used as the marked ancestor is the 

Indian  Ocean  Lineage  (IOL)  La  Réunion  06-049  strain  (GenBank  accession  number 

AM258994)  under  a  SP6  promoter,  and  modified  with  an  AvrII  restriction  site  (CCTAGG) 

inserted at position 7612 after the subgenomic promoter as previously described in Carrau et 

al123.  Subsequent tagged lineages were generated by site-directed mutagenesis modifying the 

AvrII restriction site with a unique 6-nucleotide barcode (Table  5). Each barcode is unique 

and has a minimum of 3 nucleotide differences with all the other ones in order to distinguish 

them after numerous passages and potential fixation of random mutations. 

All  plasmid stocks were obtained through classic transformation protocols of XL-10 

Gold Ultracompetent cells  (Agilent) or Top10 Chemically  competent  E.  coli (ThermoFisher 

Scientific), followed by Mirapreps271 of colonies grown in 100 mL LB Miller using NucleoSpin 

Plasmids kits (Macherey Nagel). Purity and concentrations of extracted DNAs were evaluated 

on a NanoDrop (ThermoFisher Scientific).  Full plasmid sequences were checked by Sanger 

sequencing (Eurofins Genomics). 
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EE regime ID Barcode Sense Primer sequence

U4.4 I1 GAGTAC Forward 5’-GAGTACATGGAGTTCATCCCAACCC-3’

I2 CATCTC Forward 5’-CATCTCATGGAGTTCATCCCAACCC-3’

I3 CTAGCT Forward 5’-CTAGCTATGGAGTTCATCCCAACCC-3’

I4 AACTGT Forward 5’-AACTGTATGGAGTTCATCCCAACCC-3’

I5 TTCGAG Forward 5’-TTCGAGATGGAGTTCATCCCAACCC-3’

I6 TCACTC Forward 5’-TCACTCATGGAGTTCATCCCAACCC-3’

BHK-21 V1 ATCCGG Forward 5’-ATCCGGATGGAGTTCATCCCAACCC-3’

V2 ACTAAC Forward 5’-ACTAACATGGAGTTCATCCCAACCC-3’

V3 CGTACC Forward 5’-CGTACCATGGAGTTCATCCCAACCC-3’

V4 GCTACT Forward 5’-GCTACTATGGAGTTCATCCCAACCC-3’

V5 CTGCAG Forward 5’-CTGCAGATGGAGTTCATCCCAACCC-3’

V6 AAGCCT Forward 5’-AAGCCTATGGAGTTCATCCCAACCC-3’

Alternated A1 GCCATC Forward 5’-GCCATCATGGAGTTCATCCCAACCC-3’

A2 TGGATC Forward 5’-TGGATCATGGAGTTCATCCCAACCC-3’

A3 TGTTCA Forward 5’-TGTTCAATGGAGTTCATCCCAACCC-3’

A4 TACGGC Forward 5’-TACGGCATGGAGTTCATCCCAACCC-3’

A5 TATCAG Forward 5’-TATCAGATGGAGTTCATCCCAACCC-3’

A6 ATTCAT Forward 5’-ATTCATATGGAGTTCATCCCAACCC-3’

All All - Reverse 5’-TGTAGCTGATTAGTGTTTAGATACTTG-3’

Table  5  |  Site-directed  mutagenesis  primers  for  barcoded  CHIKV  clones. EE  =  Experimental 

evolution. ID = Lineage identifier.

2.1.3. VIRUSES

CHIKV rescues were carried out by first linearizing the infectious clone plasmids with 

the NotI restriction enzyme (Anza) for 30 min at 37°C, followed by DNA purification using the 

NucleoSpin Gel and PCR Clean-up kit (Macherey Nagel),  in vitro transcription of messenger 

RNA  (mRNA)  using  the  SP6  mMessage  mMachine  kit  (Invitrogen),  and  finally  mRNA 

purification using the RNeasy MinElute Cleanup kit (Qiagen). Purified RNAs were quantified 

using the Qubit RNA BR assay kit (Invitrogen) on a Qubit 2.0 fluorometer (Invitrogen). RNA 

was  subsequently  transfected  into  BHK-21  cells  using  the  TransIT-mRNA  kit  (Mirus  Bio) 
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following the manufacturer’s instructions, and clarified supernatant collected at 2 dpt. Viral 

stocks were obtained after an initial passage (passage 1) in either BHK-21 or U4.4 cells at MOI 

0.1 and collected at 2 dpi. Stocks were titered in Vero-E6 cells by plaque assays in triplicates.

2.2. Site-directed mutagenesis

Site-directed  mutagenesis  was  performed  by  classical  amplification  and  ligation 

protocol. Briefly, primers containing the mutations of interest (Integrative DNA Technologies) 

were used to amplify target DNA products through polymerase-chain reaction (PCR) using the 

Phusion  High-Fidelity  DNA  Polymerase  kit  (ThermoFisher  Scientific)  for  18  cycles  at 

annealing  temperatures  of  60°C.  Reaction  products  were  then  digested  with  DpnI 

(ThermoFisher Scientific)  for 30 min at 37°C to eliminate plasmid DNA, and subsequently 

purified (NucleoSpin Gel and PCR Clean-up, Macherey Nagel). Linear DNAs were circularized 

by adding 4 µL Ligase Buffer (New England BioLabs) and 1 µL T4 polynucleotide kinase (PNK; 

New England BioLabs) for 30 min at  37°C,  followed by 1 µL T4 DNA ligase (New England 

BioLabs) and incubating at 4°C overnight. Circular DNA was then used to transform XL-10 

Gold Ultracompetent cells  (Agilent) or Top10 Chemically  competent  E.  coli  (ThermoFisher 

Scientific). Each transformation was performed by adding 2 µL circular DNA product to 25 µL 

suspended  bacteria,  incubated  30  min  on  ice,  heat-shocked  at  42°C  for  40  seconds  (s), 

supplemented with 100 µL SOC media (ThermoFisher Scientific), then incubated in a shaking 

incubator  at  37°C,  120 rotations  per  minute  (rpm) for  1  hour  (h).  After  incubation,  total 

volume  was  plated  on a  LB agar  plate  with  100 µg/mL ampicillin  and  incubated  at  37°C 

overnight.  Successful mutagenesis were validated by randomly picking colonies to grow in 

5 mL  LB  Miller  overnight  followed  by  plasmid  DNA  extraction  minipreps  (NucleoSpin 

Plasmids,  Macherey  Nagel)  and  Sanger  sequencing  of  the  target  mutation  site  (Eurofins 

Genomics).

2.3. Viral titers

Infectious viral titers were determined by plaque assays. Briefly, monolayers of Vero-E6 

cells  in  24-well  plates  were  inoculated  with  150 µL  serial  10-fold  dilutions  of  viruses  in 

unsupplemented DMEM and incubated at 37°C and 5% CO2  for 1h. Then, wells were gently 

covered with approximately 1 mL of a solid overlay comprising DMEM supplemented with 2% 

136



FBS, 1% P/S and 0.8% agarose (Invitrogen) and incubated again for 2-3 dpi until fixation with 

4%  formaldehyde  (Sigma).  Plaque-forming  units  (PFUs)  were  manually  enumerated  after 

crystal violet 0.2% staining .

2.4. Viral experimental evolution passages

Barcoded virus populations were blindly passaged either in BHK-21 cells only, U4.4 

cells only or alternately between the two different cell lines in 6-well plates or T25 flasks at 

approximately  MOI 0.1 PFU/cell  following regular  volume  adjustments  after  viral  titration 

every 5  passages.  Briefly,  inoculum was added on 80% confluent  cells  in  their  respective 

media complemented with 2% (v/v) FBS and incubated for 2 dpi at 37°C (BHK-21) or 28°C 

(U4.4).  Infectious supernatants  were collected and clarified by centrifugation for10 min at 

4,000×g, then aliquoted for subsequent viral assays or RNA extractions. Initial passages were 

carried until passage 20, and infections in T25 flasks were done for all passages that were 

sequenced (passage 1, 5, 10, 15, 19 and 20).

2.5. Competition fitness assays

2.5.1. COMPETITION PASSAGES

Relative  fitness  of  passaged  virus  populations  in  either  BHK-21  or  U4.4  were 

determined through three subsequent competition passages in presence of an unpassaged 

marked clone in  three biological  replicates.  Inocula  (passage 0)  were prepared by mixing 

assayed populations and the marked competitor (AvrII) at 1:1 ratio following their infectious 

titers, and competition passages carried out blindly in 96-well plates at approximately MOI 0.1 

PFU/cell for 2 dpi. Clarified supernatants were heat-inactivated at 95°C for 5 min and used 

directly for multiplex real-time quantitative reverse transcription polymerase chain reaction 

(RT-qPCR) to determine relative abundance of each barcoded populations. 

2.5.2. MULTIPLEX RT-QPCR

Relative  abundance  of  assayed  virus  populations  were  determined  through  an 

improved multiplex RT-qPCR version of the assay described in Carrasco et al.304 A dual-probe 

TaqMan set-up was used to improve accuracy and limit  sensibility to pipetting errors and 

measurement  stochasticity.  Briefly,  a  first  probe  TaqMan  6-FAM™  probe  (Integrative  DNA 
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Technologies,  Table 6) binds to a 125-nucleotide amplicon downstream of the engineered 

molecular  barcode  introduced  in  each  virus  populations.  Two  different  forward  primers 

specific  at  their  3’  ends  to  the  barcode  of  either  the  assayed  population  or  the  marked 

competitor are used along a common reverse primer into two separated reaction mixes using 

the same RNA preparation, allowing discriminant absolute quantification of each population. 

A second TaqMan JOE NHS probe (Integrative DNA Technologies; equivalent to VIC™; Table 6) 

binds to a 98-nucleotide amplicon in the nsp3 gene region using common forward and reverse 

primers in the two reaction mixes, and is used to quantify total viral RNAs in order to correct  

for  pipetting  errors  in-between  the  two  mixes.  To  account  for  potential  amplification-

specificity differences between marked competitor and assayed population RNAs, serial 10-

fold  dilutions  of  in  vitro  transcription  stocks  (250 ng/µL)  of  each  clone  were  used  as 

standards, and standard curve values of the assayed population and associated cycle threshold 

(CT) values  were  linearly  transformed  to  match  the  dynamic  range  of  the  marked  clone 

standard curve. 

Individual  RT-qPCR  reactions  were  set  up  using  1 µL  of  5-fold  diluted  inactivated 

supernatant in DNAse- and RNAse-free water, mixed with their respective forward primer for 

the 6-FAM™ amplicon, common primers and probes (Integrative DNA Technologies; Table 6) 

and Luna® Universal Probe One-Step RT-qPCR kit reagents (New England BioLabs) up to a 

final volume of 5.5 µL following ratios recommended by the manufacturer.  RT-qPCRs were 

carried out in 384-well plates in an Applied Biosystems QuantStudio 6 or 7 Flex thermocycler 

with the following cycling conditions: 55°C for 10 min, 95°C for 1 min and 40 cycles of 95°C for 

10 seconds followed by 60°C for 1 min. 

138



Region Target Type Sequence

nsP3 All Probe 5’-[6JOEN]TAAAACGCATGGACATCGCGAAGAACGATG[IABkFQ]-3’

All Reverse 5’-ACAGGTCACCCGAGCAG-3’

All Forward 5’-GTATACTGCCTTGCAAACACC-3’

Barcode All Probe 5’-[6FAM]TTTACAATAGGAGGTACCAGCCTCGACCCT[IABkFQ]-3’

All Reverse 5’-TAACTGCTGAGATCAGCTGG-3’

AvrII Forward 5’-GTATCTAAACACTAATCAGCTACACCTAGG-3’

V1 Forward 5’-GTATCTAAACACTAATCAGCTACAATCCGG-3’

V2 Forward 5’-GTATCTAAACACTAATCAGCTACAACTAAC-3’

V3 Forward 5’-GTATCTAAACACTAATCAGCTACACGTACC-3’

V4 Forward 5’-GTATCTAAACACTAATCAGCTACAGCTACT-3’

V5 Forward 5’-GTATCTAAACACTAATCAGCTACACTGCAG-3’

V6 Forward 5’-GTATCTAAACACTAATCAGCTACAAAGCCT-3’

A1 Forward 5’-GTATCTAAACACTAATCAGCTACAGCCATC-3’

A2 Forward 5’-GTATCTAAACACTAATCAGCTACAAGGATC-3’

A3 Forward 5’-GTATCTAAACACTAATCAGCTACATCTTCA-3’

A4 Forward 5’-GTATCTAAACACTAATCAGCTACATACGGC-3’

A5 Forward 5’-GTATCTAAACACTAATCAGCTACATATCAG-3’

A6 Forward 5’-GTATCTAAACACTAATCAGCTACAATTCAT-3’

I1 Forward 5’-GTATCTAAACACTAATCAGCTACAGAGTAC-3’

I2 Forward 5’-GTATCTAAACACTAATCAGCTACACATCTC-3’

I3 Forward 5’-GTATCTAAACACTAATCAGCTACACTAGCT-3’

I4 Forward 5’-GTATCTAAACACTAATCAGCTACAAACTGT-3’

I5 Forward 5’-GTATCTAAACACTAATCAGCTACATTCGAG-3’

I6 Forward 5’-GTATCTAAACACTAATCAGCTACATCACTC-3’

Table 6 | Probes and primers for CHIKV multiplex RT-qPCR.

2.5.3. RELATIVE FITNESS

Relative  fitness  values  w  of  assayed  evolved  populations  can  be  derived  after 

rearranging formula 1, such as:
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Equation 6304 w=( p (t )/q (t )
p (0 )/q (0 ) )

1 /t

 ,

with  p (t ) and  q (t )=1− p (t ) the  frequencies  of  respectively  the  assayed population and the 

marked competitor at competition passage t . In our assay, frequency ratios  R (t )=p (t )/q (t ) at 

each passage  t  are determined for each biological replicates,  and log2-transformed relative 

fitness values log2 (w ) estimated by the slope of the linear regression

Equation 7 log2 (R (t )/R (1 ) )∼ log2 (w )×t .

Competition passage 1 frequency ratios R (1 ) were used to normalize relative frequency 

ratios R (t )/R (1 ) as they have consistently less missing values due to undetermined CT values 

than inocula (passage 0).  Linear regressions were performed using base R  3.6.3.  Standard 

errors of the relative fitness estimates are obtained from the linear model.

2.6. Viral RNA extraction

Viral RNAs were obtained through classic trizol extractions of clarified supernatants 

after  incubating  supernatants  with  15µL  RNAse  T1/A  mix  (ThermoFisher  Scientific),  3µL 

Ambion™ DNAse I (Invitrogen) and 3µL RQ1 DNAse (Promega) at 37°C for 1 hour. Briefly, 1 ml 

trizol reagent (Sigma) was added to 1 mL thawed supernatants and allowed to incubate 5 min 

at root temperature.  Then,  400 µL chloroform was mixed to the suspension,  incubated for 

3 min and centrifuged 15 min at 12,000×g at 4°C for phase separation. Upper phases were 

collected and nucleic acids were precipitated by mixing 1 mL isopropanol (Sigma) and 1.5 µL 

glycoblue  (15 mg/mL;  Invitrogen)  and  incubating  at  -20°C  overnight.  RNA  pellets  were 

recovered by centrifuging at 12,000×g at 4°C for 20 min,  followed by a 1 mL 75% ethanol 

wash. RNAs were finally recovered in 30 µL DNAse- and RNAse-free water. The quality and 

quantity of extracted RNAs were analyzed using the Quant-iT RNA BR assay kit (ThermoFisher 

Scientific) on a Tecan infinite M200 PRO plate reader (Tecan). 

2.7. Viral RNA sequencing

Viral RNA preparations were first purified using the NEBNext Poly(A) mRNA Magnetic 

Isolation Module  (New England BioLabs)  to  get  rid  of  abundant  ribosomal  RNAs (rRNAs) 

found particularly in U4.4 passages,  and quantified afterwards using the Quant-iT RNA BR 
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assay kit (ThermoFisher Scientific). Libraries were prepared using the NEBNext Ultra II RNA 

Library kit  (New England BioLabs)  and  multiplexed using  the  96-index  primers  from the 

NEBNext Mulitplex Oligos for Illumina kit (New England BioLabs). Quality of the libraries was 

checked using a High Sensitivity DNA Chip (Agilent) and quantity determined using the Quant-

iT  dsDNA assay  kit  (ThermoFisher  Scientific).  Libraries  were  diluted  to  1 nM  and  pooled 

together, then quantified again using the Qubit dsDNA HS assay kit (Invitrogen) on a Qubit 2.0 

fluorometer  (Invitrogen).  Sequencing  of  the  libraries  was  performed  by  single-end  on  a 

NextSeq  500/550  MidOutput  v2.5  (150  cycles)  flowcell  (Illumina)  using  a  NextSeq  500 

sequencing machine (Illumina). 

2.8. Sequencing data alignment and variant calling

Sequencing reads were demultiplexed using  bcl2fastq v2.20.0.422 (Illumina). Sample 

quality control was performed using FastQC v0.11.9 (https://github.com/s-andrews/FastQC), 

and  number  of  reads  aligning  to  the  chikungunya  virus  reference  sequence  (GenBank 

accession  number  AM258994)  were  determined  using  Bowtie  2329 v2.3.5.1 

(https://github.com/BenLangmead/bowtie2). Samples with number of aligned reads below 

200,000 (approximately  18X genome coverage) were re-extracted and re-sequenced after a 

fresh library preparation. In case of low viral RNA yields in different independent sequencing 

runs, fastq files were concatenated and quality control re-performed on the new files. 

Variant calling was performed with ViVan v0.43 (Viral Variant Analysis)274, an in-house 

pipeline which performs multiple rounds of alignments and consensus reference sequence 

modifications to increase alignment and variant calling accuracies. Briefly, reads are clipped 

and  trimmed using  fastq-mcf  from ea-utils  v1.1.2  (https://expressionanalysis.github.io/ea-

utils/) to remove Illumina adapters and low quality ends with phred scores below 30. Reads 

are  then  aligned  using  the  Burrows-Wheeler aligner330,331 (BWA  v0.7.4, 

https://github.com/lh3/bwa)  against  their  corresponding  barcoded  reference  sequence, 

allowing a maximum of 2 mismatches and no gap. Alignments are then processed using the 

SAMtools  v0.1.19 toolkit332 (https://github.com/samtools/samtools)  to  generate  pileups of 

called  bases  at  each  position.  Insufficiently  covered  bases  (< 200X)  are  discarded  and  a 

generalized  likelihood-ratio  test  is  performed  to  identify  statistically  significant  variants 

(padj < 0.05  after  a  Benjamini-Hochberg  false-discovery  post-hoc  test).  Majority  variants 
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identified are then modified in the reference sequence, and alignment and variant calling are 

re-performed.

2.9. Defective viral genomes calling

Demultiplexed fastq reads from variant calling were used to call recombination points.  

First, reads were clipped and trimmed (phred quality score < 30 and minimum length = 50) 

using  BBDuk,  and PCR duplicates  removed with  Clumpify from the BBMap v38.91 toolkit 

(https://sourceforge.net/projects/bbmap/).  Then,  alignments  against  corresponding 

barcoded reference sequence and recombination sites were determined using ViReMa v0.25 

(Viral Recombination Mapper) algorithm273 (https://sourceforge.net/projects/virema/) with 

seeds  of  20  nucleotides  and  maximum  2  mismatches  allowed.  ViReMa  can  identify 

recombination  points  in-between  positive  or  negative  sense  RNAs,  and  between  opposite 

polarity RNAs. For simplicity, we only filtered recombination points resulting in deletions (5’-

positive  to  3’-positive;  and  3’-negative  to  5’-negative)  to  be  considered  as  defective  viral 

genomes, and discarded possible duplications or copy-backs.

2.10. Shannon entropy

Average Shannon entropies  S̄n of viral genes were manually computed using variants 

with frequencies over 0.1% on R v3.6.3. The following formula was used: 

Equation 8 S̄n=
−∑ p i log2 ( pi )+(1− pi ) log2 (1− pi )

N

with pi the allele frequency of SNVs at each position i, and N  the length of the gene.

2.11. Principal Component Analysis 

Principal  component  analysis  was  performed  on  R  v3.6.3  using  the  FactoMineR 

package available on CRAN. Briefly, variants with frequencies > 0.5% were filtered, and only 

non-synonymous mutations which were reported in at  least  two different passages in  the 

same replicate  were used to  create  a  matrix  of  all  SNV frequencies  across  replicates  and 

passages. Allele frequencies were log10-transformed to reduce heteroscedasticity of the data. 

PCA was performed on all passages but P1, and passage 1 components predicted a posteriori.
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2.12. Statistical analysis

R  v3.6.3  was  used  to  perform  statistical  analysis  and  generate  graphs.  Error  bars 

correspond to standard deviations (SD) unless otherwise indicated.
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3. Results

3.1. Alternating passages have restricted genetic diversity determined by permissivity 
of both hosts 

To assess the effect of host alternation on the accumulation of genetic diversity across 

the genome, we deep-sequenced  evolved populations from the initial phase of experimental 

evolution at passage 1, 5, 10, 15, 19 and 20, and analyzed variant composition using our in-

house  pipeline  ViVan274.  We  observed  at  terminal  passages  (19  and  20)  signs  of  positive 

selection with mainly non-synonymous mutations reaching frequencies over 1%. While nsP1 

and  E2  genes  appear  to  accumulate  mutations  in  all  regime  types,  the  serially-passaged 

replicates in U.4.4 showed signs of positive selection in nsP2, E1 and in the two UTRs at the 

extremities of the viral genome. Populations passaged in BHK only showed additional clear 

selection patterns at a specific site at the 5’ half of nsP4. Interestingly, the alternated lineages  

acquired less mutations at moderate to high frequencies overall, and selection patterns only 

matched regions common in the two serially-passaged lineages (Figure 23A-B). 

In order to observe changes in genetic diversity over passages at the gene-level, we 

computed  the  average  Shannon  entropy  of  each  lineage  at  every  passages.  We  observed 

overall  that  in most cases,  genetic diversity increased over passages,  although at different 

levels and rates depending on the gene. This is at the exception of nsP1 and the 5’ UTR, which 

showed a decrease in genetic diversity with passages. Given nsP1 showed signs of positive 

selection,  this  diminution could be the result  of  a  selective  sweep on the 5’  region which  

occurred  in  all  regimes.  Alternatively,  sign  epistasis  of  fixed  mutations  could  limit  the 

accumulation of new ones. Of interest, E2 which also had signs of positive selection showed on 

the opposite an increase in entropies, suggesting that fixation of mutations did not displace 

other  variants,  or  that  genetic  diversity  reconstituted  faster  than the  rate  of  variant  loss.  

Moreover,  as  already  suggested  by  Figure  22A-B,  viruses  passaged  in  U4.4  increased  in 

genetic  diversity  faster  in  nsP2.  Lineages  passaged  in  BHK  had  significantly  higher  SNV 

diversity in the E2 gene across all passages, which suggests that mutations are readily more 

tolerated by mammalian cells. Finally, at all genomic regions, the Shannon entropies of viruses 

passaged  alternately  consistently  followed  the  dynamic  of  the  most  restrictive  host 

(Figure 22C). This observation agrees with the prediction of the trade-off hypothesis that in 

alternation,  arboviruses are limited by their  most stringent host.  Of  importance here,  this  

pattern is observable at the gene-level. 
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Figure 22 | Alternating passages accumulate less genetic diversity than single-host ones across 
passages.  (A) Allele frequencies of SNVs with frequency over 0.1%. Shaded rectangles indicate gene 

positions. Colors correspond to mutation types: non-coding (gray), non-synonymous (pink), non-sense 

(orange) and synonymous (blue). The y-axis is log10-transformed for better visualization of minority 

SNVs.  (B)  Distribution of  SNVs with frequency > 1% across the genome.  Bins correspond to 100-

nucleotide windows. (C) Genetic diversity across passages for each gene. Diversity is measured by the 

average Shannon entropy of  individual  positions  for  SNVs with frequency > 0.1%.  In A and B,  all 

replicates are shown.
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3.2. Alternation between insects and mammals limits accumulation of defective viral 
genomes

Previous works in CHIKV have identified specific hotspots of deletion emerging in viral 

populations  depending  on  the  cell  types  they  were  generated214.  This  is  indicative  of 

differences  in  host  selective  pressures  on  DelVG  formation  and  maintenance.  To  test  if 

alternation affected DVG abundance and species types, we compared deletion points between 

our different  selective  regimes using ViReMa273.  While  at  initial  passages  (P1,  top panels), 

mostly  small  deletions were observed across  all  regime  types,  at  terminal  passages  (P19, 

bottom  panels),  larger  deletions  accumulated  at  high  frequencies,  suggestive  of  DVG 

replication. Strikingly, mosquito-passaged viruses accumulated more DVGs than other regimes 

(Figure 23B), and had three specific neighborhoods of deletion: neighborhood A spanning 

from the 5’ UTR to nsP2, neighborhood B with internal deletions of nsP2, and neighborhood C 

which spans from the 5’  to the 3’ UTR (Figure 23A).  Mammalian-passaged viruses on the 

other  hand  showed  significantly  less  DVG  amounts,  and  had  a  specific  species  of  DVG 

(neighborhood D) which spanned from E2 or downstream to the 3’ UTR, resulting in deleted  

structural protein genes (Figure 23A). Quantification of overall DVG abundance showed that 

alternately-passaged  populations  had  significantly  less  DVGs.  In  addition,  only  marginal 

numbers of DVGs in host-specific neighborhoods were observed (Figure 23B). Overall, these 

observations  indicate  that  mosquito  cells  are  more  permissive  to  DelVGs,  but  reciprocal 

intolerance  of  each  cell  type  to  the  other’s  DVG  species  limits  their  accumulation  in  the 

alternating regime.
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Figure 23 | DVG accumulation is limited by the two host tolerance in alternating passages.  (A) 

Deletion  hotspots  in  serially-  or  alternately-passaged  viruses.  Host-specific  neighborhoods  are 

delimited by rectangles.  (B) Quantification of deletion breakpoints genome-wide or in host-specific 

neighborhoods. RPM: reads per million total aligned reads, represented on a log10 scale.

3.3. Evolution of alternating passages follows insect-cell adaptive pathway while also 
selecting for alternation-specific mutations

Previous  studies  reported  individual  mutations  to  assess  if  common variants  were 

shared  among different  regimes.  However,  because  we  used  deep-sequencing  approaches, 

reports  of  the  entire  mutant  cloud  of  each  replicate  is  difficult to  comprehend.  Rather, 

similarly to Dolan  et al.80, we reduced the dimensions of our data by performing a principal 

component analysis (PCA) on the frequency matrix of all SNVs that are at least shared by two 

different replicates regardless of regime type, and over all sequenced passages but the initial  

P1.  The  analysis  resulted  in  separation  of  the  three  selective  regimes  across  passages,  

indicating  parallel  evolution  between  replicates  of  the  same  regime.  Moreover,  principal 

component 1 (PC1) separated insect- and mammalian-only selective regimes, accounting for 

19.5% of the total variation. Of importance, the alternating regime evolved towards values 

corresponding  to  insect-specific  mutations  on  PC1,  indicating  it  shared  more  common 

variants with insect-adapted lineages. Surprisingly, it also separated from the other regimes 

on  PC2,  which  was  driven  by  few  non-synonymous  mutations,  notably  E2-W64R 

(Figure 24A). This suggests that the replicates in the alternating regime accumulated specific 
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mutations, specifically in E2 and nsP1, which do not appear at similar levels or parallelism in 

other regimes. 

Inspections of mutation contributions to each PC allows us to also identify mutations 

specific  to U4.4 cells,  including the E2-V226A mutation which confers adaptation to  Aedes 

albopictus322, and a few in nsP1 and E2. Mutations specific of BHK-21 cells mainly cluster in E2 

and nsP1 at high densities (Figure 24B). While these high numbers of mutations clustered in 

the E2 genes are consistent with previous observations of genetic diversity (Figure 22C), this 

is nonetheless surprising and suggests extensive conformational changes of the E2 protein.
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Figure  24  |  Adaptive  regimes  show  specific  patterns  of  mutation  acquisition.  (A)  Principal 

component analysis of non-synonymous mutations with frequencies superior to 0.5%. Colors indicate 

selective regime, dot sizes extracted passages. Lines represent adaptive paths of individual biological  

replicates. Black arrows indicate the contribution of each variant to the principal components (PC). (B) 

Component scores of SNVs. Colors indicate putative specific mutations to the corresponding selective 

regime.
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3.4. Initial phase of experimental evolution does not detect cost of generalism and 
shows an asymmetric trade-off cost

We further submitted all passages that were sequenced to competition assays against a 

non-passaged  marked  surrogate  competitor  virus  in  either  BHK-21 or  U4.4  cells  in  three 

sequential  competition  passages.  Relative  abundance  of  each  competitor  was  measured 

through a high-accuracy multiplex RT-qPCR approach,  and changes in  relative  frequencies 

over  the  three  passages  determined.  The  slope  of  the  linear  regression  on  the  relative 

frequency ratios is then used as our relative fitness proxy. In the majority of cases, linearity 

was observed, confirming the additivity of log-transformede fitness across passages (Figure 

25).

Viruses passaged in BHK-21 cells consistently displayed a cost of adaptation in the by-

passed  U4.4  cells.  On  the  other  hand,  populations  passaged  in  insect  cells  consistently 

increased  their  fitness  in  the  adapted  host,  but  individual  replicates  showed  all  possible 

scenarios:  minor cost  of  adaptation,  no-cost  neutrality,  or even increase in fitness for one 

replicate (Figure 26A). On average, no cost of adaptation was reported (Figure 26B). These 

results indicate that while adaptation to mammalian cells necessarily incur a fitness cost in 

insect cells, the opposite is not true. Adaptation to U4.4 can randomly accumulate mutations 

that have antagonistic pleiotropic effects, but the possible adaptive mutations have a broader 

range of effects in mammalians, resulting in no clear cost of adaptation. Interestingly, viruses 

passaged alternately between mammalian and insect cells showed consistent fitness increases 

in  both  hosts,  although  to  lower  magnitudes  in  BHK  cells.  Overall,  no  significant  cost  of 

generalism was reported in U4.4 and BHK cells (Figure 26A-B). This is consistent with the 

sequencing observations in which alternating passages followed to some degrees the adaptive 

pathway of insect cells, which offers the possibility for fitness increase in the other host.
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Figure 25 | Competition assays in single-host challenges show linearity of fitness effects over 
passages.  The y-axis represent the log2 relative frequency ratios of assayed populations against the 

surrogate competitor. The frequency ratios were normalized against the first competitive passage (p1) 

as some inocula (p0) had degraded vRNA and therefore undetermined frequencies. Each competition 

experiment was run in biological triplicates. Slopes of regression lines give the average relative fitness  

of the viral population over one passage (used in Figure 26).
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Figure  26  |  Competition  assays  reveal  an  asymmetric  trade-off  in  serial  passages  and  no 
significant cost of generalism in alternating ones. (A) Relative fitness changes across experimental 

evolution passages. Estimated relative fitness ± standard error of each passaged population is derived 

from the linear regression performed in Figure 25, and represented in light gray. Individual replicate 

lineage fitness trajectories are fitted in light gray. Average fitness trajectory of each selective regime is 

fitted  on  average  fitness  values  at  each  passage  and  represented  in  their  respective  colors.  (B) 

Comparisons of relative fitness values at passage 20. ****p<0.001; ns: non-significant; Student t-tests 

with Holm’s post-hoc correction for multiple tests.

Unfortunately, despite our best efforts, results from the second phase of experimental  

evolution  showed  signs  of  cross-contamination  between  samples,  rendering  the  results 

unexploitable. These experiments will be repeated with caution in the future.
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4. Discussion and perspectives

4.1. Summary of results

To  re-investigate  the  arbovirus  trade-off  hypothesis,  we  proposed  an  experimental 

design in two experimental evolution phases to first push viral populations to the trade-off 

Pareto front, then in a second time identify fitness costs after the regime switch. To that aim,  

we used barcoded CHIKV clones and passaged it serially or alternately in BHK-21 and U4.4 

cells.  Sequencing was performed using deep sequencing, which allowed us  to uncover that 

genetic  diversity accumulated differentially  along the virus genome and depending on the 

selective regime. Overall, all regimes accumulated diversity mainly in nsP1 and E2, although at  

different rates. At every region of the genome, the alternating regime diversity was restricted 

to the level of the most stringent host,  suggesting antagonistic  pleiotropy predicted in the 

trade-off hypothesis. Similar observations were made by looking at DelVG accumulation over 

passages:  overall  numbers  of  DVGs  and  inside  host-specific  deletion  neighborhoods  were 

significantly lower, suggesting higher constrains in alternation. Surprisingly, the insect cells 

showed  relaxed  purifying  selection  against  DVGs,  with  very  high  accumulation  of  some 

species.  Analysis  of  mutant  cloud  composition  through  PCA  showed  that  although  the 

alternating regime followed to some degrees the molecular evolution imposed by the insect 

host,  independent  accumulation of  specific  mutations  was also  identified,  notably  the  E2-

W64R substitution. High molecular parallelism between replicates was reported. Finally, the 

first phase of experimental evolution reported an asymmetric cost of adaptation for viruses 

adapted to BHK-21 cells, but not in insect cells. The alternating passages did not show signs of  

cost  of  generalism  and  gained  fitness  in  both  cell  lines  at  similar  levels  to  the  specialist 

regimes.  Unfortunately,  the  second  phase  of  the  experimental  design  was  unexploitable, 

rendering us incapable of concluding on the existence of the trade-off.

4.2. Genetic diversity varies along the virus genome

In our study, we showed that genetic diversity accumulated differentially over the viral 

genome, with especially nsP1 and E2 genes accumulating more mutations than other sites.  

Moreover,  diversity patterns were different among selective regimes: while the insect cells 

showed more diversity in nsP2 and the terminal UTRs, mammalian cells showed a localized 

increase of diversity in nsP4. This indicates that in our experimental design, viruses passaged 
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in insect cells tend to have more relaxed purifying selection on a bigger part of their genomes. 

Additionally,  we found that insect-passaged viruses also tolerated higher amounts of DVGs 

overall,  suggesting  again  that  they  are  more  permissive  to  mutations.  An  alternative 

explanation would be that the genetic diversity found in U4.4 in nsP2 is localized on DelVGs 

which have been shown to have more relaxed selection in chapter 1 or in other studies282, 

therefore biasing our diversity measurements. Nevertheless, this contradicts previous studies 

that  found  that  the  mosquito  host  puts  a  break  on  diversity  accumulation  in 

arboviruses289,290,294,295, and rather align with opposite observations302,305. 

Because genetic diversity varies along the genome, one possible explanation of this 

discrepancies could be that some studies only calculated genetic diversity in some particular 

regions. For example, Coffey et al.  only amplified E1 sequences in their samples for diversity 

measurements  because  it  was  previously  reported  that  it  tolerated  more  mutations294,295. 

Moreover, because all these previous reports used low-throughput sequencing methods, only 

mutations with more than 5-10% frequencies were used in their analysis. This incorporates 

another bias as mutations at such frequencies are for the majority either beneficial mutations 

under selection, or hitchhiking neutral mutations. Our high-throughput sequencing approach 

allowed  us  to  go  down  as  far  as  0.1%  SNV  frequencies,  which  allowed  a  more  accurate 

depiction of neutral variation in the viral genome. Ultra-deep sequencing techniques such as 

CirSeq275 can even go to 10  mutation frequencies, therefore being able to accurately identify⁻⁶  

de novo mutations being produced and draw an accurate distribution of fitness effects along 

the genome.  This  approach has  been realized by Dolan  et  al. with dengue virus  in  serial 

passages only, and showed that adaptation to human cells had higher amounts of sites under 

positive selection80.  Consequently, because mammalian cells select positively for more sites,  

which  was  also  suggested  in  the  non-synonymous  cluster  in  E2  in  our  results,  previous 

measure of diversity could have been biased to report higher diversity in such models. 

Nonetheless,  we clearly showed a pattern in which the alternated-passaged viruses 

were restricted in genetic diversity accumulation depending on the stringency of both hosts at  

each locus.
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4.3. The insect host partially drives the evolution of the alternating passages

In our results, we also showed that the mutant cloud and substitution pattern of the 

alternating regime followed at least partially the trajectory of viruses adapted to mosquito 

cells only. This observation could be linked to the selection of the E2-A226V substitution in 

this condition, as it contributes to the majority of the negative component score of PC1, and 

has been selected on multiple occasions in natural outbreaks315,322,323, suggesting it does not 

incur a fitness cost to mammalian hosts. However, we re-performed the PCA by excluding the  

E2-A226V substitution, and did not find significant changes in the PCA topology apart from 

reduced explained variance on both PCs (data not shown),  therefore suggesting that other 

mutations  contributed  to  this  similar  adaptive  pathway.  By  associating  these  results  with 

subsequent fitness assays, we theorize that the main driver that pushes alternating passages 

to follow the insect-specific adaptive pathway is the absence of initial fitness cost to first adapt 

to U4.4. Indeed, because they must adapt to both hosts, the evolutionary pathway taken by 

mammalian-adapted  lineages  would  be  too  costly,  while  fitness  gain  in  one  host  without 

adaptation cost still benefits the alternating population. 

Moreover,  specific  mutations in  alternating passages  associated with fitness gain in 

mammalian  cells  were  observed.  We  propose  that  adaptation  to  insect  cells  pushed  the 

alternating  regime in  a  new neighborhood where it  could acquire  beneficial  mutations to 

mammalian cells without paying a fitness cost in insect cells. Report of one lineage of serially-

passaged virus in U4.4 cells stochastically gaining fitness in the by-passed host suggests that 

such pathways exist and that alternation drives the population towards it. This would signify 

that  while  insect-specific  mutations  do  not  display  antagonistic  pleiotropy,  they  induce 

antagonistic or sign epistasis on loci responsible for mammalian adaptation. 

Overall, we propose that the reason for similar adaptive pathways between insect- and 

alternately-passaged populations rely solely on the absence of  cost  of  adaptation towards 

insect-specific  adaptation.  Further,  this  drives  the  alternated  population  to  a  new 

neighborhood in sequence space where further adaptations to mammalian cells do not induce 

adaptation cost. This conclusion opposes the hypothesis that the reason the vector host tend 

to  drive  arbovirus  evolution  is  due  to  more  restricted  genetic  diversity290,295,  stringent 

purifying selection80 or more severe bottlenecks89,91. Additionally, this suggests that punctual 

asymmetric trade-offs in the fitness landscape allow to avoid evolutionary stasis288,298.
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4.4. Alternation-specific mutations

The identification of alternation specific mutations raises questions on their specific 

fitness effects. Indeed, if they provide beneficial fitness effects to both hosts, why do they not 

also emerge at similar levels in the serially-passaged ones? One mutation in particular, E2-

W64R, drove most of the component score on PC2 towards the alternated-passage trajectory.  

Interestingly, this mutation has been reported in multiple studies. Because the residue 64 in 

E2 resides at the interaction between two E2 proteins in their homodimer form333, mutations 

are  expected  to  affect  CHIKV  spike  assembly  and  conformation.  Moreover,  the  residue  is 

exposed at the spike surface and interacts with the Mxra8 mammalian receptor309, explaining 

why it has been reported in antibody escape333 and in patient samples334. The acquisition of 

the W64R substitution has been reported to decrease viral dissemination in Aedes aegypti but 

not in  Aedes albopictus and to interact epistatically with the E2-A226V substitution318. The 

latter observation could have explained the emergence of the 64R residue, but we did not  

observe  concomitant  fixation  of  A226V  and  W64R  in  our  samples  (data  not  shown). 

Nevertheless,  extensive  epistatic  interactions  between  mutations  affecting  CHIKV 

glycoproteins  have  been  demonstrated114,289,324,325.  Combined  with  our  results  showing 

extensive non-synonymous mutation accumulation in E2 in mammalian-passaged lineages, 

emergence  of  W64R  could  be  inhibited  by  the  accumulation  of  more  beneficial  initial 

mutations  in  E2,  which  in  turns  interact  through  negative  epistasis,  blocking  further 

acquisition of the mutation.  This follows our previous hypothesis that initial adaptation to 

mammalian cells could not only lead viruses to an adaptation cost for insect cells, but also 

could trap viral populations in evolutionary dead-ends. Future investigations should thrive to 

test if such epistatic interactions with mammalian-selected E2 mutations could inhibit W64R 

fitness effects. 

Alternatively, W64R could not necessarily confer fitness benefits in either host on their 

own, but act as a specific beneficial mutation when viruses shed by one cell type infects the 

other. This hypothesis could be tested through entry assays.

4.5. The trade-off hypothesis: a pending question & future investigations

While we were able to draw some conclusions on the fitness landscape of alternating-

regime adaptation from the initial phase of our experimental evolution design, these results  

are still subject to the same criticisms and limitations than previous studies. Repetition of the 
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second  phase  of  experimental  evolution  and  associated  experiments  described  in  the 

introduction are still lacking to conclude on the nature of the trade-off hypothesis, and the 

possibility  that  it  slows  down  the  substitution  rate  of  arboviruses.  Nevertheless,  some 

questions  can  still  be  resolved  without  extensive  passaging  and  will  be  performed  in  the 

future.

First, we want to test the hypothesis that mixes of specialist populations can interact 

through complementation and limit the cost of adaptation and generalism. To that end, we will  

co-infect either initial  or late passages of our serially-passaged viruses with our surrogate 

ancestor  clone  at  different  multiplicity  of  infection,  and  perform  early-replication  viral 

titration and total or surrogate-genome specific RT-qPCR quantification to assess if, when at 

sufficient  MOIs  to  allow  co-infection,  replication  of  the  surrogate  is  improved  when  co-

infected with adapted lineages. This would first inform us if evolved passages are capable of 

complementation.  Moreover,  sequencing  of  successive  alternating  passages  of  mixed 

populations would inform us if one population takes the advantage over the other, rejecting 

sub-population structures, or rather if complementation allows mixed populations to remain 

stable over time. In addition, sequencing of two successive passages of our evolved lineages in  

all cell types should allow us to identify sites subject to antagonistic pleiotropy. 

Finally,  a  study from Novella  et  al. showed that  infecting  a previously mammalian-

adapted lineage that was then adapted to persistent insect cell infection back to mammalian 

cells resulted in fast adaptation to the mammalian host288. This was mediated by a minority 

variant  that  was  previously  selected  for  mammalian  adaptation,  but  was  subsequently 

relegated to low frequencies during persistent infection of insect cells288.  Existence of such 

memory genomes could also accelerate adaptation to both hosts even under trade-offs, and 

result  in  stasis  by  back-and-forth  adaptation  through  expansion  of  previously  acquired 

substitutions. This could be explored in a medium- to long-term extension of our experimental 

evolution design.
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Abstract

RNA viruses are one the fastest evolving biological entities. With their high mutation 

and recombination rates, small genomes, and fast replication rates, they easily adapt to new 

hosts, causing outbreaks regularly. Despite their simplicity, their ability to interact with each 

other through complementation and other forms of collective behaviors gives rise to complex 

population dynamics. In this work, I explore two aspects of these social interactions and their 

influence on virus evolution, using two arthropod-borne viruses.

A first part of this manuscript investigates the role of defective viral genomes (DVGs),  

which were typically described as ubiquitous deleterious by-products of the erroneous RNA-

dependent  RNA-polymerase  of  RNA  viruses.  In  this  work,  we  tested  if  these  DVGs  could 

positively  interact  with  standard  viral  genomes.  We  first  identified  identified  a  ribavirin-

resistance mutation in the viral polymerase that rescued viral titers in mutagenic conditions. 

We then introduced it in a previously described DVG of Zika virus, and showed that DVGs 

carrying this mutation accelerated viral population adaptation to ribavirin treatment through 

genetic recombination. We then showed that absence of observed complementation was due 

to a  trans-complementation incompetent NS5 polymerase domain.  Finally,  we showed that 

DVGs could not only be  trans-packaged, but they could also be co-packaged with standard 

genomes, ensuring their maintenance across new infectious cycles.

In  the  second half,  I  re-explored the question of  the  arbovirus  trade-off  hypothesis 

which is hypothesized to explain the low substitution rates of arboviruses in nature. Using 

barcoded chikungunya virus clones and high-throughput sequencing techniques, I proposed 

an extended experimental design to resolve conclusion discrepancies among previous studies.  

In a first phase of experimental evolution, I identified that genetic diversity was accumulated 

differentially in-between genomic regions and among passaging regimes. Alternating passages 

were restricted in  genetic  diversity by the most  stringent host  at  each locus,  and did not 

tolerate host-specific DVGs. Mutant cloud analysis showed that they in part acquired insect-

associated adaptive mutations,  but also alternation-specific  ones.  This pattern was in turn 

explained by the observation of an asymmetric trade-off: initial adaptation to mammalian cells 

has a fitness cost in insect cells, blocking such mutations to appear in alternation. Further, no 

cost  of  generalism  was  observed,  which  we  propose  is  explained  by  a  different  fitness 

landscape neighborhood around the insect-cell adaptive pathway. 

Keywords: chikungunya virus, Zika virus, RNA virus, experimental evolution, sociovirology, 

defective  viral  genomes,  complementation,  recombination,  trade-off,  arbovirus,  high-

throughput sequencing


