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Preface	
  
	
  

This	
   dissertation	
   comprises	
   the	
   data	
   obtained	
   during	
   the	
   PhD	
  

research	
  project,	
  from	
  January	
  2012	
  to	
  October	
  2016,	
  developed	
  at	
  Instituto	
  

Gulbenkian	
  de	
  Ciência	
  (IGC)	
  under	
  the	
  supervision	
  of	
  Doctor	
  Élio	
  Sucena.	
  

	
  

This	
   Thesis	
   is	
   structured	
   in	
   5	
   Chapters,	
   preceded	
   by	
   a	
   summary	
  

written	
  in	
  English	
  and	
  Portuguese,	
  outlining	
  the	
  aims,	
  results	
  and	
  outcomes	
  

of	
   the	
   project.	
   The	
   first	
   and	
   fifth	
   Chapters	
   correspond	
   to	
   the	
   Introduction	
  

and	
   Final	
   Remarks	
   of	
   this	
   dissertation,	
   whereas	
   Chapters	
   two,	
   three	
   and	
  

four	
  contain	
  research	
  work	
  produced	
  during	
  my	
  PhD	
  Thesis.	
  

	
  

This	
   Thesis	
   contains	
   7	
   published	
   papers	
   and	
   3	
   manuscripts	
   in	
  

preparation.	
  All	
  papers	
  are	
  signed	
  as	
  first	
  or	
  co-­‐first	
  author.	
  Prologues	
  and	
  

Concluding	
   Remarks	
   may	
   contain	
   excerpts	
   of	
   cover	
   letters,	
   author	
  

summaries	
  and	
  abstracts.	
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Summary	
  
	
  

Evolution	
   has	
   been	
   shaping	
   the	
   genetic	
   structure	
   of	
   populations	
  

across	
  generations,	
  using	
  mutation	
  and	
  recombination,	
  migration,	
  drift	
  and	
  

selection	
   to	
  create	
  and/or	
  corrode	
  variation.	
  The	
  array	
  of	
   traits	
  presented	
  

by	
  individuals	
  in	
  a	
  population	
  is	
  dependent	
  on	
  several	
  factors,	
  such	
  as	
  their	
  

heritability	
   or	
   the	
   genetic	
   pool	
   available	
   to	
   the	
   adaptive	
   process.	
  

Additionally,	
   the	
   multitude	
   of	
   complex	
   relationships	
   within	
   and	
   between	
  

species	
   creates	
   another	
   level	
   of	
   complexity	
   that	
   can	
   compromise	
   the	
  

pinpointing	
   of	
   the	
   contributing	
   factors	
   and	
   their	
   relative	
   weight	
   to	
   such	
  

changes.	
  As	
  so,	
  understandably,	
  disentangling	
  the	
  factors	
  that	
  influence	
  the	
  

course	
  of	
  evolution	
  in	
  natural	
  populations	
  is	
  of	
  extreme	
  importance	
  but	
  also	
  

of	
  great	
  difficulty.	
  	
  

Host-­‐microbe	
  interactions	
  represent	
  a	
  strong	
  and	
  constant	
  pressure	
  

to	
  both	
  partners,	
  driven	
  by	
  an	
  intense	
  race	
  between	
  infection	
  and	
  immunity.	
  

In	
   this	
   context,	
   a	
   co-­‐evolutionary	
   process	
   can	
   emerge	
   that	
   may	
   lead	
   to	
   a	
  

mutualistic	
   relationship	
   mitigating	
   or	
   even	
   suspending	
   hostilities.	
  

Considering	
   the	
   multifactorial	
   nature	
   of	
   these	
   interactions,	
   host-­‐microbe	
  

relationships	
  are	
  challenging	
  but	
  rewarding	
  models	
  of	
  laboratorial	
  research	
  

to	
  assess	
  a	
  vast	
  range	
  of	
  questions.	
  A	
  prominent	
  model	
  is	
  Drosophila	
  and	
  its	
  

natural	
   microbes:	
   from	
   pathogens,	
   such	
   as	
   DCV	
   (Drosophila	
   C	
   virus),	
   to	
  

intracellular	
   endosymbionts,	
   such	
   as	
   Wolbachia.	
   The	
   complexity	
   of	
   this	
  

network,	
   potentiated	
   by	
   the	
   knowledge	
   and	
   tools	
   of	
   model	
   organisms,	
  

constitutes	
  a	
  unique	
  system	
  to	
  reveal	
  important	
  features	
  of	
  the	
  evolution	
  of	
  

pathogenicity,	
  immune	
  response	
  and	
  symbiosis.	
  

The	
   combination	
   of	
   different	
   methodologies,	
   techniques	
   and	
  

technologies	
   is	
   also	
   an	
   efficient	
   way	
   to	
   transversally	
   approach	
   biological	
  

questions.	
   For	
   example,	
   experimental	
   evolution	
   studies	
   performed	
   in	
   the	
  

laboratory	
  have	
  proven	
  to	
  be	
  a	
  valuable	
  source	
  of	
  information,	
  namely	
  as	
  a	
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proxy	
   to	
   the	
   evolutionary	
   crosstalk	
   between	
   different	
   species	
   and	
   their	
  

influence	
   in	
   adaptation	
   upon	
   certain	
   selective	
   pressures.	
   Also,	
   with	
   the	
  

advent	
  of	
  genomics,	
  we	
  can	
  take	
  our	
  understanding	
  of	
   the	
  genetic	
  basis	
  of	
  

each	
  phenomenon	
  to	
  a	
  new	
  level.	
  	
  

This	
  Thesis	
   seeks	
   therefore,	
  by	
  combining	
   these	
  different	
   concepts	
  

and	
   tools,	
   to	
   understand	
   the	
   evolutionary	
   consequences	
   of	
   host-­‐pathogen	
  

interactions	
   and	
   the	
   relative	
   importance	
   of	
   symbiotic	
   relationships	
   to	
  

adaptation,	
  at	
  the	
  population,	
  physiological	
  and	
  genetic	
  levels.	
  

	
  

We	
   have	
   established	
   laboratory-­‐controlled	
   outbred	
   populations	
   of	
  

Drosophila	
  melanogaster	
  originally	
  infected	
  with	
  the	
  intracellular	
  symbiont	
  

Wolbachia	
   and	
   followed	
   their	
   response	
   and	
   genetic	
   configuration	
   upon	
  

different	
   pathogenic	
   challenges	
   and	
   different	
   infection	
   routes.	
   We	
   could	
  

observe	
   that	
   populations	
   infected	
   with	
   different	
   natural	
   pathogens,	
  

Pseudomonas	
   entomophila	
   or	
   Drosophila	
   C	
   Virus,	
   followed	
   distinct	
  

evolutionary	
   paths	
   and	
   immune	
   strategies	
   in	
   their	
   response	
   against	
   these	
  

pathogens.	
  Moreover,	
   we	
   uncovered	
   and	
   characterized	
   the	
   corresponding	
  

genomic	
   regions	
  of	
  differentiation	
  and	
  several	
   causative	
  genes	
  and	
  alleles,	
  

responsible	
   for	
  providing	
  the	
  genetic	
  basis	
  of	
   the	
  selected	
  phenotypes.	
  We	
  

further	
   studied	
   if	
   adaptation	
   processes	
   against	
   pathogens	
   entails	
  

evolutionary	
   costs	
   in	
   evolved	
   populations.	
   By	
   removing	
   the	
   selective	
  

pressures	
  exerted,	
  as	
  well	
  as	
  measuring	
  fitness	
  and	
  other	
  possibly	
  relevant	
  

traits,	
   we	
   found	
   that	
   there	
   were	
   no	
   maintenance	
   costs	
   in	
   the	
   ancestral	
  

environment,	
  nor	
  trade-­‐offs	
  were	
  observed	
  in	
  tested	
  traits.	
  

	
  

We	
  further	
  investigated	
  the	
  evolutionary	
  relationships	
  of	
  microbial	
  

endosymbionts	
   and	
   hosts	
   by	
   focusing	
   on	
   the	
   effect	
   of	
   the	
   presence	
   of	
  

Wolbachia	
  in	
  Drosophila	
  populations	
  to	
  the	
  evolution	
  of	
  both	
  parties.	
  Using	
  

the	
   fact	
   that	
   the	
   initial	
   population	
   carried	
  different	
  Wolbachia	
   haplotypes,	
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we	
   discovered	
   that	
   the	
   strains	
   that	
   conferred	
   higher	
   anti-­‐viral	
   protection	
  

were	
   fixed	
  by	
  selection	
   in	
  virus-­‐adapted	
  populations.	
  This	
   fact	
  makes	
  host	
  

selection	
  dependent	
  on	
  endosymbiont	
  genotypes	
  and	
  vice-­‐versa.	
  In	
  addition,	
  

we	
   show	
   that	
   by	
   removing	
   Wolbachia	
   from	
   this	
   equation	
   in	
   the	
   same	
  

experimental	
   setup	
   as	
   before,	
   Drosophila	
   populations	
   returned	
   to	
   being	
  

highly	
   susceptible	
   to	
   viral	
   challenge,	
   but	
   soon	
   recovered	
   by	
   engaging	
   in	
   a	
  

new	
   adaptive	
   process.	
   This	
   new	
   wave	
   of	
   adaptation	
   revealed	
   the	
   same	
  

previously	
   reported	
   regions	
   of	
   interest	
   and	
   the	
   increase	
   in	
   frequency	
   of	
  

highly	
  differentiated	
  protective	
  alleles,	
  differing	
  from	
  the	
  initial	
  Wolbachia-­‐

free	
  population.	
  	
  	
  

	
  

Finally,	
  we	
  explored	
  the	
  mechanisms	
  of	
  Wolbachia	
  transmission	
  in	
  a	
  

broad	
   evolutionary	
   context.	
   We	
   engaged	
   in	
   a	
   systematic	
   review	
   of	
   the	
  

literature,	
  to	
  propose	
  the	
  thesis	
  that	
  endosymbiosis	
  can	
  be	
  a	
  mechanism	
  for	
  

rapid	
   and	
   cyclic	
   speciation,	
   provided	
   that	
   vertical	
   and	
   horizontal	
  

transmission	
  occurs.	
  In	
  this	
  broadening	
  of	
  the	
  role	
  of	
  endosymbionts	
  in	
  the	
  

evolutionary	
  process,	
  we	
  challenged	
  also	
  the	
  view	
  that	
  Wolbachia	
  allocated	
  

to	
   somatic	
   tissues	
   faces	
   an	
   evolutionary	
   dead-­‐end.	
  We	
   hypothesize	
   that	
   a	
  

fraction	
   of	
   the	
   bacteria	
   present	
   in	
   the	
   germarium,	
   and	
   will	
   be	
   vertically	
  

transmitted,	
   actually	
   originates	
   from	
   somatic	
   tissues,	
   namely	
   from	
  

malpighian	
   tubules.	
   Furthermore,	
   as	
   horizontal	
   transmission	
   has	
   not	
   yet	
  

been	
  observed	
  directly	
  in	
  this	
  particular	
  context,	
  we	
  tested	
  cannibalism	
  as	
  a	
  

possible	
  route	
  of	
  Wolbachia	
  horizontal	
  transmission.	
  We	
  could	
  not	
  observe	
  

this	
  process	
  and	
  conclude	
  that,	
   if	
  existing,	
   it	
   is	
  either	
  occurring	
  very	
  rarely	
  

or	
  requiring	
  additional	
  factors	
  not	
  included	
  in	
  our	
  experimental	
  setup.	
  

	
  

Altogether,	
   the	
   results	
   here	
   presented	
   contribute	
   directly	
   and	
   in	
  

different	
   ways	
   to	
   our	
   understanding	
   of	
   the	
   evolutionary	
   processes	
   and	
  

consequences	
  underlying	
  host-­‐pathogen	
  and	
  symbiotic	
  interactions.	
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Resumo	
  
	
  

A	
  Evolução	
  tem	
  vindo	
  a	
  moldar	
  a	
  estrutura	
  genética	
  das	
  populações	
  

ao	
   longo	
  de	
  gerações,	
  usando	
  mutação	
  e	
  recombinação,	
  migração,	
  deriva	
  e	
  

seleção	
   para	
   criar	
   e/ou	
   corroer	
   a	
   variabilidade.	
   A	
   gama	
   de	
   caracteres	
  

apresentados	
   por	
   indivíduos	
   numa	
  população	
   depende	
   de	
   vários	
   factores,	
  

tais	
   como	
   a	
   heritabilidade	
   ou	
   o	
   pool	
   genético	
   disponível	
   para	
   o	
   processo	
  

adaptativo.	
  Adicionalmente,	
  a	
  multiplicidade	
  de	
  complexas	
  relações	
  intra-­‐	
  e	
  

inter-­‐espécies,	
   cria	
   um	
   outro	
   nível	
   de	
   complexidade	
   que	
   poderá	
  

comprometer	
  a	
  determinação	
  dos	
  factores	
  envolvidos	
  e	
  a	
  sua	
  contribuição	
  

relativa	
   para	
   tais	
   mudanças.	
   Assim,	
   compreensivelmente,	
   destrinçar	
   os	
  

factores	
  que	
  influenciam	
  o	
  decorrer	
  da	
  evolução	
  em	
  populações	
  naturais	
  é	
  

extremamente	
  importante	
  porém	
  bastante	
  difícil.	
  

As	
   interações	
   patogénio-­‐hospedeiro	
   representam	
   uma	
   pressão	
  

elevada	
  e	
  constante	
  para	
  ambos	
  os	
  intervenientes,	
  advinda	
  de	
  uma	
  intensa	
  

batalha	
   entre	
   infeção	
   e	
   imunidade.	
   Neste	
   contexto,	
   poderá	
   emergir	
   um	
  

processo	
  co-­‐evolutivo,	
  podendo	
   levar	
  a	
  uma	
  relação	
  mutualista,	
  mitigando	
  

ou	
   mesmo	
   suspendendo	
   as	
   hostilidades.	
   Tendo	
   em	
   conta	
   a	
   natureza	
  

multifactorial	
   destas	
   interações,	
   as	
   relações	
   hospedeiro-­‐microorganismo	
  

são	
   desafiantes	
   porém	
   recompensadores	
   elementos	
   de	
   investigação	
  

laboratorial	
   para	
   abordar	
   um	
   vasto	
   leque	
   de	
   perguntas.	
   Um	
   modelo	
  

proeminente	
   consiste	
   de	
   Drosophila	
   e	
   seus	
   micróbios	
   associados:	
   desde	
  

patogénios	
   como	
   o	
   DCV	
   (Drosophila	
   C	
   virus),	
   até	
   aos	
   endosimbiontes	
  

intracelulares,	
   como	
   a	
  Wolbachia.	
   A	
   complexidade	
   desta	
   rede,	
   potenciada	
  

pelo	
  conhecimento	
  e	
  ferramentas	
  existentes	
  em	
  organismos-­‐modelo,	
  revela	
  

propriedades	
   importantes	
   da	
   evolução	
   da	
   patogenicidade,	
   resposta	
  

imunitária	
  e	
  simbiose.	
  

A	
   combinação	
   de	
   diferentes	
  metodologias,	
   técnicas	
   e	
   tecnologias	
   é	
  

também	
   uma	
   forma	
   eficiente	
   de	
   abordar	
   transversalmente	
   questões	
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biológicas.	
   Por	
   exemplo,	
   estudos	
   de	
   evolução	
   experimental	
   realizados	
   em	
  

laboratório	
   têm	
   provado	
   ser	
   uma	
   valiosa	
   fonte	
   de	
   informação,	
  

nomeadamente	
  como	
  representantes	
  do	
  diálogo	
  evolutivo	
  entre	
  diferentes	
  

espécies	
   e	
   da	
   sua	
   influência	
   na	
   sua	
   adaptação	
   quando	
   sujeitas	
   a	
   pressões	
  

selectivas.	
   Acresce	
   que,	
   com	
   o	
   advento	
   da	
   genómica,	
   podemos	
   estender	
   a	
  

nossa	
  compreensão	
  da	
  base	
  genética	
  de	
  cada	
  fenómeno	
  para	
  um	
  novo	
  nível.	
  

Esta	
  Tese	
  procura,	
  portanto,	
  ao	
  combinar	
  estes	
  diferentes	
  conceitos	
  

e	
   ferramentas,	
   compreender	
   as	
   consequências	
   evolutivas	
   das	
   interações	
  

patogénio-­‐hospedeiro	
  e	
  a	
  importância	
  relativa	
  das	
  relações	
  simbióticas	
  para	
  

a	
  adaptação,	
  aos	
  níveis	
  populacional,	
  fisiológico	
  e	
  genético.	
  

	
  

Estabelecemos	
   populações	
   outbred	
   de	
   Drosophila	
   melanogaster	
  

controladas	
   em	
   laboratório,	
   originalmente	
   infectadas	
   com	
   o	
   simbionte	
  

intracelular	
  Wolbachia	
   e	
   seguimos	
   a	
   sua	
   resposta	
   e	
   configuração	
   genética	
  

face	
   a	
   diferentes	
   investidas	
   de	
   patogénios	
   por	
   diferentes	
   vias	
   infecciosas.	
  

Pudemos	
   observar	
   que	
   populações	
   infectadas	
   com	
   diferentes	
   patogénios	
  

naturais,	
   Pseudomonas	
   entomophila	
   ou	
   Drosophila	
   C	
   Virus,	
   seguiram	
   vias	
  

evolutivas	
   e	
   estratégias	
   imunitárias	
   distintas	
   na	
   sua	
   resposta	
   contra	
   estes	
  

patogénios.	
   Mais	
   ainda,	
   deslindámos	
   e	
   caracterizámos	
   as	
   respectivas	
  

regiões	
   genómicas	
   de	
   diferenciação	
   e	
   vários	
   genes	
   e	
   alelos	
   responsáveis	
  

pela	
   base	
   genética	
   dos	
   fenótipos	
   selecionados.	
   Estudámos	
   também	
   se	
   os	
  

processos	
  adaptativos	
  contra	
  patogénios	
  implicam	
  custos	
  evolutivos	
  para	
  as	
  

populações	
   evoluídas.	
   Ao	
   remover	
   as	
   pressões	
   seletivas	
   exercidas,	
   bem	
  

como	
   medindo	
   fitness	
   e	
   outros	
   caracteres	
   possivelmente	
   relevantes,	
  

descobrimos	
  que	
  não	
  existem	
  custos	
  de	
  manutenção	
  no	
  ambiente	
  ancestral,	
  

nem	
  foram	
  observados	
  trade-­‐offs	
  nos	
  caracteres	
  testados.	
  

	
  

Investigámos	
   ainda	
   as	
   relações	
   evolutivas	
   de	
   endosimbiontes	
  

microbianos	
   e	
   hospedeiros,	
   tendo	
   como	
   foco	
   o	
   efeito	
   da	
   presença	
   de	
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Wolbachia	
   em	
   populações	
   de	
   Drosophila	
   para	
   a	
   adaptação	
   de	
   ambas	
   as	
  

partes.	
   Usando	
   o	
   facto	
   de	
   que	
   a	
   população	
   inicial	
   continha	
   diferentes	
  

haplótipos	
   de	
   Wolbachia,	
   descobrimos	
   que	
   as	
   estirpes	
   que	
   conferiram	
  

maior	
   proteção	
   anti-­‐viral	
   foram	
   fixadas	
   por	
   seleção	
   nas	
   populações	
  

adaptadas	
  contra	
  vírus.	
  Este	
  facto	
  faz	
  com	
  que	
  a	
  seleção	
  do	
  hospedeiro	
  seja	
  

dependente	
   do	
   genótipo	
   de	
   endosimbiontes,	
   e	
   vice-­‐versa.	
   Adicionalmente,	
  

mostrámos	
   que	
   ao	
   remover	
   a	
  Wolbachia	
   desta	
   equação	
   no	
   mesmo	
   setup	
  

experimental,	
  regressa	
  a	
  alta	
  susceptibilidade	
  à	
  infeção	
  viral	
  nas	
  populações	
  

de	
   Drosophila,	
   seguindo-­‐se	
   contudo	
   uma	
   rápida	
   recuperação	
   através	
   de	
  

novo	
   processo	
   adaptativo.	
   Esta	
   nova	
   onda	
   de	
   adaptação	
   baseou-­‐se	
   nas	
  

mesmas	
   regiões	
   do	
   genoma	
   já	
   reportadas,	
   mais	
   especificamente	
   no	
  

aumento	
   de	
   frequência	
   dos	
   alelos	
   mais	
   protectores	
   anteriormente	
  

identificados	
  na	
  presença	
  de	
  Wolbachia.	
  

	
  

Finalmente,	
   explorámos	
   os	
   mecanismos	
   de	
   transmissão	
   de	
  

Wolbachia.	
   Através	
   de	
   uma	
   revisão	
   sistemática	
   da	
   literatura,	
   postulámos	
  

que	
  a	
  endossimbiose	
  pode	
  constituir	
  um	
  mecanismo	
  de	
  especiação	
  rápida	
  e	
  

cíclica,	
   desde	
   que	
   ocorra	
   transmissão	
   vertical	
   e	
   horizontal.	
   Neste	
  

alargamento	
   do	
   papel	
   dos	
   endossimbiontes	
   no	
   processo	
   evolutivo,	
  

desafiámos	
   também	
  a	
  perspectiva	
  de	
  que	
  a	
  Wolbachia	
   alocada	
  aos	
   tecidos	
  

somáticos	
  esteja	
  perante	
  um	
  beco	
  evolutivo.	
  Colocamos	
  a	
  hipótese	
  de	
  que	
  

uma	
   fração	
   das	
   bactérias	
   alocadas	
   ao	
   germário,	
   que	
   será	
   transmitida	
  

verticalmente,	
   tenha	
   a	
   sua	
   origem	
   em	
   tecidos	
   somáticos,	
   nomeadamente	
  

nos	
   túbulos	
   de	
   malpighi.	
   Adicionalmente,	
   como	
   nunca	
   foi	
   observada	
  

transmissão	
   horizontal	
   neste	
   contexto	
   em	
   particular,	
   testámos	
   o	
  

canibalismo	
   como	
   uma	
   possível	
   via	
   de	
   transmissão	
   horizontal	
   de	
  

Wolbachia.	
  Este	
  processo	
  não	
   foi	
  observado	
  e	
  concluímos	
  que,	
   caso	
  exista,	
  

ocorrerá	
   raramente	
   ou	
   requererá	
   factores	
   não	
   contemplados	
   no	
   nosso	
  

desenho	
  experimental.	
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Em	
   conjunto,	
   os	
   resultados	
   aqui	
   apresentados	
   contribuem	
  

diretamente	
   e	
   em	
   diferentes	
   formas	
   para	
   a	
   nossa	
   compreensão	
   dos	
  

processos	
   evolutivos	
   e	
   suas	
   consequências	
   para	
   as	
   interações	
   patogénio-­‐

hospedeiro	
  e	
  as	
  interações	
  simbióticas.	
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1.1.	
  Evolutionary	
  strategies	
  as	
  the	
  basis	
  to	
  life	
  perpetuation	
  

	
   As	
   soon	
   as	
   life	
   began	
   on	
   our	
   planet,	
   the	
   necessity	
   for	
   survival	
  

strategies	
  became	
  a	
  sine	
  qua	
  non	
  requisite	
  for	
  lineage	
  perpetuation.	
  Charles	
  

Darwin,	
   together	
   with	
   Alfred	
  Wallace,	
   structured	
   the	
   idea	
   that	
   the	
   major	
  

driver	
   of	
   evolution	
   would	
   be	
   Natural	
   Selection.	
   This	
   idea	
   is	
   based	
   on	
  

competition,	
  where	
  well-­‐adapted	
  individuals	
  that	
  respond	
  against	
  selective	
  

pressures	
  will	
  have	
  higher	
  fitness,	
  generating	
  more	
  offspring.	
  This	
  progeny	
  

will	
   carry	
   the	
   parental	
   information	
   and,	
   by	
   (re)combining	
   with	
   other	
  

characteristics	
  on	
  each	
  subsequent	
  generation,	
  will	
  go	
  through	
  an	
  adaptive	
  

trajectory	
  without	
  a	
  pre-­‐defined	
  destination.	
  With	
  the	
  discovery	
  of	
  the	
  rules	
  

of	
   heredity	
   by	
   Gregor	
  Mendel,	
   also	
   in	
   the	
  middle	
   of	
   the	
   19th	
   century,	
   and	
  

subsequently	
  its	
  genetic	
  basis,	
  the	
  DNA	
  code,	
  a	
  direct	
  relationship	
  between	
  

phenotype	
  and	
  genotype	
  was	
  built.	
   It	
  was	
  possible	
   to	
  begin	
   to	
  understand	
  

the	
   dynamics	
   of	
   populational	
   structures,	
   as	
   well	
   as	
   the	
   creative	
   and	
  

destructive	
  forces	
  of	
  variation,	
  responsible	
  for	
  the	
  evolution	
  and	
  diversity	
  of	
  

species.	
  

	
   These	
   evolutionary	
   paths	
   lead	
   to	
   the	
   continuous	
   emergence	
   and	
  

extinction	
   of	
   lineages	
   that,	
   by	
   ecological	
   necessity,	
   have	
   to	
   interact	
  

recurrently	
  with	
  each	
  other.	
  Several	
  strategies	
  arise	
  from	
  these	
  interactions,	
  

marked	
   by	
   different	
   selective	
   pressures	
   that	
   drive	
   this	
   process	
   over	
   time,	
  

such	
   as	
   the	
   access	
   to	
   nutrients	
   or	
   fighting	
   for	
   habitat.	
   The	
   Thesis	
   here	
  

presented	
   focuses	
  mainly	
   on	
   one	
   of	
   these	
   transversal	
   selective	
   pressures,	
  

which	
  can	
  be	
  more	
  or	
   less	
   intense,	
  but	
   certainly	
  critical	
   for	
   the	
  organisms	
  

on	
  our	
  planet:	
  the	
  host-­‐microbe	
  relationships.	
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Infection	
  and	
  immunity:	
  the	
  two	
  sides	
  of	
  an	
  endless	
  arms	
  race	
  

	
   Over	
  many	
  millions	
  of	
   years,	
   the	
   evolution	
  of	
   life	
   on	
   earth	
   enabled	
  

the	
  emergence	
  of	
  an	
  extensive	
  variety	
  of	
  organisms,	
  which	
  exhibit	
  strategies	
  

of	
   perpetuation	
   with	
   different	
   degrees	
   of	
   complexity	
   [1].	
   Uni-­‐	
   or	
  

multicellular	
   organisms	
   are	
   able	
   to	
   use	
   diverse	
   base	
   resources	
   for	
   their	
  

metabolic	
  functions,	
  and	
  all	
  organisms	
  that	
  survive	
  and	
  spread	
  part	
  of	
  their	
  

genetic	
   information	
  need	
  to	
  attack	
  and	
  defend.	
  Throughout	
  the	
  tree	
  of	
   life,	
  

specialization	
  in	
  one	
  of	
  these	
  two	
  faculties	
  is	
  common,	
  as	
  well	
  as	
  a	
  balance	
  

between	
  both.	
   	
  

	
   Microorganisms,	
  small	
  and	
  ancestral	
  forms	
  of	
  life,	
  inhabit	
  almost	
  all	
  

habitats	
  of	
  our	
  planet	
  [2–6].	
  This	
  ability	
  to	
  explore	
  a	
  variety	
  of	
  resources	
  is	
  

based	
   on	
   an	
   enormous	
   capacity	
   to	
   adapt,	
   using	
   strategies	
   ranging	
   from	
   a	
  

fast	
  generation	
  time	
  to	
  recurrent	
  lateral	
  gene	
  transfer	
  [7–9].	
  Apart	
  from	
  the	
  

lineages	
   that	
   have	
   specialized	
   in	
   extracting	
   resources	
   from	
   abiotic	
  

substrates,	
  many	
  others	
  evolved	
  to	
  obtain	
  the	
  supplies	
  required	
  for	
  survival	
  

from	
   other	
   living	
   organisms	
   [10,11].	
   However,	
  while	
   some	
   thrive	
  without	
  

causing	
   injury	
   to	
   its	
   partners	
   (at	
   least	
   temporarily	
   on	
   the	
   evolutionary	
  

scale),	
   others	
   depend	
   or	
   take	
   advantage	
   of	
   the	
   energy	
   stored	
   by	
   them,	
  

triggering	
  a	
  cost.	
  

	
   Infectious	
  agents,	
  such	
  as	
  pathogens	
  and	
  parasites,	
  are	
  an	
  example	
  of	
  

the	
   latter	
   group,	
  which	
   have	
   built	
   their	
   strategy	
   on	
   the	
   ability	
   to	
   explore,	
  

directly	
   or	
   indirectly,	
   other	
   individuals,	
   causing	
   disease.	
   These	
   organisms	
  

are	
   able	
   to	
   exploit	
   the	
   available	
   resources	
   and	
   multiply	
   inside	
   or	
   on	
   the	
  

surface	
   of	
   their	
   usually	
   larger	
   hosts.	
   Classic	
   examples	
   of	
   these	
   infection	
  

agents	
   are	
   viruses	
   [12,13],	
   prions	
   [14,15]	
   or	
   bacteria	
   [16],	
   but	
   also	
  

multicellular	
   organisms,	
   such	
   arthropods	
   [17,18],	
   helminths	
   [19,20]	
   or	
  

fungi	
   (also	
   unicellular)	
   [21,22].	
   Some	
   of	
   these	
   are	
   designated	
   as	
   primary	
  

pathogens,	
   characterized	
  by	
  having	
  developed	
   a	
   strategy	
   to	
  directly	
   infect	
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healthy	
  hosts,	
  requiring	
  these	
  individuals	
   for	
  completion	
  of	
  their	
   life	
  cycle.	
  

Others,	
  called	
  opportunistic	
  pathogens,	
  take	
  advantage	
  of	
  periods	
  of	
  debility	
  

of	
   hosts	
   to	
   establish	
   the	
   infection	
   [23].	
   With	
   the	
   advancement	
   of	
  

fundamental	
   and	
  medical	
   research,	
   special	
   attention	
   has	
   been	
   paid	
   in	
   the	
  

attempt	
   to	
   understand	
   how	
   these	
   invading	
   microorganisms	
   operate.	
  

Comprehending	
  and	
  recognizing	
  the	
  mechanisms	
  of	
  pathogenic	
  infection	
  is	
  

the	
   first	
   step	
   to	
   uncover	
   how	
   the	
   host-­‐parasite	
   relationships	
   evolve,	
   and	
  

thus	
  hope	
  to	
  develop	
  strategies	
  to	
  tackle	
  them.	
  

	
   Hosts,	
  on	
  their	
  side,	
  have	
  developed	
  several	
  response	
  strategies	
  and	
  

defence	
  mechanisms	
  to	
  riposte	
  against	
  pathogen	
  attacks.	
  Some	
  are	
  generic	
  

and	
   conserved	
   across	
   large	
   groups	
   of	
   organisms,	
   whilst	
   others	
   are	
  

particular	
  specializations	
  resultant	
  of	
  host-­‐pathogen	
  co-­‐evolution.	
  The	
  most	
  

established	
  group	
  of	
  protective	
  adaptations	
  consist	
  of	
  the	
  immune	
  system.	
  

Generically,	
   as	
   an	
   evolutionary	
   gain	
   shared	
   by	
   a	
   wide	
   range	
   of	
  

multicellular	
   organisms,	
   we	
   find	
   the	
   innate	
   immune	
   system.	
   Innate	
  

immunity	
   relates	
   to	
   the	
   set	
   of	
   physical,	
   chemical	
   and	
   even	
   biological	
  

barriers	
  (created	
  by	
  the	
  presence	
  of	
  others	
  species)	
  that	
  impedes	
  the	
  entry	
  

of	
   pathogens,	
   including	
   cellular	
   barriers,	
   which	
   fight	
   infection	
   after	
   a	
  

contact	
   [24,25].	
   The	
   innate	
   immune	
   system	
   protects	
   from	
   infections	
   and	
  

responds	
   in	
   a	
   general	
   way,	
   but	
   not	
   necessarily	
   in	
   a	
   non-­‐specific	
   manner,	
  

where	
   cell	
   receptors	
   with	
   high	
   affinity	
   to	
   specific	
   transversal	
   proteins	
   in	
  

numerous	
  invaders	
  are	
  also	
  present	
  [26].	
  

	
   In	
   jawed	
   vertebrates,	
   and	
   analogously	
   in	
   agnathans,	
   an	
   even	
  more	
  

complex	
   defensive	
   structure	
   evolved:	
   the	
   adaptive	
   immune	
   system	
   [27].	
  

With	
   the	
   co-­‐option	
   of	
   DNA-­‐editing	
   proteins,	
   namely	
   RAG	
   (Recombination	
  

Activating-­‐Gene)	
   and	
   AID	
   (Activation-­‐Induced	
   cytidine	
   Deaminase)	
   to	
  

immune	
   functions,	
   this	
   group	
   developed	
   an	
   outstanding	
   evolutionary	
  

novelty	
   [28–30].	
   Throughout	
   the	
   development	
   of	
   the	
   organism,	
   but	
   also	
  



	
   26	
  

across	
   life,	
   these	
   animals	
   originate	
   specialized	
   hematopoietic	
   cells,	
   the	
  

lymphocytes,	
   which	
   display	
   a	
   virtually	
   endless	
   variety	
   of	
   rearranged	
  

defensive	
   receptors	
   that	
   may	
   recognize	
   the	
   invading	
   proteins	
   (non-­‐self).	
  

Protein	
   fragments	
   are	
   exposed	
   in	
   cell	
   surface	
   by	
   the	
   Major	
  

Histocompatibility	
   Complex	
   (MHC),	
   a	
   process	
   called	
   antigen	
   presentation,	
  

allowing	
   the	
   activation	
   of	
   T	
   lymphocytes.	
   From	
   that,	
   a	
   refined	
   immune	
  

regulation	
   by	
   T	
   lymphocytes	
   and	
   a	
   specialized	
   production	
   of	
   reactive	
  

proteins	
   (antibodies/immunoglobulins)	
   by	
   B	
   lymphocytes,	
   closely	
  

articulated	
  with	
   the	
   innate	
   defensive	
  mechanisms,	
   create	
   an	
   effective	
   and	
  

efficient	
  protective	
  network	
  (for	
  review	
  see	
  [25]).	
  The	
  diversity	
  of	
  receptors	
  

necessary	
   to	
   attack	
   a	
   massive	
   variety	
   of	
   invasive	
   agents	
   is	
   only	
   possible	
  

through	
  the	
  rearrangement	
  of	
  gene	
  segments	
  and	
  high	
  mutation	
  rate	
  of	
  the	
  

genes	
   involved	
   as	
   source	
   material	
   for	
   the	
   process	
   [31].	
   In	
   this	
   way,	
  

progressively	
  in	
  the	
  phylogenetic	
  tree,	
  this	
  group	
  of	
  animals	
  was	
  capable	
  of	
  

maximizing	
  the	
  diversity	
  of	
  receptors	
  without	
  exponentially	
   increasing	
  the	
  

size	
  of	
  the	
  genome,	
  which	
  is	
  itself	
  a	
  known	
  selective	
  pressure	
  on	
  organisms	
  

[26].	
  

	
   In	
   the	
   process	
   of	
   creation	
   of	
   this	
   undifferentiated	
   army	
   for	
  

specialized	
   attacks,	
   the	
   lymphocytes	
   are	
   tested	
  with	
   self-­‐proteins	
   and	
   the	
  

autoreactive	
   clones	
   are	
   eliminated	
   before	
   entry	
   into	
   circulation.	
   The	
  

released	
  lymphocytes	
  that	
  are	
  stimulated	
  by	
  non-­‐self	
  proteins	
  will	
  multiply	
  

and	
   trigger	
   an	
   extremely	
   effective	
   systemic	
   response.	
   Moreover,	
   this	
  

response	
  mechanism	
   acts	
   not	
   only	
  when	
   facing	
   a	
   particular	
   infection,	
   but	
  

also	
  allows	
  a	
  capacity	
  of	
  a	
  large-­‐scale	
  response	
  in	
  future	
  infections	
  from	
  the	
  

same	
   pathogen	
   (or	
   any	
   other	
   with	
   the	
   same	
   epitope	
   recognized	
   by	
   this	
  

receptor)	
   [25].	
   This	
   characteristic	
   of	
   memory	
   of	
   infection	
   in	
   adaptive	
  

immune	
  system	
  is	
  the	
  basis	
  for	
  effective	
  immunization	
  programs	
  developed	
  

by	
  humans,	
  namely	
  vaccination	
  against	
  several	
  pathogens.	
  Such	
  adaptation	
  

is	
   a	
   remarkable	
   evolutionary	
   strategy	
   that	
   although	
   configured	
   as	
   very	
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efficient,	
  has	
  been	
  associated	
  to	
  a	
  significant	
  expenditure	
  of	
  energy.	
  This	
  is	
  

because	
   the	
   majority	
   of	
   the	
   produced	
   lymphocytes	
   are	
   useless,	
   being	
  

automatically	
   destroyed	
   when	
   detected	
   as	
   auto-­‐reactive,	
   or	
   never	
   being	
  

activated	
  by	
  a	
  compatible	
  ligand	
  to	
  its	
  receptor.	
  

	
   Moreover,	
  as	
  important	
  as	
  the	
  effectiveness	
  of	
  the	
  adaptive	
  immune	
  

system	
   against	
   infections,	
   is	
   the	
   quality	
   of	
   the	
   regulation	
   of	
   autoreactive	
  

defensive	
  cells	
  elimination.	
  Several	
  studies	
  in	
  mice,	
  and	
  also	
  clinical	
  cases	
  in	
  

humans,	
   have	
   shown	
   the	
   adverse	
   effects	
   of	
   errors	
   in	
   this	
   process	
   [32,33].	
  

This	
   observation	
   suggests	
   that	
   acquired	
   immunity	
   must	
   be	
   under	
   an	
  

extreme	
   selective	
   pressure,	
   either	
   positive	
   or	
   negative,	
   according	
   to	
   the	
  

success	
  (immunity)	
  or	
  failure	
  (auto-­‐immunity)	
  of	
  the	
  process.	
  Therefore,	
  it	
  

is	
   essential	
   that	
   organisms	
   balance	
   the	
   direct	
   and	
   indirect	
   costs	
   of	
  

increasing	
   the	
   immune	
   response	
   versus	
   spending	
   resources	
   on	
  

reproduction,	
  according	
  to	
  the	
  selective	
  pressure	
  imposed	
  by	
  each	
  feature.	
  

	
   Nevertheless,	
   the	
   possibility	
   of	
   self-­‐damage	
   is	
   not	
   exclusive	
   to	
   the	
  

adaptive	
  immune	
  system.	
  The	
  innate	
  immune	
  system	
  is	
  also	
  conditioned	
  by	
  

the	
   collateral	
   effects	
   of	
   defensive	
   activity,	
   triggered	
   by,	
   for	
   example,	
   the	
  

deregulation	
  of	
  pH,	
  reactive	
  oxygen	
  species	
  (ROS)	
  levels	
  or	
  cell	
  damage	
  by	
  

phagocytosis	
  [34–38].	
   	
  

	
   Another	
   interesting	
   defensive	
   line	
   of	
   many	
   organisms	
   is	
   based	
   on	
  

the	
  evolution	
  of	
  behaviour.	
  Although	
  not	
  usually	
   considered	
  a	
   generalized	
  

mechanism,	
   but	
  more	
   as	
   specific	
   adaptations	
   resulting	
   from	
   co-­‐evolution,	
  

behavioural	
  barriers	
  are	
  extremely	
   successful	
   in	
   some	
  cases	
   [39,40].	
  They	
  

consist	
   in	
   the	
   avoidance	
  of	
   pathogens	
   (or	
   even	
   toxic	
   substances	
  produced	
  

by	
   other	
   organisms),	
   identified	
   by	
   the	
   potential	
   hosts	
   with	
   sensory	
  

characteristics,	
  such	
  as	
  distinctive	
  flavours	
  or	
  smells.	
  

	
   Still	
  another	
  type	
  of	
  defence,	
  belonging	
  to	
  a	
  field	
  that	
  is	
  increasingly	
  

growing	
   in	
   knowledge	
   and	
   relevance,	
   is	
   symbiotic	
   immunity,	
   where	
   the	
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presence	
  of	
  some	
  microorganisms,	
  such	
  as	
   the	
  gut	
  microbiota,	
   can	
  protect	
  

the	
  host	
  from	
  the	
  potential	
  entry	
  of	
  harmful	
  microbes	
  [41,42].	
  Intracellular	
  

endosymbionts	
   belong	
   to	
   yet	
   another	
   level	
   of	
   symbiotic	
   immunity,	
   which	
  

directly	
   or	
   indirectly	
   (as	
   we	
   will	
   see	
   later),	
   can	
   increase	
   host’s	
   fitness	
  

helping	
  to	
  prevent	
  or	
  fight	
  pathogenic	
  infections.	
  

	
   	
  Thus,	
   with	
   so	
   many	
   defensive	
   barriers,	
   it	
   is	
   necessary	
   for	
  

microorganisms	
  to	
  adapt	
  quickly,	
  avoiding	
  or	
  neutralizing	
  the	
  evolved	
  arms	
  

of	
   the	
  potential	
  new	
  hosts.	
  However,	
  a	
  very	
   fast	
  and	
  violent	
  adaptation	
  by	
  

specialized	
   pathogens	
   can	
   be	
   a	
   dead-­‐end,	
   disappearing	
   by	
   increase	
   of	
  

virulence	
  to	
  the	
  point	
  of	
  decimating	
  their	
  hosts.	
  Therefore,	
  this	
  battle	
  has	
  a	
  

very	
  large	
  number	
  of	
  constrains	
  for	
  both	
  sides,	
  creating	
  a	
  necessary	
  balance	
  

between	
  different	
  strategies.	
  

	
   	
  	
  

1.2.	
  The	
  paths	
  for	
  host-­‐microbe	
  evolution	
  

	
   The	
  constant	
  battle	
  where	
  pathogenic	
  virulence	
  and	
  host	
  defence	
  are	
  

committed	
   can	
   be	
   sustained	
   for	
   a	
   long	
   time,	
   triggered	
   by	
   the	
   continuous	
  

adaptation	
   of	
   both	
   sides.	
   In	
   1871,	
   Lewis	
   Carroll	
   described	
   in	
   one	
   of	
   his	
  

famous	
   books	
   how	
   a	
   enigmatic	
   Red	
   Queen	
   explained	
   to	
   Alice	
   that,	
   in	
   her	
  

country,	
  she	
  had	
  to	
  run	
  as	
  fast	
  she	
  could	
  just	
  to	
  stay	
  in	
  the	
  same	
  place,	
  and,	
  

to	
  go	
   further,	
   it	
  was	
  necessary	
   run	
   twice	
  as	
   fast.	
  This	
  puzzling	
  vision,	
  also	
  

entitled	
   Red	
   Queen	
   Paradigm,	
   was	
   later	
   applied	
   to	
   some	
   evolutionary	
  

processes,	
  where	
  host-­‐pathogen	
   interaction	
   is	
  a	
  perfect	
  example	
   [26].	
  The	
  

idea	
  that	
  it	
  is	
  necessary	
  keep	
  adapting	
  just	
  to	
  maintain	
  the	
  balance	
  of	
  forces	
  

cannot	
  be	
  more	
  appropriate	
  between	
  infection	
  and	
  immunity.	
  In	
  order	
  that	
  

one	
  part	
  gains	
  some	
  advantage,	
  it	
  is	
  essential	
  to	
  create	
  new	
  strategies	
  even	
  

faster,	
  where	
  the	
  respective	
  evolutionary	
  consequences,	
  beneficial	
  or	
  costly,	
  

will	
  be	
  proportional	
  to	
  the	
  magnitude	
  of	
  the	
  change.	
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   As	
   a	
   result	
   of	
   the	
   intrinsic	
   constraints	
   on	
   this	
   process,	
   the	
   frontier	
  

between	
  parasitism	
  and	
  mutualism	
  can	
  be	
  a	
  thin	
   line	
   in	
  the	
  coevolution	
  of	
  

host-­‐microbe	
   systems,	
   where	
   the	
   outcomes	
   are	
   not	
   always	
   strict	
   [43,44].	
  

Symbionts	
  can	
  be	
  mutualistic	
  or	
  pathogenic	
  according	
  to	
  the	
  environmental	
  

conditions,	
   such	
   as	
   temperature	
   fluctuations	
   or	
   nutritional	
   status,	
  

stimulating	
   and	
   further	
   complicating	
   the	
   evolution	
   of	
   these	
   interactions	
  

[45,46]	
   .	
   Therefore,	
   in	
   this	
   shared	
   road	
   of	
   action-­‐reaction	
   between	
   both	
  

players,	
   fitness	
   is	
   constantly	
   brought	
   into	
   question,	
   proportionally	
   to	
   the	
  

degree	
   of	
   interdependence.	
   According	
   to	
   that,	
   the	
   level	
   of	
   host-­‐microbe	
  

specialization	
  may	
  be	
  decisive	
   for	
   the	
   increase	
  of	
  hostility	
  or,	
  on	
  the	
  other	
  

side,	
   for	
   a	
  mutualistic	
   path,	
   a	
   necessary	
   commitment	
   for	
   the	
   good	
  of	
   both	
  

[47].	
  	
  

	
   To	
  better	
  understand	
  the	
  possible	
  outcomes	
  of	
  these	
  relationships	
  it	
  

is	
   important	
   to	
   realize	
   that	
   all	
   host-­‐microbe	
   pairs	
   establish	
   a	
   type	
   of	
  

physical	
  interaction,	
  and	
  the	
  nature	
  of	
  this	
  contact	
  will	
  condition	
  the	
  future	
  

of	
   the	
   relationship	
   [48].	
   From	
  parasitism	
   to	
  mutualism,	
   symbioses	
   can	
   be	
  

categorized	
   by	
   these	
   types	
   of	
   physical	
   interface	
   between	
   players,	
   namely	
  

ecto	
   or	
   endosymbiosis.	
   Ectosymbiosis	
   includes	
   interactions	
   between	
  

organisms	
   outside	
   the	
   host’s	
   cells,	
   more	
   specifically	
   on	
   the	
   organism’s	
  

surface.	
  The	
  perpetuation	
  of	
  this	
  type	
  of	
  relationship	
  is	
  based	
  on	
  horizontal	
  

transmission,	
  creating	
  de	
  novo	
  infections	
  across	
  individuals	
  and	
  generations	
  

[49].	
  

	
   In	
   endosymbiosis,	
   the	
   central	
   feature	
   is	
   the	
   presence	
   of	
   a	
  

microorganism	
   within	
   the	
   host,	
   intra	
   or	
   extracellularly.	
   This	
   type	
   of	
  

relationship	
  is	
  widespread	
  across	
  a	
  vast	
  range	
  of	
  phylogenetic	
  groups	
  [50].	
  

Actually,	
  some	
  basilar	
  and	
  diagnostic	
  characteristics	
  of	
  the	
  kingdoms	
  of	
  life	
  

on	
  Earth	
  are	
  defined	
  by	
  the	
  occurrence	
  of	
  intracellular	
  endosymbiosis	
  in	
  the	
  

past	
   [51,52].	
   The	
   prevailing	
   theory	
   clearly	
   points	
   that	
   the	
   origin	
   of	
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mitochondria	
  or	
  plasts	
  are	
  resultant	
  of	
  successful	
  intracellular	
  symbiosis,	
  a	
  

process	
  called	
  symbiogenesis	
  [53–55].	
  These	
  examples	
  seem	
  to	
  show	
  that	
  a	
  

putative	
   infection	
   can	
   originate	
   massive	
   adaptive	
   advantages	
   over	
   time,	
  

constructed	
  by	
  the	
  intense	
  coevolutionary	
  process.	
  Thus,	
  as	
  attested	
  by	
  the	
  

history	
  of	
  life,	
  this	
  path	
  to	
  mutualism	
  can	
  generate	
  great	
  rearrangements	
  of	
  

evolutionary	
  novelties,	
  such	
  as	
  metabolic	
  functions.	
  	
  

	
   In	
  invertebrates,	
  a	
  wide	
  range	
  of	
  endosymbionts	
  has	
  been	
  described	
  

in	
  the	
  last	
  decades	
  [56],	
  revealing	
  several	
  symbiogenic	
  processes	
  in	
  distinct	
  

steps	
   of	
   coevolution	
   with	
   hosts	
   [57].	
   For	
   example,	
   in	
   insects,	
   although	
  

diverse	
   and	
   presenting	
   different	
   strategies,	
   the	
   identified	
   heritable	
  

symbionts	
  can	
  no	
  longer	
  be	
  perpetuated,	
  or	
  even	
  replicate,	
  without	
  the	
  host.	
  

On	
   the	
   host’s	
   side,	
   some	
   also	
   cannot	
   develop	
   or	
   reproduce	
   without	
   the	
  

endosymbiont,	
   making	
   these	
   microorganisms	
   classified	
   as	
   obligatory	
   (or	
  

primary)	
   [58].	
   Obligatory	
   endosymbionts	
   result	
   from	
   a	
   prolonged	
  

coevolution	
  with	
  the	
  host,	
  reducing	
  their	
  genome	
  and	
  usually	
  concentrating	
  

in	
   specialized	
   organs,	
   the	
   bacteriomes,	
   which	
   can	
   vary	
   in	
   cellular	
   origin	
  

according	
   to	
   the	
   host	
   group.	
   One	
   central	
   model	
   of	
   the	
   host/obligatory	
  

endosymbiont	
   relationship	
   is	
   aphids	
   and	
   their	
   endosymbiont	
   Buchnera	
  

aphidicola	
   (a	
   generic	
   name	
   for	
   the	
   related	
   obligatory	
   endosymbiont	
   of	
   all	
  

aphids),	
   which	
   shows	
   the	
   typical	
   characteristics	
   of	
   these	
   relationships	
  

mentioned	
  above	
  [59–61].	
  	
  

	
   On	
  the	
  other	
  hand,	
  those	
  endosymbionts	
  that	
  are	
  not	
  vital	
  to	
  the	
  host	
  

are	
   designated	
   as	
   facultative	
   or	
   secondary.	
   Contrarily	
   to	
   the	
   obligatory	
  

symbionts,	
   facultative	
   symbionts	
   retain	
   their	
   ability	
   to	
   invade	
  new	
   tissues	
  

and	
   hosts	
   (with	
   different	
   levels	
   of	
   effectiveness),	
   showing	
   an	
   irregular	
  

presence	
  among	
  host	
  tissues	
  and	
  populations	
  [58].	
  

	
   For	
   the	
   endosymbionts	
   that	
   have	
   the	
   capacity	
   of	
   perpetuation	
   by	
  

horizontal	
   transmission,	
   the	
   escalation	
   of	
   virulence	
   will	
   increase	
   fitness	
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since	
   they	
   will	
   always	
   have	
   available	
   another	
   host	
   to	
   infect.	
   Thus,	
   the	
  

limiting	
  factor	
  is	
  not	
  the	
  survival	
  of	
  the	
  current	
  individual	
  host	
  but,	
  instead,	
  

the	
   viability	
   of	
   the	
   host	
   population	
   as	
   a	
   whole	
   (constituted	
   by	
   the	
   set	
   of	
  

infectable	
   individuals,	
   from	
   one	
   or	
   more	
   species).	
   When	
   endosymbionts	
  

start	
   to	
   lose	
   the	
   capacity	
   to	
   invade	
  new	
  hosts,	
  progressively	
  adapting	
   to	
  a	
  

vertical	
   transmission	
   strategy	
   (maternal	
   and/or	
   paternal)	
   as	
   the	
  

mechanism	
   of	
   heritability,	
   the	
   fitness	
   of	
   the	
   current	
   host	
   becomes	
   a	
   key	
  

feature.	
   Thus,	
   in	
   this	
   case	
   of	
   intensification	
   of	
   dependency,	
   the	
   fitness	
   of	
  

their	
   host	
   and	
   respective	
   progeny	
   is	
   increasingly	
   important,	
   being	
   then	
  

directly	
  interconnected.	
  Simultaneously,	
  the	
  door	
  is	
  open	
  to	
  the	
  reduction	
  in	
  

virulence	
   and	
   construction	
   of	
   a	
   mutualistic	
   relationship,	
   triggered	
   by	
   the	
  

elaboration	
   of	
   new	
   strategies	
   that	
   will	
   increase	
   the	
   fitness	
   of	
   both	
   sides	
  

[62,63].	
  

	
   Coupled	
  with	
  the	
  process	
  of	
  the	
  suspension	
  of	
  hostilities	
  and	
  a	
  joint	
  

perpetuation,	
  evolution	
  can	
  now	
  use	
  the	
  genetic	
  redundancy	
  between	
  these	
  

new	
   allies	
   as	
   raw	
  material	
   to	
   further	
   accelerate	
   the	
   evolution	
   of	
   this	
   new	
  

lineage.	
  Redundancy	
  relieves	
  the	
  selective	
  pressure	
  on	
  copies	
  of	
  genes	
  that	
  

encode	
   proteins	
   performing	
   similar	
   functions,	
   allowing	
   the	
   sub	
   or	
  

neofuncionalization	
   of	
   genes	
   (or	
   alleles)	
   on	
   one	
   side,	
   or	
   even	
   leading	
   to	
  

their	
   disappearance	
   [64–66].	
   Over	
   time,	
   this	
   path	
   consolidates	
   the	
  

irreversibility	
   of	
   the	
   process	
   and	
   turns	
  what	
   used	
   to	
   be	
   two	
   entities	
   into	
  

one.	
   The	
   above-­‐mentioned	
   examples,	
   such	
   as	
   alpha-­‐proteobacteria	
   and	
  

cyanobacteria,	
   which	
   respectively	
   originated	
   the	
   mitochondria	
   and	
  

chloroplast,	
   are	
   great	
   examples	
   of	
   current	
   results	
   of	
   ancient	
   symbiogenic	
  

processes.	
  	
  

	
   It	
   is	
   thus	
   clear	
   that	
   the	
   invasion/internalization	
   process,	
   which	
  

initially	
   resulted	
   from	
   a	
   pathogenic	
   infection,	
   can	
   evolve	
   into	
   a	
   beneficial	
  

system	
  for	
  this	
  new	
  combined	
  entity,	
   in	
  which	
  one	
  fails	
  to	
  survive	
  without	
  

the	
  other.	
  However,	
  throughout	
  this	
  process,	
  it	
  is	
  also	
  possible	
  to	
  loose	
  the	
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endosymbiont:	
   firstly,	
   through	
   elimination	
   by	
   selection	
   while	
   it	
   is	
   not	
  

obligatory	
   to	
   the	
   host,	
   or,	
   after	
   this	
   step,	
   by	
   replacement	
   with	
   of	
   a	
   new	
  

endosymbiont	
   that	
   satisfies	
   the	
   necessary	
   vital	
   functions	
   and	
   adds	
   extra	
  

adaptive	
  advantages	
  [61,67–69].	
  	
  

	
   In	
   these	
   relationships,	
   where	
   the	
   fitness	
   of	
   host	
   arthropods	
   and	
  

endosymbionts	
  are	
  now	
  interconnected	
  by	
  vertical	
  transmission,	
  a	
  possible	
  

mechanism	
  that	
  could	
  effectively	
  spread	
  the	
  proliferation	
  of	
  this	
  new	
  entity	
  

is	
   the	
   modification	
   of	
   the	
   reproductive	
   rules	
   of	
   the	
   host	
   species.	
   These	
  

mechanisms	
   are	
   triggered	
   by	
   some	
   endosymbionts	
   to	
   increase	
   their	
   own	
  

transmission,	
   using	
   for	
   this	
   the	
   increase	
   of	
   the	
   progeny	
   of	
   the	
   host.	
   In	
  

insects,	
   several	
   species	
   of	
   facultative	
   endosymbionts	
   can	
  modify	
   the	
   host	
  

reproduction,	
   such	
   as	
   bacteria	
   of	
   Genus	
  Cardinium	
   [70–72],	
  Arsenophonus	
  

[73,74]	
   or	
   Spiroplasma	
   [75–77].	
   However,	
   and	
   now	
   approached	
   further,	
  

Wolbachia	
   is	
   the	
   most	
   paradigmatic	
   and	
   well-­‐studied	
   case,	
   triggering	
  

different	
  manipulations	
  in	
  a	
  vast	
  spectrum	
  of	
  hosts.	
  

Although	
  a	
  large	
  range	
  of	
  immune	
  responses	
  are	
  found	
  along	
  the	
  tree	
  of	
  

life,	
   this	
   Thesis	
   focuses	
   in	
   the	
   immune	
   response	
   of	
   invertebrate	
   animals,	
  

and	
   in	
  particular	
  Drosophila,	
  which	
  as	
  described	
   further	
  on,	
  presents	
   itself	
  

as	
  the	
  central	
  model	
  for	
  the	
  studies	
  in	
  this	
  Thesis.	
  

	
  

1.3.	
  Drosophila	
  as	
  a	
  transversal	
  host-­‐model	
  

	
  

In	
   this	
   long	
   road	
   of	
   scientific	
   discoveries,	
   some	
   organisms	
   have	
  

become	
   central	
   in	
   biological	
   research	
   [78].	
   Among	
   them,	
   with	
   special	
  

emphasis	
  on	
  the	
  study	
  of	
  invertebrates,	
  but	
  also	
  with	
  a	
  huge	
  impact	
  on	
  the	
  

understanding	
  of	
  Vertebrates,	
  Drosophila	
   flies	
  occupy	
  a	
   central	
  place	
   [79].	
  

Drosophila	
   is	
   a	
   Genus	
   belonging	
   to	
   Family	
   Drosophilidae	
   (Order:	
   Diptera;	
  

Class:	
  Insecta;	
  Filo:	
  Arthropoda),	
  generically	
  designated	
  as	
  “vinegar	
  flies”	
  or	
  

“fruit	
   flies”.	
   This	
   Genus	
   includes	
   more	
   than	
   1,500	
   species,	
   with	
   large	
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differences	
   in	
   appearance,	
   behavior	
   and	
   reproductive	
   habitats	
   [80–82].	
   In	
  

particular,	
   one	
   species,	
  Drosophila	
  melanogaster,	
   has	
   been	
  massively	
   used	
  

as	
  an	
   in	
  vivo	
  model	
  organism	
   in	
  basic	
  and	
  applied	
   research	
  across	
   several	
  

areas	
  [83].	
  The	
  popularization	
  of	
  Drosophila	
  started	
  with	
  the	
  morphological	
  

and	
  genetic	
  experiments	
  by	
  the	
  geneticist	
  Thomas	
  Hunt	
  Morgan,	
  whose	
  lab	
  

contributed	
  fundamentally	
  to	
  the	
  establishment	
  of	
  a	
  chromosomal	
  theory	
  of	
  

inheritance	
   [84].	
   To	
   achieve	
   that,	
   and	
   still	
   today	
   in	
   all	
   fields	
  where	
   these	
  

flies	
   are	
   used,	
   several	
   characteristics	
   of	
   Drosophila	
   were	
   key.	
   A	
   short	
  

generation	
   time	
   (from	
   2	
   to	
   4	
   weeks),	
   the	
   easy	
   and	
   not	
   expensive	
  

maintenance	
   and	
   the	
   possibility	
   to	
   keep	
   a	
   high	
   effective	
   population	
   size,	
  

make	
   this	
   organism	
   an	
   accessible	
   genetic	
   analysis	
   tool.	
   Posteriorly,	
   a	
   vast	
  

range	
   of	
   public	
   genomic	
   resources	
   and	
   genetic	
   tools	
   allowed	
   an	
  

orchestrated	
  manipulation	
   of	
   physiology,	
   genomics	
   and	
   proteomics	
   at	
   the	
  

global	
   scale.	
   Great	
   examples	
   of	
   these	
   tools	
   are	
   the	
   GAL4/UAS	
   system	
  

(upstream	
  activation	
  sequence)	
  [85,86]	
  or	
  the	
  RNA	
  interference	
  constructs	
  

[87,88].	
  	
  But	
  also	
  the	
  easy	
  access	
  to	
  transgenics	
  banks	
  or	
  genomic	
  libraries	
  

and	
   platforms,	
   with	
   thousands	
   of	
   sequencing	
   and	
   annotated	
   genomes,	
  

creating	
   a	
   very	
   efficient	
   network	
   to	
   approach	
   several	
   biological	
   questions	
  

[89–92].	
   On	
   top	
   of	
   that,	
   a	
   large	
   community	
   of	
   fly	
   users,	
   sharing	
   tools	
   and	
  

knowledge	
   but	
   also	
   using	
   different	
   developmental	
   stages	
   and	
   tissues,	
  

exponentially	
   increased	
   the	
   speed	
   at	
   which	
   discoveries	
   under	
  

complementary	
  fields	
  are	
  made.	
  	
  

	
   Moreover,	
  the	
  tools	
  generated	
  in	
  this	
  model,	
  associated	
  with	
  diverse	
  

natural	
  interacting	
  microorganisms,	
  also	
  make	
  Drosophila	
  an	
  excellent	
  host	
  

for	
   studies	
   of	
   the	
   symbiotic	
   relationship	
   [93,94].	
   As	
   a	
   consequence,	
   D.	
  

melanogaster	
   was	
   also	
   established	
   as	
   an	
   effective	
   test-­‐model	
   for	
   human	
  

pathogens,	
   by	
   taking	
   advantage	
   of	
   the	
   conservation	
   of	
   some	
   immune	
  

mediators	
  and	
  pathways	
  to	
  better	
  understand	
  the	
  specificities	
  of	
  microbes,	
  

including	
  of	
  our	
  species	
  [95–97].	
  As	
  a	
  result	
  of	
  this	
  context,	
  much	
  has	
  been	
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learned	
   about	
   the	
   immunity	
   and	
   immune	
   response	
   mechanisms	
   against	
  

infections,	
  but	
  also	
  about	
  the	
  strategies	
  to	
  suspend	
  or	
  relieve	
  immunological	
  

hostilities	
  in	
  order	
  to	
  live	
  with	
  mutualistic	
  microorganisms.	
  

	
  
	
  
Half	
  a	
  century	
  of	
  Drosophila	
  immunity	
  

	
  

As	
   stated	
   before,	
   Drosophila	
   is	
   a	
   global	
   model	
   to	
   several	
   research	
  

areas	
  in	
  Biology.	
  Moreover,	
  the	
  evolutionary	
  conservation	
  of	
  pathways	
  and	
  

transcriptional	
   regulators	
   transform	
   Drosophila	
   in	
   a	
   very	
   important	
  

platform	
   of	
   experimentation	
   across	
   species	
   [98,99].	
   The	
   attention	
   on	
  

Drosophila	
   immunity	
   starts	
   in	
  Hans	
  Boman’s	
  Lab,	
   that	
   in	
  1972	
   recognized	
  

for	
  the	
  first	
  time	
  an	
  inducible	
  humoral	
  immune	
  response	
  [100],	
  opening	
  the	
  

road	
   to	
   the	
   finding	
   and	
   understanding	
   of	
   antimicrobial	
   peptides	
   (AMPs)	
  

production	
  and	
  regulation.	
  Almost	
  half	
  a	
  century	
  since	
  this	
  game-­‐changing	
  

event,	
   many	
   lessons	
   have	
   been	
   learned	
   about	
   the	
   multifaceted	
   immune	
  

response	
  of	
  Drosophila,	
  serving	
  as	
  paradigm	
  to	
  insect	
  immunity	
  (for	
  review	
  

see	
  [99,101]).	
  

Two	
   main	
   features	
   define	
   the	
   immune	
   response’s	
   progression:	
   the	
  

route	
  of	
  infection	
  and	
  the	
  type	
  of	
  invading	
  microorganism.	
  	
  

In	
  the	
  natural	
  environment,	
  ingestion	
  appears	
  to	
  be	
  the	
  most	
  common	
  

port	
   of	
   entry	
   of	
   microbes	
   into	
   the	
   host’s	
   body.	
   For	
   microorganisms	
   that	
  

need	
   to	
   access	
   the	
   digestive	
   system	
   to	
   complete	
   their	
   life	
   cycle,	
   this	
   is	
   a	
  

quick	
  way	
  to	
  ensure	
  horizontal	
  transmission	
  in	
  a	
  cyclic	
  colonization	
  manner	
  

[102].	
  Moreover,	
  this	
  may	
  be	
  an	
  eased	
  path	
  because	
  of	
  the	
  constant	
  energy	
  

availability	
  on	
  this	
  milieu.	
  However,	
   the	
  digestive	
  system	
  has	
  several	
   tools	
  

to	
  combat	
  an	
  infection	
  or	
  colonization,	
  selecting	
  microbes	
  equipped	
  to	
  avoid	
  

these	
   defences	
   [103].	
   Across	
   this	
   road,	
   the	
   microbes	
   will	
   have	
   to	
   fight	
  

against	
   a	
   particularly	
   aggressive	
   environment,	
   including	
   low	
   pH	
   and	
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digestive	
   enzymes,	
   as	
   well	
   as	
   local	
   production	
   of	
   reactive	
   oxygen	
   species	
  

(ROS)	
   and	
  AMP	
   (37).	
  After	
   bacterial	
   ingestion,	
   the	
   epithelia	
   of	
   the	
  midgut	
  

increases	
   the	
   production	
   of	
   ROS	
   by	
   dDuox	
   enzyme	
   activity	
   [104].	
   Then,	
  

bacteria	
   that	
  survive	
  these	
   initial	
  challenges	
   in	
   the	
  gut	
  can	
  have	
  their	
  own	
  

peptidoglycan	
   fragments	
   recognized	
   by	
   peptidoglycan recognition proteins 

(PGRPs),	
   responsible	
   to	
   trigger	
   AMP	
   production	
   by	
   the	
   epithelium	
   [105].	
  

This	
   immune	
   response	
   is	
   conducted	
   by	
   the	
   Imd	
   (Immune	
   deficiency)	
  

pathway	
   and	
   is	
   mediated	
   by	
   the	
   nuclear	
   translocation	
   of	
   the	
   (NF)-­‐κB	
  

transcription	
  factor	
  Relish	
  [106,107].	
  	
  

Some	
   pathogens	
   have	
   evolved	
   not	
   only	
   to	
   survive	
   these	
   local	
  

responses	
  but	
   also	
   to	
   cross	
   the	
  protective	
  barriers	
   of	
   the	
   gut	
   and	
  become	
  

lodged	
   inside	
   the	
   organism,	
   systemically,	
   intracellularly,	
   or	
   even	
   inside	
  

other	
  organs	
   [108].	
   In	
  other	
  cases,	
  direct	
  systemic	
   invasions	
   from	
  wounds	
  

in	
   the	
   cuticle,	
   or	
   through	
  parasitoids	
  vectors,	
  may	
  also	
  occur	
   [108].	
  When	
  

this	
  happens,	
  AMP	
  production	
  is	
  triggered	
  in	
  the	
  fat	
  body,	
  and	
  systemically	
  

released	
   to	
   fight	
   infection	
   [109].	
   In	
   parallel,	
   plasmatocytes	
   start	
   their	
  

phagocytic	
  activity,	
  also	
  having	
  their	
  independent	
  internal	
  AMP	
  production	
  

[110].	
  Moreover,	
  other	
  hematopoietic	
   lineages	
   can	
  perform	
  other	
   immune	
  

functions,	
   namely	
   lamellocytes,	
   which	
   perform	
   encapsulation	
   and	
   crystal	
  

cells	
  that	
  undergo	
  melanization	
  [111].	
  
AMPs	
   are	
   thus	
  one	
  major	
   tool	
   in	
   the	
   fight	
   against	
  pathogens.	
  Unlike	
  

the	
  local	
  immune	
  response	
  of	
  epithelial	
  tissues,	
  the	
  systemic	
  response	
  is	
  not	
  

only	
   controlled	
   by	
   the	
   Imd	
   pathway,	
   but	
   also	
   by	
   the	
   Toll-­‐pathway	
   [112].	
  

While	
  Imd	
  is	
  mostly	
  activated	
  by	
  Gram-­‐negative	
  bacteria,	
  the	
  Toll	
  pathway	
  

is	
  deployed	
  in	
  response	
  to	
  Gram-­‐positive	
  bacteria	
  and	
  fungi,	
   leading	
  to	
  the	
  

production	
   of	
   AMPs	
   in	
   the	
   fat	
   body	
   [113].	
   The	
   Toll	
   pathway,	
   similarly	
   to	
  

Imd,	
   is	
   also	
   activated	
   by	
   the	
   recognition	
   of	
   bacterial	
   peptidoglycan	
   by	
  

PGRPs.	
  However,	
  while	
   Imd	
  pathway	
  receptors	
  PGRP-­‐LC	
  and	
  PGRP-­‐LE	
  are	
  

activated	
   by	
   the	
   recognition	
   of	
   diaminopimelic	
   acid	
   peptidoglycans	
   (from	
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Gram-­‐negative	
  and	
  some	
  Gram-­‐positives),	
  Toll	
  pathway	
  receptors	
  PGRP-­‐SA	
  

and	
   GNBP1	
   are	
   activated	
   by	
   lysine-­‐type	
   peptidoglycans	
   (Gram-­‐positive	
  

bacteria)	
  and	
  the	
  receptor	
  GNBP3	
  by	
  β-­‐glucans	
  (yeast).	
  This	
  binding	
  to	
  Toll	
  

pathway	
  receptors,	
   as	
  well	
   as	
  other	
  danger	
   signals	
   coming	
   from	
   the	
  body,	
  

lead	
  to	
  cleavage	
  of	
  the	
  Toll	
  ligand	
  Spätzle,	
  activating	
  the	
  transcription	
  factor	
  

DIF,	
  that	
  will	
  trigger	
  the	
  production	
  of	
  some	
  AMPs,	
  for	
  example	
  Drosomycin	
  

(for	
  review	
  see	
  [101]).	
  

Therefore,	
   independently	
   of	
   the	
   route	
   of	
   infection	
   or	
   species	
   of	
  

microbe,	
   different	
   defensive	
   layers	
   will	
   be	
   ready	
   to	
   act.	
   However,	
   some	
  

pathogens	
  can	
  overcome	
  these	
  defensive	
  barriers	
  and	
  proceed	
  to	
  successful	
  

infection,	
   such	
   as	
   the	
   bacterial	
   species	
   Erwinia	
   carotovora,	
   Serratia	
  

marcescens	
   and	
  Pseudomonas	
  entomophila.	
   The	
   latter	
   is	
   studied	
  as	
   an	
  oral	
  

and	
   systemic	
   infection	
  model	
   –	
   and	
  also	
  a	
   central	
   element	
   in	
  many	
  works	
  

presented	
   in	
   this	
   Thesis.	
   P.	
   entomophila	
   infects	
   both	
   adults	
   and	
   larvae,	
  

leading	
   to	
   death	
   in	
   a	
   few	
   hours	
   by	
   destruction	
   of	
   the	
   midgut	
   [114].	
  

Drosophila	
   attempts	
   to	
   fight	
   the	
   infection	
  with	
  AMP	
  production,	
   especially	
  

with	
  local	
  diptericin	
  [115].	
  However,	
  P.	
  entomophila	
  can	
  evade	
  Drosophila’s	
  

immune	
  response.	
  One	
  of	
   the	
  key	
  weapons	
  to	
  achieve	
  escape	
  from	
  the	
  gut	
  

defense	
  system	
  is	
  in	
  the	
  production	
  of	
  the	
  zinc	
  metalloprotease	
  AprA	
  [115],	
  

although	
   a	
   wide	
   range	
   of	
   other	
   putative	
   virulence	
   factors	
   are	
   produced	
  

during	
  infection	
  [116].	
  

Another	
   successful	
   case	
   of	
   systemic	
   infection	
   in	
  Drosophila	
   is	
   viral	
  

pathogens.	
   Several	
   virus	
   have	
   been	
   identified	
   in	
   flies	
   [117].	
   Sigma	
   Virus	
  

(DmelSV;	
  Rhabdoviridae),	
  Nora	
  virus,	
  (Picornavirales)	
  [118]	
  and	
  Drosophila	
  

C	
  Virus	
  (DCV)	
  are	
  some	
  of	
   the	
  most	
  studied.	
  The	
   latter,	
  also	
  central	
   to	
   the	
  

work	
   further	
  presented	
  herein,	
   can	
  cause	
  a	
  potent	
   infection	
   in	
  Drosophila,	
  

both	
  systemically	
  and	
  orally.	
  	
  

Drosophila,	
   as	
   well	
   as	
   the	
   majority	
   of	
   insects,	
   predominantly	
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responds	
  against	
  viral	
   infection	
  through	
  RNA	
  pathways.	
  Despite	
  other	
  two	
  

related	
   RNAi	
   pathways	
   having	
   been	
   described,	
   namely	
   micro-­‐RNA	
   and	
  

PIWI-­‐RNA,	
  the	
  small	
  interfering	
  RNA	
  (siRNA)	
  pathway	
  is	
  the	
  most	
  relevant	
  

to	
  this	
  response	
  (for	
  review	
  see	
  [119–121]).	
  This	
  pathway	
  is	
  dependent	
  on	
  

Dicer-­‐2	
   protein,	
   that	
   produces	
   small	
   interfering	
   RNA	
   that	
  marks	
   the	
   viral	
  

RNA	
   to	
   degradation,	
   consecutively	
   blocking	
   replication	
   [122–124].	
  

Additionally,	
   Imd	
   and	
   Toll	
   pathways	
   have	
   also	
   an	
   important	
   role	
   against	
  

viral	
   infection	
   [125,126],	
   as	
  well	
   as	
   the	
   Jak-­‐STAT	
  pathway	
   [127],	
   although	
  

the	
  mechanism	
  of	
  regulation	
  is	
  not	
  fully	
  understood.	
  

DCV	
  expresses	
   a	
   suppressor	
  of	
  RNAi,	
   the	
  protein	
  1A	
   that	
  prevents	
  

the	
  Dicer-­‐2	
  activity	
  [128].	
  Interestingly,	
  the	
  1A	
  protein	
  of	
  the	
  closely	
  related	
  

virus,	
   cricket	
   paralysis	
   virus	
   (CrPV),	
   has	
   a	
   different	
   target	
   (the	
  

endonuclease	
   Ago2),	
   making	
   a	
  much	
   faster	
   and	
   lethal	
   infection	
   than	
   DCV	
  

[128].	
   This	
   evidence	
   shows	
   how	
   close	
   species	
   of	
   virus	
   can	
   rapidly	
   evolve	
  

different	
  strategies	
  of	
  infection	
  by	
  changing	
  the	
  targets	
  of	
  action.	
  

Despite	
   several	
   successful	
   strategies	
   developed	
   by	
   pathogens,	
   the	
  

enormous	
   success	
   of	
   artropods,	
   in	
   particular	
   insects,	
   shows	
   that	
   the	
  

immune	
  response	
  mechanisms	
  are	
  truly	
  effective,	
  making	
  them	
  prosperous	
  

in	
  the	
  midst	
  of	
  their	
  natural	
  invaders.	
  However,	
  while	
  most	
  of	
  the	
  invading	
  

microorganisms	
   need	
   a	
   cyclic	
   colonization	
   of	
   their	
   hosts,	
   heritable	
  

endosymbionts	
   are	
   permanently	
   inside,	
   only	
   depending	
   on	
   the	
   host’s	
  

reproduction	
  to	
  ensure	
  their	
  perpetuation	
  [58,	
  129].	
  	
  

As	
   discussed	
   above,	
   the	
   presence	
   of	
   endosymbionts	
   is	
   widespread	
   in	
  

insects,	
  and	
  its	
  particularities	
  drive	
  the	
  evolution	
  to	
  a	
  different	
  path.	
  These	
  

relations	
   reveal	
   the	
   outcomes	
   that	
   enable	
   those	
   processes,	
   such	
   as	
   the	
  

increase	
   of	
   tolerance	
   or	
   avoidance	
   of	
   immune	
   response	
   activation.	
   In	
  

Drosophila,	
   two	
   Genera	
   of	
   intracellular	
   endosymbionts	
   can	
   be	
   found:	
  

Spiroplasma	
  and	
  Wolbachia	
  [75,130].	
  It	
  is	
  possible	
  to	
  find	
  both	
  in	
  the	
  same	
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individual,	
   where	
   the	
   abundance	
   and	
   location	
   of	
   one	
   is	
   related	
   to	
   the	
  

presence	
  of	
  the	
  other	
  [131].	
  

Spiroplasma	
  is	
  a	
  helical	
  and	
  motile	
  bacterium,	
  related	
  to	
  Gram-­‐positive	
  

bacteria,	
   which	
   can	
   be	
   located	
   both	
   intra	
   or	
   extracellularly	
   [132].	
  

Spiroplasma	
  is	
  invisible	
  to	
  the	
  immune	
  response	
  of	
  Drosophila,	
  as	
  it	
  does	
  not	
  

induce	
  the	
  expression	
  of	
  antimicrobial	
  genes	
  [133,134].	
  This	
  is	
  likely	
  due	
  to	
  

the	
   absence	
   of	
   wall	
   structure	
   components.	
   Even	
   more	
   remarkable	
   –	
   and	
  

central	
  for	
  the	
  Thesis	
  here	
  presented	
  –	
  Wolbachia	
  is	
  an	
  even	
  bigger	
  case	
  of	
  

endobacterial	
   success,	
   being	
   the	
   comprehension	
   of	
   its	
   strategies	
   a	
   central	
  

piece	
   for	
   the	
   understanding	
   of	
   virulence	
   equilibrium	
   and	
   endosymbiosis	
  

evolution.	
  

	
  

1.4.	
   Wolbachia	
   pipientis:	
   a	
   widespread	
   and	
   multifaceted	
  

endobacterium	
  

Among	
   the	
   several	
   endosymbiotic	
   relationships	
   observed	
   in	
  

invertebrates,	
   Wolbachia	
   pipientes	
   certainly	
   stands	
   out,	
   not	
   only	
   by	
   the	
  

frequency	
  of	
  infection	
  but	
  also	
  by	
  the	
  number	
  of	
  phenotypic	
  changes	
  that	
  it	
  

can	
   cause	
   to	
   its	
   hosts.	
  Wolbachia	
  was	
   first	
   identified	
   in	
   1924	
   by	
  Hertig	
  &	
  

Wolbach	
  [135]	
  in	
  reproductive	
  tissues	
  of	
  the	
  mosquito	
  Culex	
  pipientis	
  [136].	
  

Wolbachia	
  belongs	
  to	
  the	
  Rickettsiales	
  Order,	
  a	
  genetically	
  diverse	
  group	
  of	
  

gram-­‐negative	
   alpha-­‐Proteobacteria	
   that	
   mainly	
   has	
   the	
   characteristic	
   of	
  

cellular	
   endosymbiosis	
   and	
   a	
   remarkable	
   reduction	
   of	
   genome	
   size	
   as	
   a	
  

consequence	
   of	
   the	
   co-­‐evolutionary	
   processes	
   [137].	
   Although	
   it	
   can	
   be	
  

obligatory	
   for	
   some	
   hosts,	
  members	
   of	
   this	
   Order	
   are	
   usually	
   pathogenic,	
  

triggering	
  a	
  variety	
  of	
  diseases	
  in	
  their	
  hosts	
  [138,139].	
  

Several	
   characteristics	
   revealed	
   by	
   Wolbachia,	
   and	
   other	
  

"Rickettsia-­‐like"	
   bacteria,	
   are	
   indicative	
   of	
   a	
   co-­‐evolution	
   that	
   is	
   moving	
  



	
   39	
  

towards	
   an	
   obligatory	
   relationship	
   to	
   both	
   parts,	
   or	
   even	
   culminate	
   in	
  

organelle	
   evolution,	
   such	
   as	
   the	
   case	
   of	
   mitochondria	
   [140,141].	
   Some	
  

characteristics	
   are	
   shared	
   by	
   these	
   bacteria	
   strains,	
   such	
   as:	
   their	
   strong	
  

specialization	
   in	
  maternal	
   transmission;	
   their	
   localization	
  at	
  different	
  cells	
  

of	
  various	
  host	
  tissues;	
  being	
  surrounded	
  by	
  lipid	
  membranes;	
  and	
  having	
  a	
  

considerable	
   loss	
   of	
   cell	
  wall	
   structures,	
   having	
   an	
   important	
   influence	
   in	
  

the	
   host’s	
   metabolism	
   or	
   even	
   transferring	
   their	
   genes	
   to	
   the	
   nuclear	
  

genome	
  of	
  the	
  host	
  [138].	
  

Wolbachia	
   shows	
   a	
   widespread	
   incidence,	
   being	
   present	
   in	
  

approximately	
  40%	
  of	
  terrestrial	
  arthropods	
  [142],	
  including	
  spiders,	
  mites,	
  

terrestrial	
   crustaceans	
   and	
   in	
   every	
   insect	
   order	
   [143].	
   In	
   addition,	
  

Wolbachia	
   can	
   also	
   be	
   found	
   in	
   Nematodes,	
   with	
   which	
   it	
   maintains	
   a	
  

mutualistic	
  relationship	
  [144].	
  Even	
  though	
  Nematodes	
  can	
  survive	
  without	
  

Wolbachia,	
   the	
   removal	
   of	
   these	
   bacteria	
   promotes	
   a	
   strong	
   decrease	
   of	
  

hosts’	
   fitness,	
  directly	
  affecting	
   the	
  viability	
  of	
  embryos,	
   female	
   fertility	
  or	
  

even	
  the	
  survival	
  of	
  adults	
  [145].	
  	
  	
  

For	
   historical	
   and	
   technical	
   reasons,	
   Wolbachia	
   is	
   considered	
   a	
  

single	
  species,	
  although	
   it	
  shows	
  extensive	
  genetic	
  variation	
  [146].	
  Several	
  

supergroups,	
   catalogued	
   from	
   A	
   to	
   H,	
   organize	
   the	
   existent	
   diversity	
   of	
  

Wolbachia,	
  where	
  supergroups	
  A	
  e	
  B	
  concentrate	
  the	
  majority	
  of	
  Wolbachia	
  

strains	
   of	
   Arthropods	
   [147].	
   In	
   Drosophila	
   melanogaster,	
   only	
   one	
  

Wolbachia	
   strain	
   was	
   found,	
  wMel,	
   although	
   with	
   several	
   variants	
   [148].	
  

This	
   variety	
   is	
   characterized	
   by	
   having	
   a	
   high	
   number	
   of	
   repetitions	
   of	
  

mobile	
   elements	
   and	
   several	
   duplications	
   of	
   short	
   open	
   reading	
   frames	
  

(ORFs)	
   in	
   its	
   genome	
   [149].	
   Posteriorly,	
   using	
   different	
   genetic	
   markers,	
  

wMel	
  haplotypes	
  were	
  catalogued	
  and	
  organized	
  in	
  several	
  Clades	
  [150].	
  

Another	
   interesting	
   feature	
   of	
  Wolbachia	
   strains	
   of	
   Arthropods	
   is	
  

the	
   presence	
   of	
   WO	
   prophages	
   [149,151,152].	
   90%	
   of	
  Wolbachia	
   strains	
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tested,	
   including	
  wMel,	
   contain	
   the	
  WO-­‐B	
   prophage	
   variant	
   [153,154].	
   On	
  

the	
  other	
  hand,	
  Wolbachia	
   strains	
  of	
  Nematodes	
   (mutualistic)	
  do	
  not	
  have	
  

phages	
  [155].	
  It	
   is	
  still	
  unknown	
  which	
  are	
  the	
  consequences	
  of	
  this	
  phage	
  

in	
  phenotypes	
   induced	
  by	
  Wolbachia,	
   although	
  some	
  efforts	
   to	
   study	
   their	
  

correlation	
  have	
  already	
  been	
  made	
  [151,156–158].	
  Recently,	
  new	
  insights	
  

into	
   the	
   horizontal	
   transmission	
   capacity	
   and	
   lateral	
   gene	
   transfer	
   of	
  WO	
  

have	
  been	
  revealed	
  [159,160].	
  

In	
   Arthropods,	
   where	
   Wolbachia	
   is	
   a	
   facultative	
   endosymbiont	
  

perpetuated	
  predominantly	
   through	
  maternal	
   transmission,	
   these	
  bacteria	
  

use	
   several	
  manipulations	
   of	
   the	
   host’s	
   reproduction	
   to	
   enhance	
   infected-­‐

female	
   fitness	
   and	
   consequently	
   their	
   own	
   transmission	
   [161].	
   The	
   main	
  

modifications	
  reported	
  are	
  feminization	
  of	
  genetic	
  males	
  [162–164],	
  killing	
  

of	
   males	
   during	
   embryogenesis	
   [165–168],	
   parthenogenesis	
   of	
   females	
  

[169–172]	
   or	
   cytoplasmatic	
   incompatibility	
   (CI)	
   between	
   individuals	
  with	
  

different	
   infection	
   status	
   [173–176].	
   The	
   outcomes	
   can	
   be	
   even	
   more	
  

complex	
   and	
   multifactorial,	
   with	
   combination	
   and	
   interaction	
   of	
   the	
  

different	
  phenotypes.	
  CI	
  is	
  the	
  more	
  usual	
  and	
  studied	
  manipulation,	
  where	
  

Wolbachia-­‐uninfected	
   females	
   have	
   less	
   progeny	
   when	
   crossed	
   with	
  

infected	
  males	
   [177].	
   CI	
  was	
   first	
   described	
   in	
  mosquitoes,	
   in	
   1971	
   [178],	
  

and	
  although	
  the	
  mechanism	
  is	
  not	
  yet	
  fully	
  understood,	
  it	
  is	
  known	
  that	
  a	
  

delay	
   in	
   the	
   synchronization	
   for	
   male	
   nuclear	
   envelope	
   breakdown	
   is	
  

responsible	
  for	
  the	
  phenotype	
  and,	
  consequently,	
  for	
  the	
  fitness	
  differences	
  

[179].	
  Thus,	
   the	
  absence	
  or	
  an	
   incorrect	
  genetic	
  contribution	
  of	
  males	
  will	
  

lead	
  to	
  different	
  consequences	
  according	
  to	
  the	
  sexual	
  genetic	
  structure	
  of	
  

the	
  host	
  species	
  –	
  haploid,	
  diploid	
  or	
  haplodiploid.	
  	
  

Although	
   directly	
   influencing	
   spermatogenesis,	
   as	
   seen	
   in	
   the	
  

reproductive	
  manipulations,	
  Wolbachia	
   is	
  not	
  transmitted	
  by	
  sperm	
  due	
  to	
  

the	
   small	
   amount	
   of	
   cytoplasm	
   present	
   in	
   these	
   cells	
   [180].	
   Thus,	
   a	
   high	
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level	
   of	
   Wolbachia	
   specialization	
   evolved	
   in	
   oogenesis,	
   developing	
   an	
  

efficient	
   perpetuation	
   by	
   female	
   contribution.	
  Wolbachia	
   uses	
   the	
   host’s	
  

microtubules	
  and	
  proteins,	
   such	
  as	
  dynein	
  and	
  actin,	
   to	
  migrate	
  efficiently	
  

during	
   oogenesis	
   to	
   the	
   zone	
   that	
   will	
   originate	
   the	
   polar	
   cells	
   and	
  

consecutively	
  ensure	
  their	
  presence	
  in	
  the	
  germinal	
  tissue	
  cells	
  [181–184].	
  

Moreover,	
  by	
  performing	
  a	
  successful	
  cellular	
  distribution	
  into	
  the	
  embryo,	
  

for	
   example	
   by	
   concentrating	
   in	
   the	
   proximity	
   of	
   mitotic	
   spindles,	
  

Wolbachia	
  also	
  ensures	
  a	
  very	
  high	
  rate	
  of	
  infection	
  in	
  several	
  tissues	
  of	
  the	
  

progeny	
  [185],	
  especially	
  in	
  reproductive	
  cells	
  [186–188].	
  	
  

Nevertheless,	
   despite	
   the	
   high	
   specialization	
   and	
   efficiency	
   of	
  

maternal	
   vertical	
   transmission	
   of	
   Wolbachia,	
   sporadic	
   horizontal	
  

transmission	
  is	
  also	
  detected	
  in	
  some	
  hosts	
  species,	
  namely	
  in	
  Arthropods.	
  

The	
   first	
   evidence	
   is	
   the	
   lack	
   of	
   phylogenetic	
   concordance	
   between	
  

Wolbachia	
  and	
  host	
  lineages,	
  where	
  sometimes	
  similar	
  strains	
  of	
  Wolbachia	
  

are	
   found	
   in	
   distant	
   hosts	
   [189,190].	
   Furthermore,	
   in	
   a	
   vast	
   range	
   of	
  

experiments	
  using	
  different	
  species,	
   it	
  was	
  possible	
   to	
  create	
  a	
  stable	
  new	
  

infection,	
   transferring	
   cytoplasm	
   of	
   infected	
   embryos	
   to	
   uninfected	
   ones	
  

[191–194].	
  	
  

The	
   combination	
   these	
   two	
   mechanisms	
   of	
   transmission	
   makes	
   it	
  

understandable	
   that	
   Wolbachia’s	
   presence	
   in	
   nature	
   is	
   so	
   diverse	
   and	
  

successful.	
   Importantly,	
  although	
  Wolbachia	
   is	
  present	
   in	
  so	
  many	
  species,	
  

its	
  incidence	
  of	
  infection	
  intra	
  and	
  inter	
  populations	
  is	
  highly	
  variable	
  [195–

197].	
  Therefore,	
  Wolbachia’s	
  presence	
  or	
  absence	
  in	
  populations,	
  as	
  well	
  as	
  

its	
   frequency	
   fluctuations	
  are	
  probably	
  related	
  to	
   the	
  balance	
  between	
  the	
  

benefits	
  and	
  costs	
  that	
  it	
  can	
  trigger	
  in	
  each	
  moment,	
  either	
  in	
  a	
  sporadic	
  or	
  

cyclic	
   fashion.	
   With	
   this	
   in	
   mind,	
   new	
   questions	
   have	
   emerged	
   to	
   try	
   to	
  

understand	
   in	
   a	
   more	
   complete	
   manner	
   the	
   influence	
   of	
   these	
  

endosymbionts	
   in	
  host	
  populations	
  and	
  new	
  factors	
   that	
  could	
  explain	
   the	
  

dispersal	
  and	
  populational	
  structure	
  of	
  Wolbachia.	
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Antiviral	
  protection	
  mediated	
  by	
  Wolbachia	
  

	
   In	
  2008,	
  two	
  studies	
  unveiled	
  new	
  consequences	
  for	
  the	
  presence	
  of	
  

Wolbachia	
   in	
   Drosophila,	
   reporting	
   that	
   this	
   endosymbiont	
   can	
   confer	
  

protection	
   to	
   the	
   host	
   against	
   viral	
   infection	
   [198,199].	
   Teixeira	
   and	
  

colleagues	
   went	
   one	
   step	
   further,	
   confirming	
   categorically	
   that	
   this	
  

protective	
  phenotype	
  was	
   induced	
  by	
  Wolbachia,	
   as	
  well	
  as	
  characterizing	
  

that	
   this	
  phenomenon	
  was	
  not	
  only	
  verified	
  with	
  DCV	
  but	
   also	
  with	
  other	
  

RNA	
   viruses	
   [198].	
   Thus	
   began	
   a	
   new	
   phase	
   in	
   the	
   investigation	
   of	
  

symbiotic	
   viral	
   immunity	
   in	
   insects.	
   Since	
   then,	
   several	
   studies	
   have	
  

revealed	
   the	
   Wolbachia-­‐mediated	
   protection	
   against	
   virus	
   in	
   different	
  

species	
  and	
  circumstances	
  [200–207].	
  	
  

	
   This	
   host-­‐protective	
   characteristic,	
   associated	
   with	
   the	
   capacity	
   of	
  

reproductive	
   manipulation,	
   namely	
   CI,	
   led	
   to	
   the	
   development	
   of	
   disease	
  

control	
   projects	
   through	
  Wolbachia	
   infection	
  of	
   vectors	
   agents	
   [208–211].	
  

Moreover,	
   it	
   was	
   also	
   found	
   that,	
   in	
   mosquitos,	
  Wolbachia	
   also	
   protects	
  

against	
   filarial	
   nematodes	
   [212],	
  Plasmodium	
   parasites	
   [201,213,214]	
   and	
  

pathogenic	
  bacteria	
  [215].	
  

Subsequently,	
   it	
   was	
   shown	
   that	
   different	
   clades	
   of	
   wMel	
   promote	
  

different	
   protection	
   against	
   systemic	
   viral	
   infection	
   [216].	
   This	
   difference	
  

seems	
  to	
  be	
  directly	
  related	
  to	
  the	
  amount	
  of	
  Wolbachia	
  into	
  the	
  host,	
  where	
  

a	
   larger	
   load	
   of	
   Wolbachia	
   corresponds	
   to	
   a	
   lower	
   viral	
   titer	
   and,	
  

consequenly,	
   higher	
   protection	
   [217].	
   A	
   good	
   example	
   of	
   this	
   relation	
  

between	
  the	
  amount	
  of	
  Wolbachia	
  and	
  the	
   increase	
  of	
  protection	
   is	
  visible	
  

in	
   the	
  most	
  extreme	
  variant,	
  wMelPop,	
  which	
  presents	
  a	
  massive	
  bacterial	
  

growth	
   in	
  numerous	
  host	
   tissues	
   [218,219].	
  However,	
   these	
  high	
  bacterial	
  

loads	
  have	
  a	
  cost	
  in	
  the	
  host’s	
  lifespan	
  in	
  absence	
  of	
  viral	
  infection,	
  in	
  both	
  

Drosophila	
   and	
   transinfected	
   mosquitos,	
   namely	
   the	
   dengue	
   vector	
   Aedes	
  

aegypti	
   [220–222].	
   It	
   was	
   shown	
   that	
   virulence	
   is	
   triggered	
   by	
   a	
   specific	
  

region	
   in	
   the	
  Wolbachia	
   genome,	
  called	
  Octomon,	
  where	
   the	
   fluctuation	
   in	
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copy	
   number	
   is	
   responsible	
   for	
   driving	
   the	
   bacterial	
   phenotypes	
   and,	
  

consequently,	
   the	
   associated	
   costs	
   [223].	
   Due	
   to	
   these	
   characteristics	
   and	
  

particularities,	
  wMelPop	
   is	
   extensively	
   used	
   for	
   transinfections	
   and	
   tested	
  

in	
   many	
   of	
   the	
   above-­‐mentioned	
   studies	
   of	
  Wolbachia	
   protection	
   against	
  

pathogens	
   and	
   parasites.	
   However,	
   although	
   this	
   inversely	
   proportional	
  

relationship	
  between	
  Wolbachia	
  load	
  and	
  virus	
  titer	
  is	
  well	
  established,	
  the	
  

full	
  mechanism	
  behind	
  this	
  protection	
  is	
  not	
  well	
  known.	
  	
  

One	
  hypothesis	
  for	
  the	
  conferred	
  protection	
  may	
  be	
  through	
  oxidative	
  

stress,	
   where	
   it	
   has	
   been	
   shown	
   in	
  Drosophila	
   that	
   there	
   is	
   a	
   correlation	
  

between	
  the	
  increase	
  of	
  hydrogen	
  peroxide	
  and	
  a	
  decrease	
  in	
  susceptibility	
  

to	
  viral	
  infection	
  [224].	
  On	
  the	
  other	
  hand,	
  different	
  evidence	
  exclude	
  other	
  

hypotheses,	
   at	
   least	
   under	
   specific	
   conditions.	
   First,	
   several	
   reports	
  

demonstrated	
  that	
  Wolbachia	
  does	
  not	
  activate	
  or	
  up-­‐regulate	
  the	
  immune	
  

response	
   of	
   naturally-­‐infected	
   hosts,	
   that	
   is,	
   where	
   it	
   is	
   vertically	
  

transmitted	
   [217,225–229].	
   However,	
   in	
   trans-­‐infection	
   experiments	
  

(forced	
   horizontal	
   transmission)	
   where	
   mosquitoes	
   received	
   Wolbachia	
  

from	
   Drosophila,	
   activation	
   of	
   the	
   immune	
   response	
   could	
   be	
   observed	
  

[212,230,231]	
  but	
  no	
  activation	
  was	
  seen	
  in	
  D.	
  melanogaster	
  after	
  receiving	
  

a	
   non-­‐native	
   strain,	
  wMelAu	
   from	
  D.	
   simulans	
   [225].	
   Thus,	
   the	
  Wolbachia	
  

relation	
   with	
   the	
   host	
   immunity	
   appears	
   not	
   to	
   be	
   transversal	
   in	
   all	
  

associations	
  or	
  an	
  intrinsic	
  feature	
  of	
  bacteria,	
  but	
  probably	
  a	
  specificity	
  of	
  

each	
  co-­‐evolutionary	
  process.	
  	
  

In	
   another	
   perspective,	
   in	
   a	
   recent	
   report	
   it	
  was	
   demonstrated	
   that	
  

diet	
  had	
  an	
   effect	
   in	
   viral	
   titers	
   in	
  Drosophila	
   [232].	
   Linking	
   this	
   fact	
  with	
  

the	
   results	
   that	
   support	
   that	
  nutrition	
  may	
  also	
  have	
  a	
   role	
   in	
  Drosophila-­‐

Wolbachia	
  relationship	
  [233],	
  a	
  new	
  hypothesis	
  can	
  emerge	
  to	
  try	
  to	
  explain	
  

the	
   physiological	
   basis	
   of	
   protection.	
   Indeed,	
   an	
   interesting	
   case	
   of	
   the	
  

bedbug	
   Cimex	
   lectularius,	
   where	
   Wolbachia	
   evolved	
   to	
   an	
   obligate	
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nutritional	
  mutualist,	
   demonstrated	
  how	
  nutrition	
   can	
  drive	
   the	
   evolution	
  

of	
  the	
  Wolbachia-­‐host	
  relationship	
  [234].	
  	
  

It	
  is	
  still	
  to	
  be	
  determined	
  whether	
  the	
  viral	
  protection	
  conferred	
  by	
  

Wolbachia	
  is	
  a	
  trigger	
  by	
  direct	
  competition	
  against	
  the	
  virus	
  or	
  an	
  indirect	
  

response	
   by	
   the	
   interaction	
   with	
   the	
   host.	
   It	
   is	
   therefore	
   crucial	
   look	
  

carefully	
   at	
   the	
   immune	
   mechanisms	
   of	
   hosts	
   to	
   better	
   understand	
   the	
  

possible	
  links	
  of	
  responses	
  against	
  infections,	
  as	
  well	
  as	
  the	
  outcomes	
  of	
  the	
  

symbiotic	
  relationships.	
  

	
  

1.5.	
  How	
  to	
  contribute	
  to	
  a	
  better	
  understanding	
  of	
  host-­‐microbe	
  

interactions?	
  

Scientific	
  knowledge	
  has	
  grown	
  exponentially	
  in	
  the	
  last	
  decades.	
  An	
  

enormous	
   amount	
   of	
   data	
   has	
   been	
   generated	
   by	
   a	
   vast	
   research	
  

community,	
   where	
   classical	
   and	
   new	
   biological	
   models	
   contribute	
   to	
   a	
  

progressive	
   understanding	
   of	
   life	
   on	
   Earth,	
   from	
   phylogenetic	
   patterns	
   to	
  

what	
   make	
   a	
   species	
   unique.	
   Here,	
   it	
   is	
   my	
   fair	
   expectation	
   use	
   the	
   vast	
  

range	
   of	
   available	
   tools	
   to	
   help	
   to	
   better	
   comprehend	
   the	
   system	
   host-­‐

endosymbiont-­‐pathogen	
   and	
   unveil	
   the	
   particularities	
   of	
   the	
   evolutionary	
  

paths	
  of	
  this	
  complex	
  interactions.	
  This	
  is	
  the	
  main	
  goal	
  for	
  the	
  Thesis	
  here	
  

presented.	
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2.1.	
  Prologue	
  
	
  

To	
   study	
  and	
   the	
   evolution	
  of	
   species	
   in	
   a	
   controlled	
   and	
  accurate	
  

way	
   is	
   undoubtedly	
   a	
   challenge.	
   The	
   complexity	
   of	
   factors	
   acting	
  

simultaneously	
  on	
  individuals	
  creates	
  a	
  worrying	
  probability	
  of	
  blurring	
  the	
  

conclusions	
   that	
   can	
   be	
   drawn.	
   To	
   minimize	
   most	
   of	
   this	
   risk,	
   and	
   to	
  

facilitate	
  the	
  control	
  of	
  experimental	
  conditions,	
   it	
  has	
  become	
  essential	
  to	
  

bring	
  populations	
  from	
  nature	
  to	
  the	
   laboratory,	
  keeping	
  these	
   individuals	
  

in	
   parental	
   lineages	
   (isolines)	
   or	
   recreating	
   a	
   new	
   population	
   with	
   a	
  

collection	
  of	
  individuals	
  (outbred	
  populations).	
  	
  

As	
   soon	
   as	
   such	
   populations	
   leave	
   nature,	
   they	
   no	
   longer	
   undergo	
  

certain	
   selective	
   pressures	
   but	
   are	
   submitted	
   instead	
   to	
   other	
   intrinsic	
   to	
  

the	
  laboratory	
  environment.	
  Some	
  research	
  groups	
  are	
  precisely	
  dedicated	
  

to	
   explore	
   the	
  underpinnings	
  of	
   laboratorial	
   adaptation.	
   In	
  other	
   cases,	
   as	
  

ours,	
  the	
  purpose	
  is	
  to	
  test	
  other	
  and	
  new	
  selective	
  pressures	
  in	
  a	
  controlled	
  

manner.	
  For	
  this,	
  one	
  must	
  first	
  wait	
  for	
  the	
  outbred	
  populations	
  to	
  adapt	
  to	
  

the	
  lab	
  and	
  stabilization	
  of	
   its	
  genetic	
  pool,	
   in	
  order	
  to	
  avoid	
  simultaneous	
  

selective	
  pressures	
  that	
  would	
  lead	
  to	
  the	
  confounding	
  effects	
  and	
  confusing	
  

findings.	
  

It	
   is	
   always	
   necessary	
   to	
   keep	
   in	
   mind	
   that	
   adaptation	
   is	
   largely	
  

influenced	
   by	
   the	
   genetic	
   diversity	
   that	
   was	
   included	
   in	
   the	
   founding	
  

samples	
  of	
  populations.	
  Thus,	
   it	
   is	
  possible,	
  and	
  even	
   likely	
   in	
  some	
  cases,	
  

that	
  populations	
  collected	
  in	
  different	
  locations	
  may	
  have	
  different	
  adaptive	
  

responses.	
   Moreover,	
   when	
   populations	
   originate	
   from	
   the	
   same	
   location	
  

but	
   the	
   effective	
   population	
   size	
   is	
   not	
   representative	
   of	
   the	
   total	
  

population,	
  the	
  response	
  to	
  the	
  tested	
  feature	
  may	
  vary.	
  

Another	
   important	
   characteristic	
   that	
   should	
   be	
   considered	
   is	
   the	
  

presence	
  of	
   symbionts	
   in	
   these	
  nature-­‐collected	
   individuals.	
   In	
   the	
   case	
  of	
  

Drosophila	
   melanogaster,	
   the	
   intracellular	
   endosymbionts	
  Wolbachia	
   and	
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Spiroplasma	
  are	
  pervasive	
  between	
  and	
  within	
  populations.	
  However,	
  other	
  

endosymbionts	
   must	
   also	
   be	
   taken	
   into	
   account,	
   namely	
   the	
   gut	
  

microbiome.	
   It	
   is	
   likely	
  that	
  the	
  microbiota	
  undergoes	
  major	
  changes	
  after	
  

the	
   population’s	
   arrival	
   to	
   the	
   lab,	
   not	
   only	
   due	
   to	
   the	
   temperature	
   of	
  

maintenance	
   but	
   mostly	
   due	
   to	
   the	
   switching	
   of	
   food	
   source	
   (different,	
  

standardized	
   and	
   sometimes	
   with	
   antibiotics	
   and	
   antifungals).	
   Be	
   it	
   as	
   it	
  

may,	
  it	
  is	
  a	
  factor	
  which	
  is	
  no	
  longer	
  neglected	
  by	
  researchers,	
  with	
  proven	
  

influence	
   on	
   numerous	
   traits,	
   with	
   emphasis	
   on	
   health	
   and	
   response	
  

capacity	
  of	
  individuals	
  to	
  diverse	
  biotic	
  and	
  abiotic	
  challenges.	
  	
  

As	
  so,	
  the	
  goal	
  in	
  this	
  Chapter	
  is,	
  first,	
  to	
  show	
  the	
  potential	
  of	
  these	
  

biological	
  tools	
  that	
  can	
  be	
  created	
  by	
  bringing	
  new	
  specimens	
  from	
  nature	
  

to	
   the	
   lab,	
   contributing	
   to	
  maximize	
   the	
  exploration	
  of	
   these	
   resources,	
   as	
  

well	
  as	
  trying	
  to	
  standardize	
  the	
  protocol	
  to	
  the	
  Drosophila	
  community.	
  This	
  

work	
  will	
  facilitate	
  the	
  process	
  of	
  establishing	
  these	
  resources	
  in	
  other	
  labs,	
  

simultaneously	
   allowing	
   better	
   comparisons	
   and	
   parallelisms	
   between	
  

studies	
  using	
  different	
  populations	
  in	
  several	
  parts	
  of	
  the	
  world.	
  

We	
  used	
  these	
  tools	
  with	
  special	
  emphasis	
  on	
  outbred	
  populations,	
  

to	
   approach	
   the	
   study	
   of	
   the	
   evolution	
   of	
   the	
   immune	
   response.	
   Using	
  

different	
   methodologies	
   and	
   techniques,	
   we	
   addressed	
   different	
   levels	
   of	
  

the	
  dynamics	
  and	
  mechanisms	
  (cellular,	
  physiological,	
  genetic	
  and	
  genomic)	
  

underlying	
   host	
   adaptation	
   against	
   different	
   pathogens	
   infecting	
   through	
  

different	
  routes.	
  Moreover,	
  we	
  also	
  want	
  to	
  understand	
  which	
  are	
  the	
  costs	
  

involved	
   in	
   these	
  processes,	
   thus	
  revealing	
   the	
  possible	
   trade-­‐offs	
  coupled	
  

to	
  these	
  evolutionary	
  processes.	
  

This	
   Chapter	
   thus	
   intends	
   to	
   search	
   for	
   a	
   large	
   spectrum	
   of	
  

immunological	
   and	
   evolutionary	
   questions,	
   which	
   we	
   are	
   convinced	
   will	
  

represent	
  significant	
  contributions	
  to	
  approaching	
  and	
  understanding	
  host-­‐

parasite	
  interactions.	
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Abstract	
  

In	
   recent	
   years	
   many	
   tools	
   have	
   been	
   developed	
   in	
  Drosophila	
   to	
  

capture	
  with	
   the	
   greatest	
   possible	
   accuracy	
   the	
   variation	
   found	
   in	
  nature.	
  

Efforts	
   such	
   as	
   the	
   Drosophila	
   Genetics	
   Reference	
   Panel	
   (DGRP)	
   or	
   the	
  

Drosophila	
   Synthetic	
   Population	
   Resource	
   Panel	
   (DSRP)	
   allied	
   to	
   the	
  

advances	
   in	
   whole-­‐genome	
   sequencing	
   and	
   analysis	
   have	
   propelled	
   to	
  

unprecedented	
   level	
   our	
   capacity	
   to	
   dissect	
   the	
   genotype-­‐phenotype	
  map.	
  

However,	
   several	
   practical	
   problems	
   arise	
   upstream	
   of	
   these	
   analyses	
  

starting	
   with	
   the	
   collection	
   and	
   identification	
   of	
   wild	
   specimens.	
   	
   These	
  

problems	
   are	
   dealt	
   with	
   in	
   different	
   ways	
   by	
   each	
   researcher	
   generating	
  

solutions	
  not	
  necessarily	
  compatible	
  across	
  laboratories.	
  Here,	
  we	
  provide	
  a	
  

systematic	
  coverage	
  of	
  every	
  phase	
  of	
  this	
  process	
  based	
  on	
  our	
  experience,	
  

and	
  suggest	
  procedures	
   to	
  maximize	
   the	
  generated	
   resources	
  potentiating	
  

future	
   applications	
   across	
   laboratories.	
  We	
   provide	
   a	
   detailed	
   pipeline	
   to	
  

guide	
  researchers	
  from	
  collection	
  in	
  the	
  wild	
  to	
  the	
  development	
  of	
  a	
  large	
  

array	
  of	
  molecular	
  and	
  genetic	
  resources.	
  We	
  designed	
  a	
  multiplex	
  PCR	
  that	
  

distinguishes	
  the	
  two	
  sister	
  species	
  D.	
  melanogaster	
  and	
  D.	
  simulans	
  and	
  is	
  

diagnostic	
   of	
   the	
  presence/absence	
  of	
  Wolbachia	
   bacteria	
   infection.	
  These	
  

procedures	
  may	
  extended	
  to	
  other	
  cryptic	
  species	
  pairs	
  and	
  endosymbionts.	
  

We	
   developed	
   a	
   standardized	
   protocol	
   to	
   create,	
   replicate	
   and	
   maintain	
  

isofemale	
  lines	
  and	
  outbred	
  populations.	
  Finally,	
  we	
  explore	
  the	
  potential	
  of	
  

outbred	
   populations	
   across	
   several	
   applications	
   from	
   experimental	
  

evolution,	
   to	
   genetic	
   introgression	
   of	
   transgenic	
   constructs	
   or	
   mutant	
  

alleles,	
  and	
  genomic	
  analyses.	
  We	
  have	
  generated	
  a	
  systematic	
  coverage	
  of	
  

all	
   steps	
   taken	
   between	
   collection	
   of	
   wild	
   Drosophila	
   and	
   the	
   laboratory	
  

usage	
  of	
  its	
  derived	
  analytical	
  tools.	
  With	
  this	
  we	
  wish	
  to	
  contribute	
  to	
  the	
  

success	
   in	
   developing	
   Drosophila	
   resources	
   for	
   evolutionary	
   genetics	
  

studies	
  and	
  facilitate	
  exchanges	
  across	
  laboratories	
  based	
  on	
  a	
  common	
  set	
  

of	
  procedures.	
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Introduction	
  

Maintaining	
   the	
   original	
   populations	
   variation	
   after	
   bring	
  

populations	
   from	
   nature	
   to	
   the	
   lab	
   is	
   certainly	
   a	
   challenge	
   and	
   can	
   be	
  

achieved	
  through	
  two	
  different	
  methods,	
  using	
  parental	
   lineages	
  (isolines)	
  

or	
   recreating	
   a	
   new	
   outbred	
   population,	
   the	
   central	
   element	
   to	
  

experimental	
  evolution	
  studies.	
  

Experimental	
   evolution	
   can	
   establish	
   direct	
   causation	
   between	
  

selection	
   in	
   a	
   given	
   environment	
   and	
   the	
   genetic	
   and	
   phenotypic	
   changes	
  

observed	
   in	
   a	
   population.	
   This	
   powerful	
   approach	
   departs	
   from	
   the	
  

comparative	
   method	
   in	
   three	
   fundamental	
   aspects:	
   (i)	
   knowledge	
   of	
   the	
  

ancestral	
  state,	
  (ii)	
  knowledge	
  of	
  the	
  adaptive	
  trajectories	
  in	
  real-­‐time,	
  (iii)	
  

high	
   degree	
   of	
   replication	
   under	
   controlled	
   selection	
   and	
   control	
   regimes	
  

[1–4].	
  

At	
  a	
  different	
  plane,	
  recent	
  years	
  have	
  witnessed	
  the	
  rise	
  of	
  genomic	
  

studies,	
   which	
   have	
   provided	
   significant	
   insights	
   into	
   the	
   genetic	
   basis	
   of	
  

adaptation	
   for	
   a	
   variety	
   of	
   complex	
   traits.	
   Examples	
   cross	
   all	
   biological	
  

organization	
  levels	
  and	
  include	
  studies	
  on	
  transposable	
  element	
  population	
  

dynamics	
   [5],	
   developmental	
   time	
   [6],	
   immune	
   response	
   [7,8],	
   hypoxia	
  

tolerance	
  [9],	
  body	
  size	
  [10],	
  adaptation	
  to	
  high/low	
  temperatures	
  [11,12],	
  

courtship	
  behaviour	
  [13]	
  and	
  life	
  span	
  [14,15].	
  	
  

The	
   combination	
   of	
   genomics	
   with	
   experimental	
   evolution	
   can	
  

provide	
  a	
  nearly	
  unbiased	
  estimate	
  of	
  the	
  genetic	
  changes	
  that	
  underlie	
  the	
  

adaptation	
   of	
   populations	
   to	
   a	
   given	
   selective	
   pressure,	
   a	
   central	
   issue	
   in	
  

evolutionary	
  biology	
  [3].	
  The	
  success	
  of	
  this	
  methodology	
  lies	
  in	
  the	
  choice	
  

of	
  the	
  model	
  species	
  (with	
  solid	
  genomic	
  tools,	
  such	
  as	
  Drosophila)	
  and	
  the	
  

availability	
  of	
  outbred	
  populations	
  (with	
  high	
  levels	
  of	
  genetic	
  variability)	
  in	
  

which	
  adaptation	
  relies	
  mostly	
  on	
  standing	
  genetic	
  variation	
  (SGV)	
  [16,17].	
  

The	
  potential	
  of	
  this	
  methodology	
  has	
  been	
  confirmed	
  in	
  a	
  number	
  of	
  recent	
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studies	
  [7,8,12,15,18–21],	
  and	
  expectedly	
  this	
  approach	
  will	
  gain	
  more	
  and	
  

more	
  followers	
  in	
  the	
  coming	
  years	
  [22,23].	
  

Other	
   important,	
   and	
   complementary	
   approaches,	
   underscore	
   the	
  

importance	
  of	
  describing	
  and	
  understanding	
  the	
  nature	
  of	
  standing	
  genetic	
  

variation	
  in	
  natural	
  and	
  laboratory	
  populations.	
  For	
  example,	
  the	
  increased	
  

use	
  of	
  isofemale	
  lines	
  propelled	
  by	
  the	
  DGRP-­‐Drosophila	
  Genome	
  Reference	
  

Panel	
  [24],	
  has	
  inaugurated	
  an	
  era	
  of	
  unprecedented	
  success	
  in	
  Drosophila	
  

GWAS	
  studies	
  [25–30].	
  In	
  parallel,	
  the	
  development	
  of	
  recombinant	
  inbred	
  

lines	
   that	
   constitute	
   the	
   Drosophila	
   Synthetic	
   Population	
   Resource	
   Panel	
  

(DSRP)	
  have	
  provided	
  another	
  extraordinary	
  resource	
  for	
  the	
  dissection	
  of	
  

the	
  genetic	
  basis	
  of	
  complex	
  traits	
  [31-­‐34].	
  Before	
  this,	
   isofemale	
  lines	
  had	
  

been	
   at	
   the	
   core	
   of	
   fecund	
   research	
   programs	
   aiming	
   at	
   describing	
   and	
  

comparing	
  genomic	
  variation	
  between	
  D.	
  melanogaster	
  and	
  its	
  sister	
  species	
  

[35],	
   and	
   comprehending	
   their	
   genotype-­‐phenotype	
  map	
   [36–41].	
   Finally,	
  

individually	
   wild-­‐collected	
   flies	
   have	
   provided	
   valuable	
   information	
   in	
  

describing	
   and	
   quantifying	
   natural	
   variants	
   [42,43],	
   characterizing	
  

ecological	
   and	
   evolutionary	
   dynamics	
   of	
   natural	
   populations	
   [44–46],	
  

estimating	
   the	
   spread	
   dynamics	
   of	
   endosymbionts	
   in	
   natural	
   populations	
  

[47],	
   validating	
   laboratory	
   results	
   [48]	
   and	
   testing	
   high	
   throughput	
   re-­‐

sequencing	
  techniques	
  [40].	
  

Though	
  these	
  different	
  approaches	
  differ	
   in	
  the	
  nature	
  and	
   level	
  at	
  

which	
  they	
  ask	
  their	
  questions,	
  they	
  share	
  a	
  common	
  founding	
  feature:	
  the	
  

collection	
   of	
   material	
   from	
   nature	
   and	
   its	
   subsequent	
   establishment	
   as	
   a	
  

laboratory	
  resource.	
  In	
  the	
  case	
  of	
  Drosophila	
  melanogaster,	
  one	
  seemingly	
  

trivial	
   yet	
   important	
   question	
   that	
   must	
   be	
   resolved	
   consists	
   of	
   its	
   co-­‐

existence	
  with	
  the	
  cryptic	
  species	
  D.	
  simulans.	
  Here,	
  we	
  present	
  a	
  protocol	
  

to	
   streamline	
   the	
   collection,	
   identification	
   and	
   establishment	
   of	
   D.	
  

melanogaster	
  in	
  the	
  laboratory.	
  We	
  provide	
  a	
  high-­‐throughput	
  method,	
  that	
  

not	
  only	
  identifies	
  the	
  species	
  but	
  also	
  the	
  individual’s	
  status	
  of	
  Wolbachia	
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infection,	
   and	
   that	
   can	
   be	
   easily	
   extended	
   to	
   other	
   species.	
  We	
   provide	
   a	
  

pipeline	
  to	
  maximize	
  the	
  resources	
  generated,	
  namely	
  the	
  establishment	
  of	
  

outbred	
   populations,	
   isofemale	
   lines,	
   and	
   DNA/RNA	
   banks	
   for	
   genomic	
  

studies.	
  

	
  

Results	
  

Collection	
  

Generic	
  methods	
   to	
  collect	
  Drosophila	
   species	
  have	
  been	
  described	
  

in	
   Markow	
   and	
   O´Grady	
   [49].	
   For	
   the	
   specific	
   collection	
   of	
   Drosophila	
  

melanogaster,	
   our	
  own	
  experience	
   favours	
   the	
   choice	
  of	
   a	
   vineyard	
   as	
   the	
  

collection	
  site,	
  given	
   the	
  advantages	
   that	
  collecting	
   from	
   large	
  populations	
  

provide	
   (particularly	
   during	
   harvest,	
   which	
   corresponds	
   roughly	
   to	
   the	
  

period	
  from	
  August	
  to	
  October	
  in	
  the	
  northern	
  hemisphere)	
  (Figure	
  2.2.1).	
  

Using	
  a	
  hand	
  vacuum	
  cleaner	
  adapted	
  to	
  this	
  purpose	
  (see	
  M&M),	
   in	
  2007	
  

and	
  2013,	
  we	
  collected	
  in	
  a	
  single	
  afternoon	
  around	
  5000	
  females	
  from	
  the	
  

Figure	
   2.2.1	
   –	
   Vineyards	
   as	
   a	
   large-­‐scale	
   collection	
   site	
   for	
   wild	
  
Drosophila	
   specimens.	
   (A)	
  Winery	
  dump	
  site	
   in	
  Southern	
  Portugal	
  (B)	
  
portable	
   vacuum	
   cleaner	
   coupled	
   to	
   a	
   acrylic	
   tube	
   with	
   a	
   soft	
   net	
   (C)	
  
collecting	
  a	
  large	
  number	
  of	
  individuals	
  (D)	
  flies	
  are	
  transferred	
  directly	
  
to	
  bottles	
  containing	
  standard	
  fly	
  food.	
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José	
  Maria	
  da	
  Fonseca	
  winery	
  in	
  Southern	
  Portugal	
  (Azeitão,	
  Portugal	
  GPS:	
  

38º	
  31'	
  04.91”	
  N9º	
  00'	
  56.24”).	
  

Back	
   to	
   the	
   lab,	
   we	
   followed	
   a	
   sequential	
   approach	
   in	
   order	
   to	
  

maximize	
  the	
  collected	
  resources.	
  These	
  steps	
  are	
  schematically	
  presented	
  

in	
  Figure	
  2.2.2.	
  First,	
  single	
  females	
  were	
  separated	
  in	
  vials	
  to	
  lay	
  eggs	
  and	
  

ensure	
   the	
   next	
   generation.	
   Then,	
   the	
   progenitor	
   females	
   were	
   sacrificed	
  

and	
  used	
  as	
  starting	
  material	
  for	
  to	
  individual	
  nucleic	
  acids	
  extraction	
  (both	
  

DNA	
  and	
  RNA)	
  in	
  96-­‐well	
  plates.	
  

	
  	
  

Screening	
  isofemale	
  lines	
  

Guided	
  by	
  Alberto	
  Civetta	
  [50],	
  we	
  have	
  scanned	
  the	
  genomes	
  of	
  D.	
  

melanogaster	
  and	
  D.	
   simulans	
   for	
   large	
   indels	
   that	
  would	
   be	
   diagnostic	
   of	
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Figure	
   2.2.2	
   –	
   Pipeline	
   of	
   how	
   to	
   establish	
   Drosophila	
   laboratory	
  
resources	
  upon	
  collection	
  from	
  nature.	
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species	
   through	
   a	
   simple	
   PCR	
   followed	
   by	
   electrophoresis.	
   We	
   chose	
   Slif	
  

(CG11128)	
   for	
  which	
  we	
  designed	
  a	
  primer	
  pair	
  (see	
  M&M)	
  that	
  amplifies	
  

fragments	
  of	
  939bp	
  in	
  D.	
  melanogaster	
  and	
  1058bp	
  in	
  D.	
  simulans.	
  To	
  detect	
  

Wolbachia,	
  we	
  used	
  primers	
  designed	
   for	
  wsp	
   (Wolbachia	
   surface	
  protein)	
  

by	
   Zhou	
   and	
   co-­‐workers	
   [51]	
   (see	
   M&M),	
   which	
   produce	
   two	
   differently	
  

sized	
   fragments	
  of	
  610bp	
  and	
  590bp,	
   for	
  D.	
  melanogaster	
   and	
  D.	
  simulans,	
  

respectively.	
   The	
   Wolbachia	
   wsp	
   gene	
   amplification	
   product	
   serves	
  

therefore	
   two	
   purposes:	
   the	
   characterization	
   of	
   the	
   individual’s	
   infection	
  

status	
  and	
  a	
  second	
  (indirect)	
  confirmation	
  of	
  the	
  Drosophila	
  species	
  itself,	
  

conveyed	
   by	
   the	
   different	
   amplicon	
   sizes	
   generated	
   by	
   respective	
  

Wolbachia	
  strains.	
  

Figure	
   2.2.3	
   shows	
   how	
   this	
   combination	
   of	
   primers	
   reveals	
  

simultaneously,	
   in	
   a	
   multiplex	
   PCR	
   (see	
   M&M),	
   the	
   status	
   of	
  Wolbachia	
  

infection	
   and	
   which	
   of	
   the	
   cryptic	
   species	
   it	
   is.	
   The	
   PCR	
   program	
   used	
  

permits	
   the	
   simultaneous	
   amplification	
   of	
   both	
   fragments	
   without	
   any	
  

primer	
   incompatibility	
   or	
   confounding	
   effects	
   from	
  nonspecific	
   bands.	
  We	
  

have	
  performed	
  this	
  method	
  at	
  high	
  throughput	
  rate	
  using	
  96-­‐well	
  plates.	
  	
  	
  

slif$D.mel$(939bp))

slif$D.sim$(1058bp))

wsp$=$Wolbachia)
D.mel)(590bp))
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D.sim)(560bp))
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D.sim)(560bp))

Figure	
  2.2.3	
  –	
  Rapid	
  Drosophila	
   species	
   identification	
  and	
   infection	
  
status	
   by	
   PCR	
   multiplex.	
   Each	
   lane	
   contains	
   the	
   PCR	
   amplification	
  
products	
  using	
  Wolbachia	
  specific	
  primers	
  and	
  primers	
  for	
  the	
  gene	
  slif.	
  
In	
   both	
   cases,	
   amplification	
   products	
   have	
   distinctive	
   sizes	
   that	
   allow	
  
identification	
   of	
   the	
   species	
   and	
   determination	
   of	
  Wolbachia	
   infection	
  
status.	
  	
  Letters	
  A,	
  B	
  or	
  C	
  refer	
  to	
  D.	
  melanogaster/	
  Wolbachia-­‐negative,	
  D.	
  
melanogaster/	
  Wolbachia-­‐positive	
   and	
   D.	
   simulans/	
  Wolbachia-­‐positive	
  
samples,	
  respectively.	
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To	
  validate	
   the	
   species	
  diagnosis,	
  we	
  performed	
   in	
  parallel	
   a	
  blind	
  

test	
   running	
   our	
   method	
   and	
   performing	
   the	
   classical	
   male	
   genitalia	
  

classification	
   based	
   on	
  morphological	
   analysis.	
   For	
   this	
  we	
   took	
   50	
  males	
  

from	
  one	
  collection	
  and	
  mounted	
  their	
  genitalia	
  (Figure	
  2.2.4)	
  as	
  described	
  

in	
  Ashburner	
   [52]	
   and	
  used	
   the	
   carcass	
   to	
  prepare	
  genomic	
  DNA	
   for	
   each	
  

individual.	
   We	
   found	
   a	
   100%	
   match	
   (50	
   in	
   50)	
   fit	
   between	
   the	
   two	
  

classification	
   methods,	
   leading	
   to	
   the	
   conclusion	
   that	
   the	
   method	
   we	
  

developed	
   is	
   at	
   least	
   as	
   good	
   as	
   the	
   more	
   time-­‐consuming	
   (and	
   more	
  

subjective)	
  classical	
  method.	
  	
  

As	
   illustration	
  of	
   the	
  proportions	
   found	
   in	
  our	
   specific	
   case,	
   in	
   the	
  

2013	
   collection	
   we	
   genotyped	
   576	
   (96x6)	
   fertile	
   females	
   (progenitors	
   of	
  

isofemale	
   lines),	
   being	
   341	
   (D.mel/Wol+),	
   189	
   (D.mel/Wol-­‐),	
   36	
  

(D.sim/Wol+),	
  1	
  (D.sim/Wol+)	
  and	
  9	
  failed	
  extractions/amplifications.	
  	
  

	
  

Isofemale	
  lines	
  and	
  outbred	
  population	
  establishment	
  

From	
   the	
   collection	
   described	
   above,	
   we	
   established	
   an	
   outbred	
  

population	
   from	
   160	
   fertilized	
  Wolbachia-­‐positive	
   females.	
   We	
   used	
   3-­‐5	
  

virgin	
  females	
  and	
  3-­‐5	
  males	
  from	
  the	
  F1	
  of	
  each	
  previously	
  screened	
  line.	
  

Figure	
  2.2.4	
  –	
  Species	
  confirmation	
  by	
  male	
  genitalia.	
  As	
  described	
  in	
  
[52]	
  we	
   show	
   the	
   distinctive	
   male	
   genital	
   arch	
   (arrows)	
   of	
  D.	
   simulans	
  
(right)	
  and	
  D.	
  melanogaster	
  (left).	
  



	
   80	
  

In	
   parallel,	
   we	
   started	
   160	
   isofemale	
   lines,	
   kept	
   in	
   similar	
   maintenance	
  

conditions	
   but	
   under	
   an	
   inbreeding	
   regime,	
   in	
   vials	
   with	
   uncontrolled	
  

census	
  and	
  overlapping	
  generations.	
  

	
  

Experimental	
  evolution	
  

After	
   the	
   establishment	
   of	
   laboratory-­‐controlled	
   outbred	
  

populations,	
   namely	
   of	
   Drosophila	
  melanogaster	
   infected	
   with	
  Wolbachia,	
  

we	
   waited	
   several	
   generations	
   for	
   adaptation	
   to	
   the	
   lab	
   and	
   consecutive	
  

stabilization	
   of	
   genetic	
   pool.	
   After	
   that,	
   we	
   sequentially	
   expanded	
   the	
  

population	
  in	
  order	
  to	
  generate	
  several	
  identical	
  replicas	
  (see	
  M&M).	
  In	
  our	
  

case,	
   we	
   used	
   those	
   populations	
   to	
   follow	
   their	
   response	
   and	
   genetic	
  

configuration	
   upon	
   different	
   pathogenic	
   challenges	
   and	
   different	
   infection	
  

routes	
   [7,8].	
   Additionally,	
   we	
   also	
   approached	
   the	
   eventual	
   costs	
   of	
  

adaptation	
  [53]	
  and	
  the	
  influence	
  of	
  the	
  increase	
  of	
  immunocompetence	
  on	
  

Wolbachia	
  population	
  [54].	
  

In	
  each	
  generation	
  of	
  experimental	
  evolution,	
  200-­‐400	
   flies	
   (males	
  

and	
  females)	
  were	
  frozen	
  and	
  posteriorly	
  used	
  for	
  different	
  analyses,	
  such	
  

as	
  PoolSeq	
  and	
  genotyping	
  [8,54].	
  	
  

	
  

Introgression	
  

After	
   the	
   foundation	
   of	
   outbred	
   populations,	
   the	
   introgression	
   of	
  

specific	
   alleles	
   in	
   the	
   populations	
   can	
   be	
   performed.	
   In	
   the	
   case	
   of	
   visible	
  

markers	
   this	
   procedure	
   is	
   rather	
   simple,	
   though	
   laborious,	
   as	
   exemplified	
  

by	
   the	
   scheme	
   below	
   (M&M)	
   used	
   to	
   introgress	
   the	
   white	
   mutant	
   allele	
  

(w1118)	
   into	
   the	
   outbred	
   population.	
   Using	
   over	
   100	
   single	
   female	
   crosses	
  

per	
   generation,	
   we	
   recombined	
   the	
   white	
   mutant	
   allele	
   into	
   “wild”	
  

chromossomes	
  6	
  times.	
  Also,	
  all	
  other	
  chromosomes	
  were	
  outbred	
  as	
  they	
  

were	
   replaced	
   in	
   full	
   (using	
   balancer	
   chromosomes)	
   from	
   the	
   initial	
  

generations	
   of	
   the	
   crossing	
   scheme	
   (see	
   M&M).	
   With	
   this	
   number	
   of	
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recombination	
  rounds	
  the	
  estimated	
  proportion	
  of	
  the	
  white	
  allele-­‐carrying	
  

X	
  chromossome	
  in	
  the	
  final	
  population	
  is	
  theoretically	
  inferior	
  to	
  2%	
  (2^6	
  =	
  

1/64).	
   Except	
   for	
   the	
   fragment	
   of	
   the	
   X	
   in	
   linkage	
   with	
   the	
   white	
   locus,	
  

every	
  other	
  fragment	
  from	
  the	
  w1118	
  	
  stock	
  was	
  randomized	
  and	
  should	
  have	
  

virtually	
   no	
   impact	
   on	
   the	
   phenotypes	
   observed	
   at	
   the	
   population	
   level.	
  

Effectively,	
   we	
   have	
   generated	
   an	
   outbred	
   population	
   genetically	
  

indistinguishable	
   from	
   the	
   wild-­‐derived	
   initial	
   outbred	
   population	
   except	
  

for	
  the	
  fact	
  it	
  carries	
  the	
  w1118	
  allele.	
  

Additionally,	
   we	
   have	
   started	
   a	
   systematic	
   introgression	
   of	
  

transgenic	
  lines	
  into	
  the	
  outbred	
  background.	
  	
  

	
  

Discussion	
  

We	
  have	
  attempted	
   to	
  propose	
  a	
   systematic	
   and	
  normalized	
   set	
  of	
  

procedures	
  when	
  establishing	
  Drosophila	
  tools	
  upon	
  collection	
  of	
  flies	
  from	
  

nature.	
  	
  This	
  approach	
  can	
  be	
  extended	
  to	
  any	
  cryptic	
  species	
  pair,	
  including	
  

both	
   intra	
   and	
   extracellular	
   symbionts.	
   In	
   our	
   case,	
   a	
   collection	
   in	
   a	
  

vineyard	
  in	
  Portugal	
  (Figure	
  2.2.1)	
  potentially	
  allows	
  the	
  establishment	
  of	
  a	
  

total	
   of	
   8	
   different	
   populations:	
   D.	
   melanogaster	
   and	
   D.	
   simulans,	
   with	
  

Wolbachia	
   and/or	
  Spiroplasma	
   or	
  none.	
   Interestingly,	
  we	
  also	
  observed	
   in	
  

our	
   collections	
   the	
   sporadic	
   presence	
   of	
   parasitoid	
   wasps,	
   in	
   particular	
  

species	
  belonging	
   to	
   the	
   genus	
  Leptopilina.	
   Although	
   it	
   is	
   possible	
   to	
   start	
  

some	
  laboratorial	
  isolines	
  with	
  captured	
  wasps,	
  the	
  low	
  frequency	
  indicates	
  

that	
  the	
  open-­‐air	
  method	
  (or	
  even	
  the	
  location)	
  used	
  to	
  flies	
  is	
  not	
  the	
  most	
  

suitable	
   to	
   catch	
  high	
  number	
  of	
  wasps	
   to,	
   for	
   example,	
   initiate	
   a	
   outbred	
  

population	
  of	
  wasps.	
  Other	
  relevant	
  studies	
  could	
  be	
  performed	
  with	
  these	
  

flies	
   concerning	
   the	
   gut	
   microbiome	
   of	
   different	
   capture	
   regions	
   and	
  

seasons,	
  which	
  probably	
  reflects	
  the	
  difference	
  in	
  locations	
  and	
  diets.	
  	
  

	
   The	
   pipeline	
   here	
   presented	
   (Figure	
   2.2.2)	
   can	
   be	
   applied	
   to	
   any	
  

collection	
   regardless	
   of	
   the	
   fly	
   species	
   and	
   initial	
   object	
   of	
   study	
   as	
   it	
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preserves	
  to	
  the	
  fullest	
  the	
  potential	
  of	
  samples	
  for	
   future	
  analysis.	
   Inbred	
  

lines	
   and	
   the	
   outbred	
   population	
   have,	
   in	
   principle,	
   retained	
   to	
   a	
   great	
  

extent	
   the	
  same	
  qualitative	
  variation	
  of	
   the	
  sampled	
  population.	
  Yet,	
   these	
  

different	
  methods	
  of	
  maintaining	
  specimens	
  impact	
  differently	
  this	
  genetic	
  

variation,	
  namely	
   in	
  what	
   regards	
   the	
   frequencies	
  of	
  deleterious	
   recessive	
  

alleles	
   and	
   epistatic	
   complexes	
   [55,56].	
   This	
   has	
   been	
   eloquently	
  

demonstrated	
   by	
  Huang	
   and	
   co-­‐workers	
   that	
   found	
   distinct	
   genetic	
   bases	
  

for	
  the	
  same	
  traits	
  analysed	
  by	
  GWAS	
  on	
  the	
  DGRP	
  panel	
  or	
  on	
  a	
  population	
  

reconstituted	
  from	
  the	
  same	
  DGRP	
  panel	
  lines	
  [28].	
  However	
  a	
  recent	
  study	
  

shows	
  that	
  no	
  significant	
  allele	
  differences	
  are	
  found	
  between	
  an	
  ancestral	
  

population	
   and	
   a	
   reconstituted	
   counterpart	
   generated	
   by	
   isofemale	
   lines	
  

derived	
   from	
   the	
   same	
  original	
   population	
   [57].	
  Be	
   it	
   as	
   it	
  may,	
   isofemale	
  

lines	
   or	
   isogenic	
   lines,	
   on	
  one	
  hand,	
   and	
  outbred	
  populations,	
   on	
   another,	
  

are	
  best	
   suited	
   for	
  different	
  purposes	
  and	
  questions.	
  However,	
   these	
   tools	
  

may	
   be	
   regarded	
   also	
   as	
   complementary	
   and	
   yield	
   distinct	
   but	
   equally	
  

informative	
   results	
   such	
   as	
   resistance	
   against	
   oral	
   infection	
   with	
  

Pseudomonas	
  entomophila	
  where	
  GWAS	
  analysis	
  using	
  the	
  DGRP	
  panel	
  [58]	
  

and	
   Pool-­‐seq	
   on	
   experimentally-­‐evolved	
   populations	
   (our	
   unpublished	
  

results),	
   showed	
   qualitatively	
   different	
   genetic	
   bases.	
   Moreover,	
   these	
  

approaches	
  may	
  reveal	
  comparable	
  outcomes	
  and	
  corroborate	
  one	
  another	
  

as	
  illustrated	
  by	
  resistance	
  against	
  DCV	
  infection,	
  for	
  example	
  [8,27].	
  

The	
  sequential	
  96	
  well-­‐plate	
  protocols	
  of	
  DNA	
  extraction,	
  multiplex	
  

PCR	
   and	
   agarose	
   gel	
   electrophoresis	
   allows	
   a	
   quick	
   analysis	
   of	
   a	
   large	
  

number	
   of	
   specimens.	
   Moreover,	
   the	
   method	
   is	
   also	
   very	
   reliable	
   to	
  

distinguish	
   between	
  D.	
  melanogaster	
   and	
  D.	
  simulans,	
   as	
   evidenced	
  by	
   the	
  

comparison	
  with	
  the	
  male	
  genitalia	
  method	
  (Figure	
  2.2.4).	
  However,	
  while	
  

the	
   preparation	
   of	
   the	
   genitalia	
   is	
   a	
   time-­‐consuming	
   procedure	
   that	
   may	
  

need	
   an	
   experienced	
   manipulator	
   to	
   dissect,	
   assemble	
   and	
   efficiently	
  

distinguish	
  both	
   species,	
   the	
  PCR	
  here	
  described	
  permits	
   high-­‐throughput	
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easily.	
   This	
   method	
   allows	
   the	
   testing	
   of	
   large	
   amounts	
   of	
   individuals,	
  

necessary	
  for	
  the	
  foundation	
  of	
  outbred	
  populations.	
   In	
  addition,	
  after	
  this	
  

first	
  nucleic	
  acid	
  extraction,	
  the	
  resulting	
  material	
  may	
  be	
  used	
  for	
  further	
  

genetic	
   tests.	
   In	
   addition,	
   in	
   this	
   setup,	
   other	
   primers	
  may	
   be	
   included	
   or	
  

changed	
  to	
  quickly	
  diagnose	
  different	
  species	
  and/or	
  strains.	
  	
  

Prior	
   to	
   starting	
   selection	
   experiments,	
   it	
   is	
   essential	
   to	
   adapt	
   the	
  

outbred	
   population	
   to	
   the	
   lab,	
   in	
   itself	
   a	
   novel	
   environment	
   to	
  which	
   the	
  

population	
  is	
  exposed	
  [59,60].	
  Major	
  changes	
  may	
  occur	
  in	
  the	
  populational	
  

structure	
  during	
  this	
  period	
  of	
  adaptation	
  to	
  laboratorial	
  conditions,	
  both	
  in	
  

flies	
   and	
   associated	
  microbiome.	
   After	
   this	
   step,	
   performing	
   pilot	
   tests	
   is	
  

essential	
  to	
  confirm	
  that	
  replicate	
  populations	
  respond	
  similarly	
  against	
  the	
  

chosen	
  selective	
  pressure.	
  Another	
  complementary	
  approach	
  to	
  caracterize	
  

and	
  validate	
  the	
  populations	
  before	
  the	
  beginning	
  of	
  experimental	
  evolution	
  

is	
  the	
  estimation	
  of	
  heterozygosity	
  and	
  initial	
  effective	
  population	
  size.	
  This	
  

information	
   provides	
   a	
   clear	
   idea	
   of	
   the	
   potential	
   of	
   this	
   tool	
   in	
   future	
  

studies.	
  	
  

Populational	
   replicates	
   are	
   therefore	
   ready	
   to	
   be	
   submitted	
   to	
  

against	
   a	
   vast	
   range	
   of	
   selective	
   pressures.	
   In	
   our	
   case,	
   as	
   already	
  

mentioned,	
   we	
   evolved	
   those	
   populations	
   in	
   the	
   presence	
   or	
   absence	
   of	
  

pathogens,	
  namely	
  Pseudomonas	
  entomophila	
  and	
  Drosophila	
  C	
  Virus	
  (DCV).	
  

Throughout	
   experimental	
   evolution,	
   we	
   have	
   frozen	
   adult	
   flies	
   in	
   each	
  

generation,	
  creating	
  a	
  bank	
  to	
  explore	
  genetic	
  questions	
  about	
  the	
  adaptive	
  

processes.	
  	
  	
  

The	
   posterior	
   introgression	
   of	
   genetic	
   markers	
   could	
   also	
   create	
  

very	
  useful	
   tools	
   to	
  evolutionary	
  and	
  genetic	
  questions.	
  The	
  outbred	
  w1118	
  

population	
   can	
   be	
   compared	
   and/or	
   used	
   as	
   control	
   as	
   it	
   is	
   easily	
  

distinguishable	
  from	
  the	
  outbred	
  population,	
  though	
  virtually	
  identical	
  from	
  

a	
   genetic	
   perspective.	
   Behavioural	
   and	
   competition	
   experiments	
   are	
   also	
  

important	
  applications	
  of	
  this	
  tool.	
  However,	
  caution	
  is	
  advised	
  in	
  this	
  case,	
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as	
   the	
  white	
  mutation	
   is	
   far	
   from	
  being	
   a	
   fully	
   innocuous	
  marker.	
   Indeed,	
  

white	
  codes	
  for	
  an	
  ABC	
  transporter	
  subunit	
  [61]	
  described	
  to	
  play	
  a	
  role	
  in	
  a	
  

number	
   of	
   homeostatic	
   functions,	
   namely	
   in	
   the	
   nervous	
   system	
   and	
  may	
  

impinge	
  functionally	
  on	
  a	
  number	
  of	
  traits	
  [62,63].	
  

Finally,	
   this	
   population	
   can	
   be	
   used	
   to	
   introgress	
   transgenic	
  

constructs	
   into	
   the	
   outbred	
   background.	
   Following	
   the	
   same	
   crossing	
  

scheme	
   (see	
   M&M)	
   it	
   is	
   straightforward	
   to	
   introgress	
   into	
   the	
   outbred	
  

background	
  mini-­‐white	
  containing	
  transgenics,	
  namely	
  of	
  the	
  vast	
  available	
  

collection	
   of	
   UAS	
   and	
   GAL4	
   lines.	
   In	
   this	
   case,	
   upon	
   recombination	
   in	
  

heterozygous	
   females,	
   non-­‐white	
   males	
   can	
   be	
   selected	
   to	
   cross	
   against	
  

outbred	
  white	
  females.	
  This	
  may	
  prove	
  to	
  be	
  and	
  interesting	
  tool	
  to	
  test	
  the	
  

effects	
  of	
  such	
  transgenes	
  in	
  a	
  properly	
  controlled	
  genetic	
  background.	
  

	
   Here,	
   we	
   have	
   attempted	
   to	
   provided	
   the	
   community	
   with	
   a	
  

comprehensive	
   guide	
   for	
   the	
   establishment	
   and	
   development	
   of	
   the	
  

necessary	
  laboratory	
  resources	
  stemming	
  from	
  the	
  initial	
  collection	
  of	
  wild	
  

Drosophila	
   specimens.	
   With	
   this	
   we	
   hope	
   also	
   to	
   contribute	
   to	
   the	
  

standardization	
   of	
   procedures	
   permitting	
   an	
   easier	
   exchange	
   of	
   resources	
  

across	
  researchers	
  engaging	
  in	
  the	
  study	
  of	
  natural	
  variation	
  in	
   laboratory	
  

conditions.	
  

	
  

Material	
  and	
  Methods	
  

Collection	
  

Using	
   a	
   portable	
   vacuum	
   cleaner	
   coupled	
   to	
   a	
   simple	
   acrylic	
   tube	
  

custom	
  made	
  with	
  a	
  soft	
  net	
  on	
  one	
  end	
  (Figure	
  2.2.1B),	
  we	
  collected	
  large	
  

numbers	
  of	
  flies	
  from	
  a	
  vineyard	
  dump	
  site	
  (Figure	
  2.2.1C).	
  After	
  collection,	
  

flies	
  were	
  transferred	
  directly	
  to	
  bottles	
  containing	
  standard	
  cornmeal-­‐agar	
  

medium	
   (Figure	
   2.2.1D).	
   Around	
   1000	
   females	
   were	
   separated	
   and	
  

individually	
   distributed	
   to	
   vials	
   with	
   standard	
   food.	
   These	
   females	
   were	
  

transferred	
  twice	
  to	
  new	
  vials,	
  laying	
  eggs	
  during	
  3	
  days	
  in	
  each	
  vial.	
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Nucleic	
  acid	
  extraction	
  	
  

To	
   perform	
   nucleic	
   acid	
   extraction,	
   after	
   the	
   second	
   turn	
   of	
  

egglaying,	
  each	
  vial	
  with	
  fertile	
  progeny	
  (checking	
  the	
  presence	
  of	
  F1	
  larvae	
  

in	
  the	
  food)	
  was	
  numbered	
  and	
  the	
  respective	
  female	
  was	
  anesthetized	
  with	
  

CO2.	
   A	
   96-­‐well	
   plate	
   was	
   previously	
   prepared	
   for	
   DNA	
   extraction,	
   cooled	
  

over	
   dry	
   ice	
   to	
   facilitate	
   the	
   placing	
   of	
   the	
   anesthetized	
   females	
   in	
   the	
  

respective	
  wells.	
  

Nucleic	
   acid	
   extraction	
   was	
   performed	
   according	
   to	
  

(http://www.drosdel.org.uk/molecular_methods.php)	
   [64]	
   with	
   minor	
  

modifications.	
   Briefly,	
   each	
   biological	
   sample	
   was	
   homogenized	
   with	
  

metallic	
  beads	
  and	
  detergent	
  for	
  cell	
  lysis.	
  After	
  removing	
  the	
  cellular	
  waste	
  

by	
   centrifugation,	
   the	
   supernatant	
  was	
   transferred	
   to	
   a	
  new	
  96-­‐well	
   plate	
  

and	
   nucleic	
   acids	
   were	
   separated	
   and	
   precipitated	
   with	
   KCl	
   and	
  

isopropanol.	
   Samples	
   were	
   further	
   washed	
   in	
   EtOH	
   70%	
   and	
   afterwards	
  

ressuspended	
   in	
  milliQ	
  H2O.	
   All	
   steps	
  were	
   alternated	
  with	
   centrifugation	
  

steps.	
   DNA	
   or	
   RNA	
   were	
   isolated	
   after	
   incubation	
   with	
   either	
   RNase	
   or	
  

Dnase,	
  respectively.	
  	
  

	
  

Diagnostic	
  PCR	
  

After	
   DNA	
   extraction,	
   a	
   multiplex	
   PCR	
   reaction	
   was	
   performed	
   in	
  

96-­‐well	
  plates	
  using	
  1μL	
  of	
  diluted	
  DNA,	
  GoTaq	
  DNA	
  polymerase	
  (Promega)	
  

in	
  a	
  20μL	
  total	
  reaction	
  volume	
  per	
  well,	
  using	
  the	
  primers	
  Slif	
   (Fwd	
  –	
  5´-­‐

GTTAGCGCCTATTAGCACAT-­‐3’;	
   Rev	
   –	
   5´-­‐CGGGACAACTCAGTCTGTAA-­‐3’)	
   to	
  

distinguish	
   between	
   D.	
   melanogaster	
   and	
   D.	
   simulans	
   and	
   wsp	
   (81F-­‐	
   5´-­‐

TGGTCCAATAAGTGATGAAGAAAC-­‐3’;	
   691R-­‐	
   5´-­‐AAAAATTAAACGCTACTCCA	
  

-­‐3’),	
   to	
   diagnose	
   for	
   the	
   presence	
   or	
   absence	
   of	
   Wolbachia.	
   The	
   PCR	
  

program	
  was	
  used	
  as	
   follows:	
  95	
  ºC	
  for	
  10	
  min;	
  30	
  cycles	
  at	
  95	
  ºC	
  for	
  30s	
  

(denaturation),	
   60	
   ºC	
   for	
   1	
  min	
   (annealing),	
   72	
   ºC	
   for	
   1	
  min	
   (elongation)	
  



	
   86	
  

and	
  a	
   final	
  extension	
  step	
  at	
  72	
  ºC	
   for	
  10	
  min.	
  PCR	
  amplification	
  products	
  

were	
  visualized	
  after	
  electrophoresis	
  in	
  agarose	
  gel	
  (1.5%	
  in	
  TAE	
  supplied	
  

with	
  0.5%	
  RedSafe).	
  	
  

After	
   analysis,	
   the	
   F1	
   vials	
   of	
   each	
   tested-­‐isofemale	
   line	
   could	
   be	
  

separated	
   into	
   four	
  groups,	
  D.	
  simulans	
   or	
  D.	
  melanogaster,	
   and	
  Wolbachia	
  

positive	
  or	
  negative.	
  

	
  

Outbred	
  populations	
  foundation	
  

From	
   160	
   isofemale	
   lines	
   of	
   each	
   group	
   previously	
   diagnosed,	
   10	
  

F1-­‐flies,	
  3-­‐5	
  virgin	
  females	
  and	
  3-­‐5	
  males	
  were	
  separated.	
  Groups	
  of	
  males	
  

and	
  virgin	
  females	
  were	
  placed	
  simultaneously	
  in	
  populational	
  acrylic	
  boxes	
  

(50x30x25cm),	
   thus	
   minimizing	
   sib-­‐mating.	
   Around	
   1500	
   individuals	
  

founded	
  each	
  populations.	
  

Populations	
   were	
   kept	
   on	
   a	
   three-­‐week	
   non-­‐overlapping	
  

generations.	
   Treatments	
   were	
   always	
   performed	
   3-­‐5	
   days	
   after	
   eclosion	
  

and	
   reproduction	
   occurred	
   5-­‐7	
   days	
   after	
   treatment.	
   Reproduction	
   was	
  

performed	
   in	
   10	
   plastic	
   cups	
   (5	
   per	
   day)	
  with	
   standard	
   food.	
   Egg	
   density	
  

was	
  limited	
  to	
  400	
  per	
  cup,	
  a	
  density	
  determined	
  experimentally	
  to	
  enable	
  

optimal	
   larval	
   development	
   and	
   population	
   effective	
   numbers.	
   Flies	
   were	
  

maintained	
   under	
   constant	
   temperature	
   (25	
   oC),	
   humidity	
   (60-­‐70%)	
   and	
  

light-­‐darkness	
   cycle	
   (12:12	
   hours),	
   and	
   fed	
   with	
   standard	
   cornmeal-­‐agar	
  

medium.	
  	
  

Each	
   population	
   was	
   kept	
   in	
   laboratory	
   cages	
   with	
   high	
   census	
  

(between	
  1500	
  and	
  2000	
  individuals).	
  Census	
  above	
  2000	
  flies	
  will	
  lead	
  to	
  

excess	
  moisture	
  inside	
  the	
  boxes	
  that	
  compromises	
  egglaying,	
  mobility	
  and	
  

viability	
  of	
  flies	
  and	
  promotes	
  bacterial	
  and	
  fungal	
  proliferation.	
  	
  

	
  

Starting	
  Experimental	
  Evolution	
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Before	
   the	
   initiation	
   of	
   experimental	
   evolution	
   experiments,	
  

populations	
   were	
   maintained	
   under	
   the	
   laboratory	
   previously	
   described	
  

conditions	
  for	
  a	
  minimum	
  of	
  15	
  generations	
  and	
  then	
  serially	
  expanded	
  for	
  

two	
   generations	
   to	
   allow	
   the	
   establishment	
   of	
   the	
   new	
   replicate	
  

populations.	
   In	
   our	
   case,	
   all	
   lines	
   of	
   all	
   treatments	
  were	
   derived	
   from	
   the	
  

same	
  base	
  population	
  (from	
  1	
  to	
  6	
  in	
  first	
  generations	
  and	
  from	
  6	
  to	
  36	
  in	
  

the	
   second).	
   The	
   egglaying	
   for	
   the	
   foundation	
   should	
   be	
   randomly	
  

distributed	
  across	
  the	
  replicates	
  to	
  avoid	
  any	
  selection	
  for	
  fertility.	
  In	
  each	
  

generation,	
   pools	
   of	
   with	
   200-­‐300	
   flies	
   of	
   each	
   replicate	
   were	
   frozen	
   in	
  

liquid	
  nitrogen	
  and	
  kept	
  at	
  -­‐80	
  ºC.	
  

	
  

Isofemale	
  lines	
  	
  

Isofemale	
  lines	
  were	
  established	
  using	
  the	
  vials	
  of	
  each	
  original	
  line,.	
  

The	
  successive	
  backcrosses	
  in	
  consecutive	
  generations	
  led	
  to	
  a	
  considerable	
  

increase	
   in	
   inbreeding	
   of	
   each	
   isofemale	
   line.	
   These	
   lines	
   may	
   have	
   kept	
  

genetic	
   information	
   of	
   the	
   founding	
   populations,	
   which	
   is	
   expected	
   to	
  

eventually	
  be	
  lost	
  in	
  the	
  future	
  process	
  of	
  adaptation.	
  	
  

Starting	
   from	
   the	
   isofemale	
   lines,	
   one	
   can	
   also	
   establish	
   isogenic	
  

lines.	
  To	
  do	
  so,	
  each	
  isofemale	
  line	
  can	
  be	
  taken	
  through	
  20	
  generations	
  of	
  

full-­‐sib	
  mating	
   as	
   done	
   by	
  MacKay	
   and	
   co-­‐workers	
   [24].	
   	
   This	
   procedure	
  

should	
   purge	
   deleterious	
   alleles	
   and	
   provide,	
   at	
   a	
   reasonable	
   frequency,	
  

fertile	
  and	
  viable	
  genetically-­‐homogeneous	
  lines.	
  

	
  

Introgression	
  

We	
   introgressed	
   the	
  white	
   mutant	
   allele	
   (w1118)	
   into	
   the	
   outbred	
  

population.	
   Using	
   80	
   to	
   100	
   single	
   female	
   crosses	
   in	
   the	
   first	
   two	
  

generations,	
  we	
  replaced	
  all	
  second	
  and	
  third	
  chromosomes	
  from	
  the	
  w1118	
  

stock	
   by	
   “wild”	
   chromosomes	
   of	
   the	
   outbred	
   population.	
   In	
   each	
   odd	
  

generation	
   (F1,	
   F3,	
   F5,	
   F7,	
   F9,	
   F11)	
   recombination	
   in	
   females	
   reduces	
   the	
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contribution	
   of	
   the	
   w1118	
   stock.	
   From	
   these	
   crosses,	
   2	
   white-­‐eyed	
   males	
  

were	
  used	
  to	
  establish	
  at	
  least	
  100	
  single	
  female	
  crosses	
  with	
  virgins	
  from	
  

the	
  outbred	
  stock	
  (all	
  even	
  generations	
  F2,	
  F4,	
  F6,	
  F8,	
  and	
  F10).	
  In	
  the	
  F12	
  

generation,	
   3	
   to	
   5	
   virgin	
   females	
   and	
   3	
   to	
   5	
   males	
   from	
   140	
   F11	
   single-­‐

female	
  crosses	
  were	
  released	
  into	
  a	
  population	
  cage	
  to	
  establish	
  the	
  white	
  

introgressed	
  population.	
  	
  

Crossing	
  scheme:	
  

	
  (P)	
  	
   Outbred	
  females	
  (O;O;O)	
  	
  x	
  	
  w;	
  If/CyO;	
  MKRS/TM6b	
  males	
  

(F1)	
  	
   O/w;	
  O/CyO;	
  O/TM6b	
  	
  x	
  	
  Outbred	
  males	
  (O;	
  O;	
  O)	
  

(F2)	
  	
   Outbred	
  females	
  (O;O;O)	
  	
  x	
  	
  w;	
  O;	
  O	
  

(F3)	
   O/w;	
  O;	
  O	
  	
  x	
  	
  Outbred	
  males	
  (O;	
  O;	
  O)	
  

F2	
  and	
  F3	
  crosses	
  were	
  repeated	
  4	
  more	
  rounds	
  

(F12)	
  	
   O/w;	
  O;	
  O	
  	
  x	
  	
  O/w;	
  O;	
  O	
  

	
  

Number	
   of	
   individuals	
   used	
   in	
   each	
   single-­‐female	
   cross	
   throughout	
   the	
  

introgression	
  procedure.	
  

	
  

	
  

Females	
   Males	
  

F1	
   80	
   160	
  
F2	
   100	
   60	
  
F3	
   100	
   200	
  
F4	
   120	
   120	
  
F5	
   120	
   200	
  
F6	
   120	
   100	
  
F7	
   110	
   220	
  
F8	
   120	
   100	
  
F9	
   100	
   200	
  
F10	
   140	
   280	
  
F11	
   140	
   280	
  
F12	
   (3-­‐5)	
  *140	
   (3-­‐5)	
  *140	
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Abstract	
  

Evolution	
  of	
  pathogen	
  virulence	
  is	
  affected	
  by	
  the	
  route	
  of	
  infection.	
  

Also,	
   alternate	
   infection	
   routes	
   trigger	
  different	
   physiological	
   response	
   on	
  

hosts,	
   impinging	
  on	
  host	
  adaptation	
  and	
  on	
  its	
   interaction	
  with	
  pathogens.	
  

Yet,	
   how	
   route	
   of	
   infection	
   may	
   shape	
   adaptation	
   to	
   pathogens	
   has	
   not	
  

received	
   much	
   attention	
   at	
   the	
   experimental	
   level.	
   We	
   addressed	
   this	
  

question	
   through	
   the	
   experimental	
   evolution	
   of	
   an	
   outbred	
   Drosophila	
  

melanogaster	
   population	
   infected	
   by	
   two	
   different	
   routes	
   (oral	
   and	
  

systemic)	
  with	
  Pseudomonas	
  entomophila.	
  The	
  two	
  selection	
  regimes	
  led	
  to	
  

markedly	
   different	
   evolutionary	
   trajectories.	
   Adaptation	
   to	
   infection	
  

through	
   one	
   route	
   did	
   not	
   protect	
   from	
   infection	
   through	
   the	
   alternate	
  

route,	
   indicating	
   distinct	
   genetic	
   bases.	
   Finally,	
   relatively	
   to	
   the	
   control	
  

population,	
   evolved	
   flies	
   were	
   not	
   more	
   resistant	
   to	
   bacteria	
   other	
   than	
  

Pseudomonas	
   and	
   showed	
   higher	
   susceptibility	
   to	
   viral	
   infections.	
   These	
  

specificities	
   and	
   trade-­‐offs	
   may	
   contribute	
   to	
   the	
   maintenance	
   of	
   genetic	
  

variation	
   for	
   resistance	
   in	
   natural	
   populations.	
   Our	
   data	
   shows	
   that	
   the	
  

infection	
   route	
   affects	
   host	
   adaptation	
   and	
   thus,	
   must	
   be	
   considered	
   in	
  

studies	
  of	
  host-­‐pathogen	
  interaction.	
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Introduction	
  

The	
  transmission	
  route	
  taken	
  by	
  pathogens	
  to	
  infect	
  their	
  hosts	
  has	
  

a	
  profound	
  impact	
  on	
  the	
  evolution	
  of	
  host-­‐pathogen	
  interactions.	
  A	
  body	
  of	
  

theory	
   [1–3]	
   and	
   several	
   experiments	
   [4–7]	
   have	
   addressed	
   the	
   effect	
   of	
  

vertical	
  or	
  horizontal	
   transmission	
  on	
  the	
  evolution	
  of	
  pathogen	
  virulence.	
  

Moreover,	
   virulence	
   in	
   vector-­‐borne	
   or	
   directly	
   transmitted	
   pathogens	
   is	
  

expected	
  to	
  be	
  differentially-­‐affected	
  by	
  several	
   factors,	
  such	
  as	
   the	
  timing	
  

of	
   infection	
   or	
   inoculum	
   size	
   [8–10].	
   Recently,	
   a	
   meta-­‐analysis	
   has	
   also	
  

shown	
   that	
   systemically-­‐infecting	
   pathogens	
   are	
  more	
   virulent	
   than	
   those	
  

that	
  infect	
  via	
  ingestion	
  [11].	
  However	
  rich	
  this	
  body	
  of	
  literature	
  may	
  be,	
  it	
  

concerns	
   the	
   effect	
   of	
   transmission	
   routes	
   on	
   the	
   evolution	
   of	
   pathogens,	
  

not	
   hosts	
   (even	
   though	
   this	
   implies	
   measuring	
   host	
   traits,	
   as	
   pathogen	
  

virulence	
  is	
  defined	
  as	
  the	
  harm	
  imposed	
  on	
  hosts)	
  [12,	
  13].	
  Pathogens	
  that	
  

infect	
   hosts	
   via	
   different	
   routes	
   (e.g.,	
   orally	
   vs	
   systemically)	
   also	
   trigger	
  

different	
   physiological	
   responses	
   in	
   hosts.	
   This	
   in	
   turn	
   may	
   affect	
   the	
  

evolution	
  of	
  host	
  responses	
  to	
  pathogens,	
  which	
  will	
  affect	
   the	
  outcome	
  of	
  

the	
   host-­‐pathogen	
   interaction.	
   Therefore,	
   addressing	
   the	
   evolutionary	
  

consequences	
  of	
  transmission	
  route	
  for	
  host-­‐parasite	
  interactions	
  calls	
  for	
  a	
  

characterization	
  of	
  its	
  effects	
  in	
  the	
  evolution	
  of	
  both	
  pathogen	
  and	
  host.	
  

It	
   has	
   been	
   suggested	
   that	
   the	
   immune	
   response	
   follows	
   a	
  

hierarchical	
   structure,	
   starting	
   with	
   behavioural	
   avoidance,	
   through	
  

physical	
  barriers	
  and	
  culminating	
   in	
  a	
  humoral/cellular	
   response	
   [14–16].	
  

Different	
   infection	
   routes	
   will	
   impact	
   this	
   cascade	
   of	
   events	
   at	
   different	
  

levels.	
  Thus,	
  the	
  route	
  taken	
  by	
  the	
  pathogen	
  will	
  be	
  crucial	
  in	
  defining	
  the	
  

evolutionary	
   consequences	
   of	
   infection	
   to	
   the	
   individual	
   and	
   population.	
  

Yet,	
   the	
   distribution	
   of	
   variants	
   across	
   different	
   levels	
   in	
   this	
   cascade	
   of	
  

events	
   is	
   unknown:	
   which	
   level	
   is	
   more	
   likely	
   to	
   evolve	
   in	
   a	
   population	
  

exposed	
   to	
   a	
   particular	
   immune	
   challenge?	
   If	
   host	
   adaptation	
   occurs	
  

through	
  changes	
  in	
  a	
  shared	
  downstream	
  portion	
  of	
  the	
  cascade	
  such	
  as	
  the	
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humoral	
   effectors,	
   then	
   adapted	
   populations	
   are	
   expected	
   to	
   show	
   a	
  

positive	
  correlated	
  response	
  to	
  challenges	
  acting	
  on	
  any	
  part	
  of	
  the	
  cascade.	
  

Conversely,	
  if	
  there	
  is	
  at	
  least	
  partial	
  independence	
  in	
  the	
  defence	
  pathways	
  

activated	
   by	
   each	
   infection	
   route,	
   then	
   adaptation	
   to	
   pathogens	
   infecting	
  

through	
   different	
   routes	
   should	
   be	
   uncorrelated.	
   Thus,	
   testing	
   host	
  

evolutionary	
   responses	
   to	
   infection	
   through	
   different	
   routes	
   is	
   crucial	
   to	
  

ecological	
   immunology	
   as	
   it	
   will,	
   (a)	
   establish	
   whether	
   responses	
   are	
  

general	
   or	
   specific	
   for	
   distinct	
   routes	
   of	
   pathogen	
   access	
   and,	
   (b)	
   provide	
  

insight	
   into	
   which	
   part	
   of	
   the	
   defense	
   cascade	
   may	
   be	
   modified	
   by	
  

evolution.	
  

In	
   recent	
   years	
  much	
   attention	
   has	
   been	
   given	
   to	
   the	
  mechanistic	
  

distinction	
   between	
   resistance	
   (capacity	
   to	
   limit	
   pathogen	
   loads)	
   and	
  

tolerance	
   (capacity	
   to	
   survive	
   damage	
   caused	
   by	
   a	
   given	
   pathogen	
   load)	
  

[17–19].	
  Yet,	
  although	
  a	
  few	
  recent	
  studies	
  have	
  determined	
  if	
  resistance	
  or	
  

tolerance	
  mechanisms	
   are	
   involved	
   in	
   insect	
   host	
   responses	
   to	
   pathogens	
  

[20–22],	
   whether	
   and	
   how	
   different	
   transmission	
   routes	
   affect	
   the	
  

evolution	
   of	
   these	
  mechanisms	
   is	
   still	
   unknown.	
   Indeed,	
   no	
   study	
   has	
   yet	
  

addressed	
   the	
   consequences	
   of	
   different	
   infection	
   routes	
   of	
   horizontally-­‐

transmitted	
  pathogens	
  for	
  the	
  evolution	
  of	
  host	
  responses.	
  

Routes	
   of	
   infection	
   observed	
   in	
   nature	
   are	
   paralleled	
   by	
   the	
  

infection	
  protocols	
  used	
  in	
  the	
  Drosophila	
  melanogaster	
  laboratory	
  model	
  of	
  

insect	
  immunity	
  [23–25].	
  Traditionally,	
  the	
  study	
  of	
  Drosophila	
  immunity	
  is	
  

done	
  with	
   systemic	
   infections	
   [26–29],	
   but	
  more	
   recently,	
   several	
   studies	
  

have	
  addressed	
   the	
   immune	
   response	
   to	
   ingested	
  bacteria	
   [30–34],	
   as	
   the	
  

ecological	
   relevance	
   of	
   this	
   route	
   of	
   infection	
   is	
   most	
   likely	
   higher	
   (for	
   a	
  

review	
   see	
   [35]).	
   These	
   studies	
   have	
   shown	
   that	
   several	
   responses	
   are	
  

specific	
  to	
  the	
  infection	
  route,	
  even	
  if	
  some	
  overlap	
  can	
  be	
  observed	
  [30,	
  33,	
  

36].	
   Indeed,	
   to	
   infect	
   hosts,	
   ingested	
   pathogens	
   need	
   to	
   avoid	
   evacuation,	
  

resist	
  oxidative	
  burst	
  and/or	
  breach	
  the	
  epithelial	
  gut	
  barrier	
   [32,	
  37–39].	
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For	
   example,	
   Kuraishi	
   and	
   co-­‐workers	
   [40]	
   have	
   found	
   that	
   loss	
   of	
  

Drosocrystallin,	
   a	
   protein	
   involved	
   in	
   the	
   formation	
   of	
   the	
   peritrophic	
  

matrix,	
  leads	
  to	
  increased	
  mortality	
  after	
  ingestion	
  of	
  P.	
  entomophila	
  and	
  S.	
  

marcescens,	
   but	
   does	
   not	
   seem	
   to	
   play	
   a	
   role	
   in	
   systemic	
   infections.	
  

Conversely,	
  systemic	
  infections	
  bypass	
  those	
  defence	
  levels	
  [25]	
  leading,	
  in	
  

most	
   cases,	
   to	
   virulence	
   at	
   much	
   lower	
   doses	
   [31]	
   and	
   inducing	
  

melanisation	
   responses	
   that	
   are	
   not	
   observed	
   in	
   oral	
   infections	
   [41].	
  

However,	
   besides	
   the	
   local	
   specific	
   response,	
   oral	
   infection	
  may	
   induce,	
   a	
  

systemic	
  response	
  [31,	
  34,	
  38],	
  although	
  not	
  always	
  [30].	
  	
  

Because	
   it	
   is	
   a	
  model	
   system	
   for	
   both	
   invertebrate	
   immunity	
   [23,	
  

42]	
  and	
  experimental	
  evolution	
  [43],	
  Drosophila	
  melanogaster	
  stands	
  out	
  as	
  

the	
   ideal	
   organism	
   to	
   address	
   the	
   evolutionary	
   consequences	
   for	
   hosts	
   of	
  

different	
  infection	
  routes.	
  In	
  particular,	
  recent	
  years	
  have	
  witnessed	
  the	
  use	
  

of	
   experimental	
   evolution	
   in	
   Drosophila	
   to	
   unravel	
   the	
   evolution	
   of	
   host	
  

responses	
   to	
   pathogens	
   [44–48].	
   However,	
   all	
   these	
   studies	
   concern	
   host	
  

evolution	
  to	
  one	
  specific	
  immune	
  challenge,	
  and	
  hence	
  they	
  do	
  not	
  address	
  

how	
   different	
   infection	
   routes	
   affect	
   the	
   host	
   response.	
   In	
   the	
   work	
   here	
  

presented,	
  we	
  bridge	
   this	
  gap	
  using	
  experimental	
  evolution	
  on	
  an	
  outbred	
  

population	
  of	
  D.	
  melanogaster	
   responding	
   to	
   two	
  routes	
  of	
   infection	
  of	
   the	
  

bacteria	
  Pseudomonas	
  entomophila.	
  In	
  brief,	
  we	
  will,	
  (a)	
  compare	
  the	
  rate	
  of	
  

adaptation	
   to	
   each	
   challenge,	
   (b)	
   test	
   whether	
   pathogen	
   loads	
   after	
  

infection	
  changes	
  with	
  the	
  evolutionary	
  history	
  of	
  populations,	
  (c)	
  address	
  

whether	
   adaptation	
   is	
   specific	
   to	
   each	
   infection	
   route	
   and	
   (d)	
   test	
   the	
  

generality	
  of	
  the	
  response	
  towards	
  other	
  pathogens.	
  

	
  

Results	
  

1.	
  Adaptation	
  to	
  P.	
  entomophila	
  oral	
  and	
  systemic	
  infections	
  

In	
   Figure	
   2.3.1,	
   we	
   present	
   the	
   survival	
   along	
   of	
   the	
   selected	
   and	
  

control	
   populations	
   across	
   24	
   and	
   34	
   generations	
   of	
   experimental	
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evolution,	
   upon	
   exposure	
   to	
   the	
   natural	
   pathogen	
  P.	
   entomophila,	
   by	
   oral	
  

(Figure	
  2.3.1A)	
  and	
  systemic	
  infection	
  (Figure	
  2.3.1B).	
  	
  

	
  	
   Both	
  the	
  selection	
  regime	
  and	
  selection	
  regime	
  by	
  generation	
  effects	
  

were	
  significant	
  (P	
  <	
  0.0001),	
  either	
  in	
  the	
  BactOral	
  scenario	
  (χ21	
  =	
  35.452	
  

and	
   χ217	
   =	
   60.522	
   for	
   the	
   selection	
   regime	
   and	
   selection	
   regime	
   by	
  

generation	
  effects,	
  respectively)	
  and	
  the	
  BactSys	
  scenario	
  (χ21	
  =	
  16.336	
  and	
  

χ225	
  =	
  265.756,	
  respectively).	
  

	
  	
   Upon	
  oral	
   infection,	
   the	
  mean	
  number	
  of	
   live	
   individuals	
  at	
  day	
  10	
  

after	
   infection	
   rose	
   from	
   the	
   control	
   33%	
   to	
   a	
   stable	
   90%	
   after	
  

approximately	
  5	
  generations	
   (Figure	
  2.3.1A).	
  This	
   rise	
   is	
  quite	
  spectacular	
  

in	
   that	
   in	
   only	
   3	
   generations	
   the	
   number	
   of	
   alive	
   orally-­‐infected	
   flies	
   had	
  

doubled	
   (Figure	
   2.3.1A).	
   Concomitantly,	
   pairwise	
   comparisons	
   at	
   each	
  

Figure	
   2.3.1	
   –	
   Response	
   to	
   selection.	
   Experimental	
   evolution	
  
trajectories	
   of	
   populations	
   evolving	
   with	
   a	
   Pseudomonas	
   entomophila	
  
oral	
   (A)	
   or	
   systemic	
   (B)	
   infection	
   and	
   their	
   respective	
   control	
  
populations.	
   	
   Shown	
   is	
   the	
   survival	
   of	
   flies	
   from	
  each	
   selection	
   regime	
  
when	
  infected	
  with	
  P.	
  entomophila	
  either	
  by	
  (A)	
  ingestion	
  (orally)	
  or,	
  (B)	
  
pricking	
  (systemic).	
  Closed	
  symbols:	
  populations	
  evolving	
  in	
  presence	
  of	
  
the	
   pathogen;	
   open	
   symbols:	
   control	
   lines.	
   Vertical	
   bars	
   correspond	
   to	
  
standard	
   error	
   across	
  means	
   of	
   replicate	
   lines;	
   the	
   straight	
   dotted	
   line	
  
corresponds	
   to	
   the	
   original	
  mortality	
   rate	
   imposed	
   on	
   the	
   populations	
  
(66%).	
  

For both the oral and systemic infection treatments, there was a
significant overall interaction effect between sex, selection regime
and generation (x2

6 = 67.795 and x2
6 = 15.420, P,0.0001 and

P,0.05 for oral and systemic infections, respectively). We
therefore compared the hazard ratios between the selection
regime and their respective controls, independently for the two
time points and averaging the effect of sex.

Concurrently with the survival data obtained for generations
14–15 and 24–25 in Figures 1a and 1b, evolved populations tested

in the conditions in which they evolved (hereafter homologous
environment) had a significantly higher survival relative to their
controls. This is shown by the significant departure from zero of
their hazard ratios (Figure 3: oral infection: |z|.8.003, P,0.001
in both generations; systemic infection: |z|.6.229; P,0.0001 in
both generations). In contrast, exposing the adapted populations to
the challenge they have not evolved in (hereafter heterologous
environment), revealed no difference between control and selected
lines for the BactOral selection regime (|z|,1.292, P.0.784 in

Figure 1. Response to selection. Experimental evolution trajectories of populations evolving with a Pseudomonas entomophila oral (a) or systemic
(b) infection and their respective control populations. Shown is the survival of flies from each selection regime when infected with P. entomophila
either by (a) ingestion (orally) or, (b) pricking (systemic). Closed symbols: populations evolving in presence of the pathogen; open symbols: control
lines. Vertical bars correspond to standard error across means of replicate lines; the straight dotted line corresponds to the original mortality rate
imposed on the populations (66%).
doi:10.1371/journal.ppat.1003601.g001

Figure 2. Flies have evolved resistance against P. entomophila infection. Bacterial loads in flies from both control populations (grey bars) and
populations evolving in presence of a pathogen (white bars) when exposed to oral (a) or systemic (b) infection. Males (full diamonds) and females
(empty diamonds) are represented separately. Vertical bars correspond to the standard error of the mean pathogen load of each selection regime at
each time point. (N = 48, except for panel b) systemic infection on control lines after 5 days where N = 22).
doi:10.1371/journal.ppat.1003601.g002
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generation	
   reveal	
   significant	
   differences	
   among	
   selection	
   regimes	
   for	
   this	
  

treatment	
  starting	
  at	
  generation	
  3	
  (|z|	
  >	
  3.072;	
  P	
  <	
  0.05	
  for	
  all	
  comparisons	
  

beyond	
   that	
   generation).	
   In	
   contrast,	
   selection	
   via	
   systemic	
   infection	
  with	
  

the	
  same	
  bacterium,	
  only	
  led	
  to	
  significant	
  differences	
  at	
  generation	
  13	
  (|z|	
  

>	
   4.160;	
   P	
   <	
   0.001).	
   This	
   difference	
   was	
   consistently	
   significant	
   after	
  

generation	
  16	
  (|z|	
  >	
  3.887;	
  P	
  <	
  0.01),	
  except	
  for	
  generation	
  20	
  (z	
  =	
  3.065;	
  P	
  

=	
  0.05),	
  The	
  lines	
  selected	
  in	
  presence	
  of	
  the	
  pathogen	
  never	
  exceeded	
  80%	
  

survival	
  (Figure	
  2.3.1B).	
  

	
  

2.	
  Pathogen	
  loads	
  of	
  control	
  and	
  selected	
  flies	
  	
  	
  

Next,	
   we	
   asked	
  whether	
   the	
   increased	
   levels	
   of	
   survival	
   observed	
  

after	
   24	
   generations	
   of	
   selection	
   corresponded	
   to	
   differences	
   in	
   pathogen	
  

loads	
   after	
   infection.	
   For	
   both	
   modes	
   of	
   infection	
   and	
   for	
   the	
   early	
   time	
  

point	
  corresponding	
  to	
  the	
  onset	
  of	
  mortality	
  (left	
  bars	
  on	
  Figure	
  2.3.2A	
  and	
  

2.3.2.B),	
  the	
  profile	
  was	
  the	
  same,	
  displaying	
  a	
  significantly	
  higher	
  number	
  

of	
  bacteria	
  in	
  controls	
  relatively	
  to	
  the	
  evolved	
  populations	
  (|z|	
  =	
  3.287	
  and	
  

3.430,	
   for	
   oral	
   and	
   systemic	
   infections,	
   respectively,	
   P	
   <	
   0.01	
   for	
   both	
  

comparisons).	
   At	
   the	
   later	
   time	
   point,	
   after	
   which	
   no	
   more	
   death	
   is	
  

observed	
   between	
   populations	
   (right	
   bars	
   on	
   Figure	
   2.3.2A	
   and	
   2.3.2B),	
  

there	
  were	
  no	
  statistical	
  differences	
  between	
  bacteria	
  titers	
  in	
  the	
  two	
  time	
  

points	
   for	
   each	
   of	
   the	
   infection	
   routes	
   (|z|	
   >	
   0.175	
   for	
   oral	
   and	
   systemic	
  

infections,	
   respectively;	
   P	
   =	
   0.998	
   for	
   both	
   comparisons).	
   The	
   absolute	
  

number	
  of	
  bacteria	
  was	
  significantly	
  reduced	
  between	
  the	
  first	
  and	
  second	
  

time	
  points	
   in	
  all	
   treatments	
  and	
  selection	
  regimes	
   (|z|	
  >	
  4.883,	
  P	
  <	
  0.001	
  

for	
   all	
   pairwise	
   comparisons)	
   (Figure	
   2.3.2A	
   and	
   2.3.2B).	
   Under	
   oral	
  

challenge,	
   infection-­‐free	
   samples	
   raised	
   from	
   6/48	
   to	
   33/48	
   in	
   control	
  

populations,	
   and	
   from	
   11/48	
   to	
   35/48	
   in	
   selected	
   populations.	
   As	
   for	
  

systemic	
  infection,	
  samples	
  without	
  bacterial	
  counts	
  increased	
  from	
  0/48	
  to	
  

11/22	
  in	
  control	
  populations,	
  and	
  0/48	
  to	
  22/48	
  for	
  selected	
  populations.	
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3.	
  Correlated	
  responses	
  to	
  selection	
  of	
  alternative	
  routes	
  of	
  infection	
  	
  

	
   We	
  wondered	
  how	
  much	
  of	
  the	
  adaptation	
  to	
  one	
  route	
  of	
  infection	
  

would	
   protect	
   individuals	
   infected	
   through	
   a	
   different	
   route.	
   To	
   address	
  

this,	
   individuals	
  of	
  both	
  sexes	
   from	
  control	
  and	
  selected	
  populations	
  were	
  

infected	
  by	
  pathogens	
  via	
  each	
  of	
  the	
  two	
  alternative	
  routes	
  of	
   infection	
  at	
  

two	
  different	
  time	
  points	
  (generations	
  14-­‐15	
  and	
  24-­‐25)	
  (Figure	
  2.3.3).	
  	
  

	
   For	
   both	
   the	
   oral	
   and	
   systemic	
   infection	
   treatments,	
   there	
   was	
   a	
  

significant	
   overall	
   interaction	
   effect	
   between	
   sex,	
   selection	
   regime	
   and	
  

generation	
  (χ26	
  =	
  67.795	
  and	
  χ26	
  =	
  15.420,	
  P	
  <	
  0.0001	
  and	
  P	
  <	
  0.05	
  for	
  oral	
  

and	
   systemic	
   infections,	
   respectively).	
  We	
   therefore	
   compared	
   the	
   hazard	
  

ratios	
   between	
   the	
   selection	
   regime	
   and	
   their	
   respective	
   controls,	
  

independently	
  for	
  the	
  two	
  time	
  points	
  and	
  averaging	
  the	
  effect	
  of	
  sex.	
  

Figure	
  2.3.2	
  –	
  Flies	
  have	
  evolved	
  resistance	
  against	
  P.	
  entomophila	
  
infection.	
   Bacterial	
   loads	
   in	
   flies	
   from	
   both	
   control	
   populations	
   (grey	
  
bars)	
   and	
  populations	
   evolving	
   in	
   presence	
   of	
   a	
   pathogen	
   (white	
   bars)	
  
when	
   exposed	
   to	
   oral	
   (A)	
   or	
   systemic	
   (B)	
   infection.	
   Males	
   (full	
  
diamonds)	
   and	
   females	
   (empty	
   diamonds)	
   are	
   represented	
   separately.	
  
Vertical	
   bars	
   correspond	
   to	
   the	
   standard	
   error	
   of	
   the	
   mean	
   pathogen	
  
load	
  of	
  each	
  selection	
  regime	
  at	
  each	
  time	
  point.	
  (N	
  =	
  48,	
  except	
  for	
  panel	
  
B)	
  systemic	
  infection	
  on	
  control	
  lines	
  after	
  5	
  days	
  where	
  N	
  =	
  22).	
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   Concurrently	
  with	
  the	
  survival	
  data	
  obtained	
  for	
  generations	
  14-­‐15	
  

and	
  24-­‐25	
   in	
   Figures	
   2.3.1A	
   and	
  2.3.1B,	
   evolved	
  populations	
   tested	
   in	
   the	
  

conditions	
  in	
  which	
  they	
  evolved	
  (hereafter	
  homologous	
  environment)	
  had	
  

a	
  significantly	
  higher	
  survival	
  relative	
  to	
  their	
  controls.	
  This	
  is	
  shown	
  by	
  the	
  

significant	
   departure	
   from	
   zero	
   of	
   their	
   hazard	
   ratios	
   (Figure	
   2.3.2:	
   oral	
  

infection:	
  |z|	
  >	
  8.003,	
  P	
  <	
  0.001	
  in	
  both	
  generations;	
  systemic	
  infection:	
  |z|	
  >	
  

6.229;	
  P	
  <	
   0.0001	
   in	
   both	
   generations).	
   In	
   contrast,	
   exposing	
   the	
   adapted	
  

populations	
   to	
   the	
   challenge	
   they	
   have	
   not	
   evolved	
   in	
   (hereafter	
  

heterologous	
   environment),	
   revealed	
   no	
   difference	
   between	
   control	
   and	
  

selected	
   lines	
   for	
   the	
   BactOral	
   selection	
   regime	
   (|z|	
   <	
   1.292,	
  P	
  >	
   0.784	
   in	
  

both	
  generations).	
  For	
  the	
  BactSys	
  selection	
  regime,	
  a	
  significant	
  difference	
  

was	
  found	
  in	
  generations	
  14-­‐15	
  (in	
  which	
  Bactsys	
  <	
  Control),	
  but	
  not	
  in	
  the	
  

later	
   generations	
   (|z|	
   =	
   3.062,	
   P	
   <	
   0.01,	
   and	
   |z|	
   =	
   0.656,	
   P	
   =	
   0.939,	
  

Figure	
  2.3.3	
  –	
  Test	
  of	
  adaptation	
  and	
  its	
  correlated	
  response.	
  Hazard	
  
ratios	
  of	
   lines	
  evolving	
  in	
  presence	
  of	
  a	
  pathogen	
  relative	
  to	
  controls	
  at	
  
generations	
   14-­‐15	
   (grey	
   bars)	
   and	
   24-­‐25	
   (white	
   bars)	
   of	
   adaptation,	
  
when	
   exposed	
   to	
   the	
   challenge	
   they	
   have	
   evolved	
  with	
   or	
   to	
   the	
   other	
  
infection	
   route.	
   (A)	
   Oral	
   infection	
   selection	
   regime	
   (BactOral)	
   and	
   (B)	
  
systemic	
   infection	
   evolved	
   flies	
   (BactSys).	
   All	
   populations	
   spent	
   one	
  
generation	
  in	
  a	
  common	
  environment	
  before	
  being	
  tested.	
  Vertical	
  bars	
  
correspond	
  to	
  the	
  standard	
  error	
  of	
  the	
  estimated	
  ratio	
  between	
  the	
  two	
  
selection	
  regimes.	
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respectively).	
  Therefore,	
  adaptation	
  to	
  P.	
  entomophila	
  through	
  one	
  infection	
  

route	
   infection	
  did	
  not	
  affect	
   susceptibility	
   to	
   the	
  same	
  pathogen	
   infecting	
  

from	
  a	
  different	
  route.	
  

	
  

4.	
  Correlated	
  responses	
  to	
  other	
  pathogens	
  

	
   Subsequently,	
  we	
  tested	
  whether	
  specificity	
  of	
  the	
  evolved	
  response	
  

could	
  extend	
  to	
  other	
  pathogens	
  when	
  infected	
  via	
  the	
  same	
  route	
  (Figure	
  

2.3.4).	
  

	
   Hazard	
   ratios	
   between	
   the	
   BactSys	
   and	
   ContSys	
   populations	
   after	
  

infection	
   with	
   the	
   closely	
   related	
   species	
   (same	
   genus)	
   P.	
   putida	
   were	
  

equivalent	
  to	
  those	
  obtained	
  with	
  the	
  original	
  challenge,	
  P.	
  entomophila	
  (|z|	
  

=	
  6.001	
  and	
  8.790,	
  for	
  P.	
  entomophila	
  and	
  P.	
  putida,	
  respectively,	
  P	
  <	
  0.001	
  

in	
  both	
  comparisons).	
  In	
  contrast,	
  challenges	
  with	
  other	
  known	
  Drosophila	
  

pathogens	
  such	
  as	
  Serratia	
  marcescens	
  and	
  Erwinia	
  carotovora,	
   also	
  Gram-­‐

negative	
   Gammaproteobacteria,	
   or	
   Enteroccocus	
   faecalis,	
   a	
   Gram-­‐positive	
  

bacterium,	
  caused	
  equal	
  degrees	
  of	
  mortality	
  between	
  evolved	
  populations	
  

and	
   their	
   controls	
   (|z|	
   =	
   0.670,	
  P	
  =	
  0.503;	
   |z|	
   =	
   0.031,	
  P	
  =	
  0.976	
   and	
   |z|	
   =	
  

1.374,	
   P	
   =	
   0.170	
   for	
   S.	
   marcescens,	
   E.	
   carotovora	
   and	
   E.	
   faecalis,	
  

respectively).	
  We	
  therefore	
  conclude	
  that	
  the	
  response	
  obtained	
  is	
  specific,	
  

at	
   least,	
   to	
   the	
   Pseudomonas	
   genus	
   level	
   but	
   not	
   for	
   all	
  

Gammaproteobacteria.	
  Finally,	
  fly	
  populations	
  evolving	
  with	
  P.	
  entomophila	
  

infection	
  were	
  more	
  susceptible	
  than	
  control	
  populations	
  to	
  infections	
  with	
  

Drosophila	
   C	
   Virus	
   (DCV)	
   and	
   Flock	
   House	
   Virus	
   (FHV)	
   (|z|	
   =	
   4.043	
   and	
  

2.855,	
  P	
  <	
  0.001	
  and	
  P	
  <	
  0.05	
  for	
  DCV	
  and	
  FHV	
  infections	
  respectively).	
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Discussion	
  

Here,	
   we	
   report	
   the	
   first	
   study	
   addressing	
   the	
   impact	
   of	
   different	
  

infection	
  routes	
  taken	
  by	
  horizontally-­‐	
  

pathogens	
  on	
  the	
  evolutionary	
  trajectories	
  and	
  outcomes	
  of	
  their	
  hosts.	
  

Our	
  main	
  conclusions	
  are:	
  

i) both	
  exposure	
  to	
  systemic	
  or	
  oral	
  infection	
  results	
  in	
  the	
  evolution	
  of	
  

resistance	
  in	
  hosts,	
  albeit	
  at	
  a	
  different	
  pace;	
  

ii) adaptation	
  is	
  route-­‐specific:	
  hosts	
  that	
  adapt	
  to	
  pathogens	
  from	
  one	
  

infection	
   route	
   do	
   not	
   become	
   less	
   susceptible	
   to	
   the	
   same	
  

pathogen	
  infecting	
  through	
  a	
  different	
  route;	
  

iii) the	
   populations	
   that	
   evolved	
   under	
   systemic	
   challenge	
   by	
   P.	
  

entomophila	
   do	
   not	
   exhibit	
   a	
   generalized	
   response	
   outside	
   the	
  

Figure	
  2.3.4	
  –	
  Specificity	
  of	
  the	
  response.	
  Differences	
  in	
  hazard	
  ratios	
  
between	
   control	
   lines	
   (ContSys)	
   and	
   evolved	
   lines	
   with	
   Pseudomonas	
  
entomophila	
  systemic	
  infection	
  (BactSys),	
  when	
  exposed	
  to	
  (A)	
  bacterial	
  
pathogens,	
   P.e	
   (P.	
   entomophila),	
   P.	
   put	
   (Pseudomonas	
   putida),	
   S.mar	
  
(Serratia	
   marcescens),	
   E.fae	
   (Enterococcus	
   faecalis);	
   and	
   (B)	
   viral	
  
pathogens,	
  DCV	
  (Drosophila	
  C	
  Virus),	
  FHV	
  (Flock	
  House	
  Virus).	
  Vertical	
  
bars	
  correspond	
  to	
  the	
  standard	
  error	
  of	
  the	
  estimated	
  ratio	
  between	
  the	
  
selection	
  regime	
  and	
  controls.	
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Pseudomonas	
  genus;	
  rather,	
  resistance	
  to	
  this	
  bacteria	
  trades	
  off	
  

with	
  survival	
  to	
  infection	
  with	
  viruses.	
  	
  

Different	
  genetic	
  bases	
  for	
  adaptation	
  to	
  distinct	
  infection	
  routes	
  	
  

Despite	
   using	
   the	
   same	
   pathogen	
   in	
   both	
   infection	
   protocols,	
   we	
  

observed	
  a	
   lack	
  of	
  cross-­‐resistance	
  after	
  a	
  heterologous	
  challenge	
  with	
  the	
  

same	
   pathogen.	
   Indeed,	
   fly	
   populations	
   adapted	
   to	
   an	
   oral	
   infection	
   by	
  P.	
  

entomophila	
   are	
   equally	
   susceptible	
   to	
   a	
   systemic	
   infection	
   by	
   the	
   same	
  

bacterium	
  species	
  as	
  populations	
  evolved	
  without	
  the	
  pathogen.	
  The	
  same	
  

holds	
   true	
   for	
   populations	
   evolved	
   under	
   a	
   systemic	
   infection	
   challenged	
  

with	
  an	
  oral	
  infection.	
  This	
  indicates	
  that	
  the	
  response	
  to	
  each	
  challenge	
  has	
  

a	
  different	
  genetic	
  basis.	
  	
  

Several	
  genes	
  and	
  pathways	
  are	
  known	
  to	
  specifically	
  participate	
  in	
  

each	
   infection	
   route	
   [23,	
   25,	
   33,	
   40]	
   and	
   our	
   results	
   are	
   compatible	
   with	
  

these	
   findings.	
  Yet,	
  both	
  humoral	
  and	
  epithelial	
   responses	
  may	
   lead	
  to	
   the	
  

activation	
   of	
   anti-­‐microbial	
   peptides	
   (AMPs)	
   [25,	
   36,	
   49].	
   Moreover,	
   the	
  

same	
  pathways	
  may	
  be	
  activated	
  and	
  required	
  for	
  survival	
  in	
  both	
  infection	
  

routes.	
  For	
  instance,	
  the	
  Imd	
  pathway	
  has	
  a	
  role	
  in	
  protection	
  against	
  both	
  

orally	
  and	
  systemic	
  infection	
  with	
  P.	
  entomophila	
  [38,	
  50].	
  Therefore,	
  some	
  

of	
   these	
   effector	
   elements	
   could	
   constitute	
   a	
   common	
   target	
   for	
   selection	
  

and	
  a	
  general	
  basis	
  for	
  adaptation	
  to	
  the	
  pathogens,	
  irrespective	
  of	
  infection	
  

route	
   [51].	
   This	
   is	
   probably	
   not	
   the	
   case,	
   otherwise	
   we	
   would	
   observe	
   a	
  

positive	
  correlation	
  among	
  responses.	
  

	
  

A	
  rapid	
  response	
  

A	
  few	
  studies	
  have	
  previously	
  shown	
  that	
  evolution	
  of	
  the	
  response	
  

to	
  different	
  pathogens	
   in	
  Drosophila	
  occurs	
  at	
  a	
  rapid	
  [44,	
  46].	
  Our	
  results	
  

confirm	
  this	
  rapid	
  evolution	
  but	
  they	
  also	
  show	
  that	
  the	
  rate	
  of	
  adaptation	
  is	
  

contingent	
  upon	
  the	
  infection	
  route	
  taken	
  by	
  this	
  pathogen.	
  Specifically,	
  the	
  

increase	
   in	
   survival	
   to	
   oral	
   infection	
   in	
   our	
   fly	
   population	
   occurs	
   within	
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fewer	
  generations	
  than	
  the	
  response	
  to	
  systemic	
  infection,	
  and	
  it	
  reaches	
  a	
  

higher	
  plateau.	
   	
  Because	
  this	
  is	
  the	
  first	
  study	
  that	
  compares	
  adaptation	
  to	
  

different	
   infection	
   routes,	
   whether	
   these	
   differences	
   in	
   dynamics	
   are	
   a	
  

general	
   feature	
   remains	
   to	
   be	
   established.	
   It	
   would	
   be	
   interesting	
   in	
   the	
  

future	
   to	
   compare	
  other	
  pathogens	
   that	
   can	
   infect	
   through	
   these	
  different	
  

routes.	
  

The	
   observed	
   differences	
   in	
   the	
   evolutionary	
   dynamics	
   of	
  

populations	
  exposed	
  to	
  each	
  challenge	
  may	
  be	
  due	
  to	
   the	
  different	
  genetic	
  

bases	
   underlying	
   each	
   adaptation	
   process.	
   However,	
   other	
   factors	
   may	
  

account	
   for	
   different	
   dynamics.	
   For	
   example,	
   systemic	
   infection	
   may	
   be	
  

associated	
   with	
   more	
   environmental	
   variance	
   (Ve)	
   than	
   oral	
   infection.	
  

These	
  differences	
  in	
  Ve	
  would	
  lead	
  to	
  the	
  observed	
  differences	
  in	
  dynamics	
  

even	
   in	
   the	
   absence	
   of	
   different	
   genetic	
   bases	
   for	
   the	
   traits	
   underlying	
  

adaptation	
   to	
   each	
   challenge.	
   Quantitative	
   genetic	
   designs	
   allowing	
  

measures	
   of	
   environmental	
   and	
   additive	
   genetic	
   variance	
   for	
   these	
   traits	
  

are	
  needed	
  to	
  distinguish	
  between	
  such	
  alternatives.	
  

	
  

Evolution	
  of	
  resistance	
  	
  

Interestingly,	
   in	
   our	
   experiments	
   the	
   only	
   aspect	
   in	
   which	
   the	
  

adaptive	
   responses	
   to	
   oral	
   or	
   systemic	
   infections	
   are	
   parallel,	
   regards	
   the	
  

evolution	
   of	
   resistance	
   (Figure	
   2.3.4A	
   and	
   2.3.4B).	
   Indeed,	
   we	
   find	
   a	
  

significant	
   difference	
   between	
   the	
   bacterial	
   counts	
   of	
   control	
   and	
   evolved	
  

lines	
  at	
  the	
  onset	
  of	
  mortality	
  for	
  each	
  selection	
  regime.	
  At	
  a	
  later	
  time	
  point	
  

(120h),	
  control	
  and	
  evolved	
  flies	
  have	
  the	
  same	
  bacterial	
  load.	
  However,	
  at	
  

this	
   point,	
   we	
   are	
   only	
   measuring	
   bacterial	
   loads	
   in	
   flies	
   that	
   survive	
  

infection,	
   hence	
   this	
   information	
   is	
   irrelevant	
   to	
   the	
   clarification	
   of	
   the	
  

mechanism	
   involved	
   in	
   the	
   adaptation	
   process.	
   Our	
   results	
   thus	
   reiterate	
  

the	
   need	
   to	
   follow	
   the	
   infection	
   dynamics	
   to	
   discriminate	
   between	
  

resistance	
   and	
   tolerance.	
   Yet,	
  with	
   our	
   data,	
  we	
   cannot	
   exclude	
   a	
   role	
   for	
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tolerance,	
   as	
   the	
   infected	
   flies	
   from	
   evolved	
   and	
   control	
   populations	
   that	
  

survive	
  may	
  have	
  different	
  abilities	
  to	
  cope	
  with	
  the	
  infection	
  (e.g.,	
  in	
  terms	
  

of	
   fecundity	
  or	
   subsequent	
  mortality).	
  Given	
   that	
   theory	
  predicts	
  different	
  

evolutionary	
   outcomes	
   depending	
   on	
   whether	
   host	
   responses	
   involve	
  

tolerance	
   or	
   resistance	
   [52],	
   it	
   is	
   important	
   to	
   establish	
   experimentally	
  

which	
  of	
  these	
  mechanisms	
  is	
  acting	
  in	
  an	
  evolving	
  population.	
  	
  

	
   The	
   similarity	
   observed	
   among	
   responses	
   to	
   each	
   challenge	
   does	
  

not	
   imply	
   an	
   equivalence	
   of	
  mechanisms.	
   The	
   clearance	
   of	
   bacteria	
   in	
   fed	
  

versus	
   pricked	
   flies	
   is	
   likely	
   bound	
   to	
   rely	
   upon	
   very	
   different	
   processes	
  

[33].	
  Bacterial	
   loads	
  are	
  much	
   lower	
   in	
  orally	
   infected	
   flies	
   (two	
  orders	
  of	
  

magnitude)	
   than	
   in	
   systemic	
   infections	
   (compare	
  panels	
  a	
  and	
  b	
  of	
  Figure	
  

2.3.4),	
   despite	
   the	
   fact	
   that	
   in	
   the	
   oral	
   infection	
   treatment	
   the	
   bacteria	
  

density	
  administrated	
  was	
  four	
  orders	
  of	
  magnitude	
  higher	
  than	
  in	
  systemic	
  

infections,	
  indicating	
  that	
  elimination	
  mechanisms	
  are	
  much	
  more	
  effective	
  

in	
   this	
   route	
   of	
   infection.	
   This	
   is	
   consistent	
  with	
   published	
  work	
   showing	
  

that	
   oral	
   infection	
   provokes	
   strong	
   epithelial	
   responses	
   namely	
   by	
   the	
  

modulation	
  of	
  physical	
  barriers	
  blocking	
  pathogen	
  access	
  to	
  the	
  body	
  cavity	
  

and	
  of	
  gut	
  epithelium	
  renewal,	
  and	
  there	
  is	
  limited	
  crossing	
  of	
  the	
  bacteria	
  

to	
   the	
  body	
   cavity	
   [33,	
  40,	
   41,	
   53].	
   In	
   contrast,	
   in	
   a	
   systemic	
   infection	
   the	
  

pathogen	
  is	
  inside	
  the	
  body	
  cavity.	
  Thus,	
  any	
  reduction	
  in	
  pathogen	
  loads	
  in	
  

the	
  populations	
  adapted	
  to	
  systemic	
  infection	
  must	
  rely	
  on	
  active	
  methods	
  

of	
   identifying	
   and	
   eliminating	
   bacterial	
   invaders,	
   namely	
   through	
   the	
  

canonical	
  action	
  of	
  AMPs	
  and	
  plasmatocytes	
  [23,	
  25,	
  42].	
  	
  

	
  

Pathogen	
  specificities	
  

The	
   evolved	
   populations	
   only	
   respond	
   to	
   infections	
   with	
   the	
  

bacterium	
   used	
   for	
   selection,	
   P.	
   entomophila,	
   and	
   to	
   its	
   close	
   relative	
   P.	
  

putida.	
  Other	
  bacteria	
  cause	
  the	
  same	
  levels	
  of	
  lethality	
  as	
  in	
  controls.	
  This	
  

genus-­‐specific	
   response	
   is	
   somewhat	
   surprising	
   in	
   that	
   systemic	
   infection	
  



	
   112	
  

with	
   different	
   bacteria	
   can	
   induce	
   a	
   wide-­‐spectrum	
   of	
   AMPs	
   and	
   other	
  

immune	
  responsive	
  genes	
  with	
  large	
  overlaps,	
  yet	
  closely	
  related	
  pathogens	
  

induce	
   considerably	
   divergent	
   responses	
   [54–56].	
   Other	
   studies	
   using	
  

inbred	
   lines	
   have	
   also	
   established	
   a	
   lack	
   of	
   correlation	
   between	
   bacterial	
  

loads	
   of	
   different	
   bacteria	
   [57].	
   Finally,	
   this	
   specific	
   adaptation	
   to	
   the	
  

Pseudomonas	
   genus	
   comes	
   at	
   a	
   cost	
   in	
   survival	
   to	
   viral	
   infections	
   (Figure	
  

2.3.3).	
  Other	
  studies	
  provide	
  contradictory	
  evidence	
  regarding	
  the	
  existence	
  

of	
  trade-­‐offs	
  between	
  susceptibility	
  to	
  different	
  pathogens	
  [54,	
  58–60].	
  This	
  

study,	
   however,	
   strongly	
   points	
   to	
   the	
   occurrence	
   of	
   a	
   trade-­‐off,	
   where	
  

adapting	
   to	
   one	
  pathogen	
   increases	
   susceptibility	
   to	
   others.	
   This	
   trade-­‐off	
  

may	
  underlie	
  the	
  maintenance	
  of	
  variation	
  for	
  resistance	
  to	
  Pseudomonas	
  in	
  

the	
  population.	
  	
  

	
  

Implications	
  for	
  the	
  evolution	
  of	
  host-­‐pathogen	
  interactions	
  

Several	
  studies	
  have	
  shown	
  that	
  infection	
  routes	
  affect	
  the	
  evolution	
  

of	
  virulence	
  in	
  pathogens	
  [4–7,	
  11].	
  Here,	
  we	
  show	
  that	
  host	
  adaptation	
  to	
  

pathogens	
   is	
   also	
   contingent	
   upon	
   those	
   infection	
   routes.	
   Therefore,	
   host	
  

responses	
   may	
   confound	
   the	
   conclusions	
   drawn	
   from	
   studies	
   on	
   the	
  

evolution	
   of	
   virulence	
   in	
   pathogens	
   in	
   natural	
   populations.	
   For	
   example,	
  

most	
  pathogens	
  that	
   infect	
   invertebrate	
  hosts	
  systemically	
  are	
  transmitted	
  

by	
   vectors	
   [14].	
   Several	
   factors	
   are	
   expected	
   to	
   differentially	
   affect	
  

virulence	
   in	
   vector-­‐borne	
   or	
   directly-­‐transmitted	
   pathogens	
   [8–10].	
  

However,	
   here	
  we	
   show	
   that	
   hosts	
   adapt	
   slower	
   to	
   a	
   systemic	
   than	
   to	
   an	
  

oral	
   infection.	
   This	
   may	
   confound	
   the	
   conclusions	
   drawn	
   from	
   the	
  

observation	
  of	
  virulence	
  patterns	
   in	
  natural	
  populations.	
  Hence,	
   instead	
  of	
  

merely	
   observing	
  patterns,	
   studies	
   on	
   the	
   effect	
   of	
   transmission	
  modes	
   in	
  

the	
  evolution	
  of	
  host-­‐pathogen	
   interactions	
  should	
   follow	
  the	
  processes	
  of	
  

adaptation	
   in	
   hosts	
   and	
   pathogens	
   separately,	
   to	
   pinpoint	
   the	
   real	
   cause	
  

underlying	
  the	
  observed	
  patterns.	
  In	
  this	
  sense,	
  experimental	
  evolution	
  is	
  a	
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powerful,	
   yet	
   underexploited	
   tool	
   to	
   unravel	
   the	
   selection	
   pressures	
  

underlying	
  host-­‐pathogen	
  interactions.	
  Our	
  findings	
  reinforce	
  the	
  necessity	
  

of	
  including	
  the	
  mechanism	
  of	
  pathogen	
  access	
  into	
  the	
  set	
  of	
  criteria	
  used	
  

to	
  categorize	
  and	
  study	
  host-­‐pathogen	
  interactions	
  in	
  ecological	
   immunity,	
  

physiology	
  and	
  evolution	
  [14–16].	
  

	
  

Materials	
  and	
  Methods	
  

Foundation	
  and	
  maintenance	
  of	
  Drosophila	
  melanogaster	
  populations.	
  	
  

An	
  outbred	
  population	
  of	
  Drosophila	
  melanogaster	
  was	
  established	
  

in	
   the	
   laboratory	
   in	
  2007,	
   from	
  160	
  Wolbachia-­‐infected	
   fertilized	
   females,	
  

collected	
   in	
   Azeitão,	
   Portugal.	
   Variability	
   in	
   this	
   base	
   population	
   was	
  

assessed	
  using	
  multiple	
  methods,	
  based	
  on	
  103	
  SNPs	
  located	
  in	
  the	
  left	
  arm	
  

of	
   the	
   3rd	
   chromosome	
   (supplementary	
   methods).	
   It	
   contains	
   high	
   and	
  

relatively	
  constant	
   levels	
  of	
  polymorphism	
  (SI,	
  Figure	
  S1).	
   	
  The	
  population	
  

was	
  kept	
   in	
   the	
   laboratory	
   cages	
   for	
  over	
  50	
  non-­‐overlapping	
  generations	
  

(generation	
  time:	
  three	
  weeks)	
  with	
  high	
  census	
  (>1500	
  individuals).	
  Flies	
  

were	
  maintained	
   under	
   constant	
   temperature	
   (25	
  ºC),	
   humidity	
   (60-­‐70%)	
  

and	
   light-­‐darkness	
   cycle	
   (12:12),	
   and	
   fed	
   with	
   standard	
   cornmeal-­‐agar	
  

medium.	
   Prior	
   to	
   the	
   initiation	
   of	
   experimental	
   evolution,	
   the	
   initial	
  

population	
   was	
   serially	
   expanded	
   for	
   2	
   generations	
   to	
   allow	
   the	
  

establishment	
  of	
  16	
  new	
  populations	
  used	
  in	
  this	
  work	
  (see	
  below).	
  	
  

	
  

Pathogen	
  cultures	
  

Experimental	
   evolution	
   of	
   D.	
   melanogaster	
   populations	
   was	
  

performed	
   using	
   Pseudomonas	
   entomophila.	
   In	
   addition,	
   we	
   used	
   other	
  

pathogens	
   in	
   some	
   assays,	
   namely,	
   Pseudomonas	
   putida,	
   Serratia	
  

marcescens,	
   Erwinia	
   carotovora,	
   Enterococcus	
   faecalis,	
   DCV	
   (Drosophila	
   C	
  

Virus)	
  and	
  FHV	
  (Flock	
  House	
  Virus).	
  For	
  each	
  round	
  of	
  infections,	
  bacterial	
  

pathogens	
  were	
  grown	
  in	
  LB	
  inoculated	
  with	
  a	
  single	
  bacterial	
  colony,	
  taken	
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from	
  solid	
  medium	
  cultures	
  grown	
  from	
  glycerol	
  stocks	
  kept	
  at	
  -­‐80	
  ºC	
  and	
  

streaked	
  in	
  fresh	
  (<1	
  week)	
  Petri	
  dishes.	
  Excluding	
  P.	
  entomophila,	
  grown	
  at	
  

30	
   ºC,	
   all	
   bacteria	
   were	
   prepared	
   from	
   an	
   overnight	
   culture	
   grown	
  

exponentially	
   at	
   37	
   oC,	
   centrifuged	
   and	
   adjusted	
   to	
   the	
   desired	
   OD	
   (see	
  

below).	
  The	
   P.	
   entomophila	
   strain	
   used	
   for	
   experimental	
   evolution	
   was	
   a	
  

generous	
  gift	
   from	
  Bruno	
  Lemaitre.	
   It	
   is	
  resistant	
  to	
  rifampicin,	
  which	
  was	
  

used	
  as	
   a	
  marker	
   trait.	
  The	
   remainder	
  bacterial	
  pathogens	
  were	
  generous	
  

gifts	
   from	
  Karina	
  Xavier	
   (P.	
  putida),	
  Dominique	
  Ferrandon	
   (S.	
  marcescens)	
  

and	
  Thomas	
  Rival	
  (E.	
  carotovora	
  and	
  E.	
  faecalis).	
  Viruses	
  were	
  produced	
  as	
  

described	
  elsewhere	
  [61]	
  and	
  aliquots	
  were	
  kept	
  at	
  -­‐80	
  ºC	
  and	
  thawed	
  prior	
  

to	
  infection.	
  	
  

	
  

Experimental	
  evolution	
  

Lines	
  of	
  all	
  treatments	
  were	
  derived	
  from	
  the	
  same	
  base	
  population	
  

(four	
   lines	
   per	
   treatment).	
   Four	
   selection	
   regimes	
  were	
   created,	
   to	
  which	
  

the	
   following	
   treatments	
   were	
   applied:	
   systemic	
   infection,	
   in	
   which	
   flies	
  

were	
  pricked	
  in	
  the	
  thoracic	
  region	
  [32]	
  with	
  P.	
  entomophila	
  (OD600	
  =	
  0.01)	
  

(BactSys	
   regime);	
   a	
   control	
   for	
   injection,	
   following	
   the	
   same	
   procedure	
  

except	
   that	
   the	
   needle	
   was	
   dipped	
   in	
   sterile	
   LB	
   as	
   a	
   control	
   (ContSys	
  

regime);	
  oral	
  infection,	
  in	
  which	
  the	
  food	
  plates	
  were	
  covered	
  for	
  24	
  hours	
  

with	
   filter	
   papers	
   soaked	
   with	
   a	
   P.	
   entomophila	
   culture	
   (OD600	
   =	
   100)	
  

diluted	
   1:1	
   with	
   sterile	
   5%	
   sucrose	
   solution	
   (BactOral	
   regime)	
   (adapted	
  

from	
   [41]);	
   and	
   control	
   lines,	
   where	
   flies	
   were	
   kept	
   in	
   standard	
   food	
  

(Control	
  regime).	
  The	
  dose	
  of	
  P.	
  entomophila	
   for	
  both	
  bacterial	
   treatments	
  

was	
  determined	
  at	
  the	
  start	
  of	
  the	
  selection	
  experiment	
  to	
  cause	
  an	
  average	
  

mortality	
   of	
   66%	
   in	
   the	
   base	
   population,	
   which	
   corresponds	
   to	
   an	
   OD	
   of	
  

0.01	
   for	
   the	
   systemic	
   and	
   of	
   50	
   for	
   the	
   oral	
   infection	
   treatments,	
  

respectively	
  (SI,	
  Figure	
  S2).	
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These	
   treatments	
   were	
   administrated	
   at	
   each	
   generation	
   to	
   310	
  

males	
   and	
   310	
   females	
   (4-­‐6	
   days	
   old	
   since	
   eclosion).	
   The	
   subsequent	
  

generation	
  was	
   founded	
   by	
   all	
   survivors	
   at	
   days	
   5	
   and	
   6	
   after	
   treatment.	
  

The	
   density	
   of	
   eggs	
   was	
   limited	
   to	
   400	
   eggs	
   in	
   each	
   cup,	
   a	
   density	
  

determined	
   experimentally	
   to	
   enable	
   optimal	
   larval	
   development.	
   Each	
  

generation	
  cycle	
  lasted	
  3	
  weeks.	
  Absence	
  of	
  transmission	
  of	
  the	
  pathogen	
  to	
  

the	
   progeny	
   was	
   tested	
   by	
   plating	
   whole	
   pupae	
   homogenates	
   in	
   LB	
   agar	
  

plates	
   supplemented	
   with	
   100µg/ml	
   rifampicin.	
   No	
   evidence	
   of	
  

transmission	
   of	
   the	
   pathogen	
   to	
   the	
   next	
   generation	
  was	
   found	
   for	
   either	
  

infection	
  route,	
  as	
  plating	
  of	
  the	
  progeny	
  of	
  infected	
  flies	
  (pupae)	
  resulted	
  in	
  

no	
  P.	
  entomophila	
   colony.	
  Altogether,	
   populations	
   evolved	
   in	
   their	
   specific	
  

treatments	
   for	
   24	
   generations	
   in	
   the	
   case	
   of	
   the	
   BactOral	
   regime	
   and	
   34	
  

generations	
  in	
  the	
  case	
  of	
  the	
  BactSys	
  regime.	
  

At	
   each	
   generation,	
   a	
   sample	
   of	
   individuals	
   from	
   each	
   selection	
  

regime	
   was	
   used	
   to	
   monitor	
   survival	
   across	
   generations.	
   To	
   this	
   aim,	
  

individuals	
   from	
  each	
   replicate	
  population	
  of	
   the	
  BactSys	
  and	
   the	
  ContSys	
  

selection	
   regimes	
  were	
  exposed	
   to	
   systemic	
   infection	
  with	
  P.	
  entomophila,	
  

whereas	
  individuals	
  from	
  the	
  BactOral	
  and	
  ContOral	
  selection	
  regime	
  were	
  

exposed	
  to	
  oral	
  infection	
  with	
  the	
  same	
  bacteria	
  species,	
  and	
  their	
  mortality	
  

was	
   monitored	
   in	
   vials	
   for	
   at	
   least	
   10	
   days.	
   For	
   systemic	
   infections,	
   100	
  

individuals	
   were	
   placed	
   in	
   vials	
   of	
   10	
   individuals.	
   For	
   the	
   oral	
   infection	
  

treatments,	
   120	
   individuals	
   were	
   placed	
   for	
   24	
   hours	
   in	
   groups	
   of	
   20	
   in	
  

vials	
  where	
  the	
  food	
  was	
  covered	
  with	
  a	
  filter	
  paper	
  disk	
  soaked	
  in	
  bacteria	
  

solution,	
   and	
   subsequently	
   transferred	
   to	
   standard	
   food	
   vials.	
   A	
   mixed	
  

sample	
   of	
   200	
   individuals	
   of	
   the	
   four	
   populations	
   of	
   the	
  Control	
   selection	
  

regimes	
   (ContSys	
   and	
   ContOral)	
   were	
   used	
   as	
   controls	
   in	
   these	
  

experiments.	
  To	
  further	
  confirm	
  that	
  persistent	
   infection	
  was	
  not	
  affecting	
  

the	
  results,	
  e.g.,	
  due	
  to	
  immune	
  priming,	
  at	
  generation	
  20,	
  these	
  tests	
  were	
  

also	
   performed	
   using	
   individuals	
   whose	
   eggs	
   were	
   previously	
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decontaminated	
  in	
  50%	
  bleach	
  for	
  2	
  minutes.	
  Evolved	
  populations	
  showed	
  

the	
   same	
   proportion	
   of	
   individuals	
   surviving	
   after	
   infection	
  with/without	
  

bleaching.	
  

	
  

Pathogen	
  loads	
  in	
  controlled	
  and	
  selected	
  populations	
  

P.	
   entomophila	
   quantifications	
   were	
   performed	
   in	
   two	
   assays	
   at	
  

generations	
  23	
   to	
  25,	
  as	
  described	
   in	
  Nehme	
  et	
  al	
   (2007)	
   [30]	
  with	
  minor	
  

modifications.	
  For	
   these	
  assays,	
  150	
  to	
  250	
  flies	
  (males	
  and	
   females)	
   from	
  

each	
  control	
  and	
  selected	
  population	
  were	
  infected	
  as	
  in	
  the	
  survival	
  assays.	
  

Flies	
  were	
  collected	
  at	
  14	
  and	
  120	
  hours	
  after	
  systemic	
  infection	
  for	
  BactSys	
  

and	
  ContSys	
  regimes,	
  and	
  at	
  40	
  and	
  120	
  hours	
  after	
  oral	
   infection,	
   for	
   the	
  

BactOral	
  and	
  Control	
  regimes.	
  These	
  time	
  points	
  were	
  selected	
  as	
  the	
  ones	
  

that	
  correspond	
  to	
  the	
  point	
  before	
  the	
  onset	
  of	
  mortality	
  in	
  both	
  modes	
  of	
  

infection,	
  and	
  to	
  the	
  first	
  day	
  of	
  egg-­‐laying,	
  after	
  which	
  no	
  further	
  mortality	
  

occurs	
   (Figure	
   S2).	
   Six	
   replicates	
   of	
   pools	
   of	
   3	
   infected	
   flies	
   were	
  

homogenized	
   in	
   50μL	
   of	
   sterile	
   1mM	
   MgCl	
   medium	
   and	
   serially	
   diluted.	
  

Homogenates	
   (4µL)	
   were	
   plated	
   in	
   triplicate	
   on	
   LB	
   agar	
   plates,	
  

supplemented	
   with	
   100µg/mL	
   Rifampicin	
   and	
   incubated	
   overnight.	
   The	
  

next	
  day,	
  we	
  counted	
  the	
  number	
  of	
  colony-­‐forming	
  units	
  (CFUs)	
  on	
  those	
  

plates.	
   To	
   avoid	
   possible	
   artifacts	
   due	
   to	
   different	
   maternal	
   effects,	
   flies	
  

used	
   in	
   these	
   tests	
   were	
   the	
   progeny	
   of	
   unselected	
   flies	
   that	
   spent	
   one	
  

generation	
  in	
  a	
  common	
  environment.	
  	
  

	
  

Adaptation	
  and	
  its	
  consequences	
  in	
  heterologous	
  environments	
  

To	
  test	
  how	
  host	
  adaptation	
  to	
  pathogens	
  from	
  one	
   infection	
  route	
  

affected	
   the	
   host	
   response	
   to	
   pathogens	
   from	
   a	
   different	
   route,	
   100	
  

individuals	
   (males	
   and	
   females)	
   from	
   each	
   of	
   the	
   replicate	
   populations	
   of	
  

the	
  BactSys	
  and	
  BactOral	
  selection	
  regimes,	
  and	
  the	
  matching	
  controls	
  were	
  

exposed	
   to	
   the	
   environment	
   they	
   evolved	
   in	
   as	
   well	
   as	
   to	
   that	
   of	
   the	
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heterologous	
   selection	
   regime	
   (orthogonal	
   assay),	
   following	
   the	
   same	
  

protocol	
  of	
  the	
  survival	
  assays,	
  at	
  generations	
  15	
  and	
  25.	
  To	
  avoid	
  possible	
  

artifacts	
  due	
  to	
  different	
  maternal	
  effects,	
  flies	
  used	
  in	
  these	
  tests	
  were	
  the	
  

progeny	
   of	
   flies	
   that	
   spent	
   one	
   generation	
   without	
   being	
   exposed	
   to	
  

pathogens,	
  thus	
  all	
  in	
  the	
  standard	
  environment	
  of	
  the	
  base	
  population.	
  	
  

	
  

Testing	
  the	
  generality	
  of	
  the	
  response	
  

To	
   test	
   how	
   adaptation	
   to	
   a	
   specific	
   pathogen	
   affected	
   host	
  

responses	
   to	
   other	
   pathogens,	
   100	
   individuals	
   (males	
   and	
   females)	
   from	
  

each	
   replicate	
   population	
   of	
   the	
   BactSys	
   and	
   ContSys	
   selection	
   regimes	
  

were	
   systemically	
   infected	
   with	
   the	
   following	
   pathogens:	
   Pseudomonas	
  

putida	
  (OD600	
  =	
  10);	
  Serratia	
  marcescens	
  (OD600	
  =	
  0.01);	
  Erwinia	
  carotovora	
  

(OD600	
  =	
  150);	
  Enterococcus	
  faecalis	
  (OD600	
  =	
  3);	
  DCV	
  (TCID50	
  =	
  2x107);	
  FHV	
  

(TCID50	
  =	
  5x106).	
  These	
  tests	
  were	
  performed	
  between	
  generations	
  27	
  and	
  

30,	
   and	
   were	
   repeated	
   at	
   least	
   twice	
   for	
   each	
   pathogen.	
   The	
   protocol	
  

followed	
  was	
   the	
   same	
  as	
   that	
  used	
   for	
   the	
   cross-­‐testing	
  experiments.	
  We	
  

could	
   not	
   perform	
   this	
   experiment	
   with	
   oral	
   infections	
   because	
   we	
   were	
  

unable	
  to	
  find	
  another	
  pathogen	
  that	
  caused	
  mortality	
  in	
  our	
  population	
  via	
  

this	
  infection	
  route.	
  

	
  

Statistics	
  

All	
   statistical	
   analyses	
   were	
   done	
   using	
   R	
   (v	
   2.15).	
   To	
   compare	
  

survival	
  across	
  generations	
  in	
  flies	
  evolving	
  with	
  or	
  without	
  pathogens,	
  the	
  

proportion	
  of	
  individuals	
  surviving	
  at	
  day	
  10	
  after	
  infection	
  in	
  each	
  vial	
  was	
  

first	
  estimated	
  using	
  the	
  Kaplan-­‐Meier	
  method.	
  Individuals	
  alive	
  at	
  the	
  end	
  

of	
  the	
  experiment,	
  stuck	
  in	
  the	
  food	
  or	
  escaped	
  from	
  vials	
  during	
  the	
  period	
  

of	
   observation	
   were	
   counted	
   as	
   censored	
   observations.	
   Afterwards,	
   the	
  

square	
   root	
   of	
   the	
   proportion	
   of	
   surviving	
   individuals	
   was	
   arcsin	
  

transformed	
   and	
   analyzed	
   using	
   a	
   general	
   linear	
   mixed	
   model,	
   with	
   sex,	
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generation	
  and	
  selection	
  regime	
  as	
  fixed	
  factors	
  and	
  replicate	
  population	
  as	
  

a	
  random	
  factor.	
  To	
  test	
  for	
  the	
  effect	
  of	
  the	
  selection	
  regime,	
  a	
  model	
  with	
  

sex	
   and	
   generation	
   as	
   fixed	
   factors	
  was	
   compared	
  with	
   a	
  model	
  with	
   sex,	
  

generation	
  and	
  selection	
  line	
  as	
  fixed	
  factors.	
  To	
  test	
  the	
  different	
  effects	
  of	
  

the	
   selection	
   line	
   across	
   generations	
   a	
   model	
   with	
   interaction	
   between	
  

selection	
   line	
   and	
   generation	
   was	
   compared	
   with	
   the	
  model	
   without	
   this	
  

interaction.	
   To	
   compare	
   the	
   proportion	
   of	
   individuals	
   surviving	
   at	
   each	
  

generation,	
  each	
  selection	
  regime	
  was	
  contrasted	
  with	
  its	
  control	
  at	
  a	
  given	
  

generation	
   and	
   corrected	
   for	
   multiple	
   comparisons	
   using	
   the	
   Bonferroni	
  

correction.	
  

To	
  compare	
  survival	
  between	
  the	
  control	
  and	
  selected	
  population	
  in	
  

the	
   homologous	
   and	
   in	
   heterologous	
   selection	
   environment,	
   and	
   after	
  

infection	
   with	
   different	
   pathogens,	
   we	
   used	
   a	
   Cox’s	
   proportional	
   hazards	
  

mixed	
   effect	
   model.	
   The	
   model	
   included	
   sex,	
   selection	
   regime	
   and	
  

generation	
  as	
  fixed	
  factors	
  and	
  test	
  vials	
  nested	
  into	
  population	
  as	
  random	
  

factor,	
   thus	
  accounting	
   for	
  variation	
   in	
  survival	
  rates	
  between	
  populations	
  

within	
  each	
  selection	
  line	
  and	
  between	
  vials	
  [62].	
  

To	
   compare	
   pathogen	
   loads,	
   a	
   linear	
   mixed	
   model	
   on	
   the	
   natural	
  

logarithm	
   of	
   bacterial	
   counts	
   was	
   employed,	
   with	
   selection	
   regime,	
   time	
  

after	
   infection	
   and	
   sex	
   as	
   fixed	
   factors	
   and	
   population	
   as	
   random	
   factor.	
  

Interactions	
   among	
   all	
   fixed	
   factors	
   were	
   included	
   in	
   the	
   full	
   model,	
   and	
  

sequentially	
   removed	
   if	
   non-­‐significant	
   (P	
  >	
   0.05).	
   These	
   tests	
  were	
   done	
  

using	
   the	
   R	
   libraries	
   lme4	
   (v0.999999,	
   generalized	
   and	
   linear	
   mixed	
  

models),	
   coxme	
   (v2.2,	
  mixed	
   effects	
   Cox	
   proportional	
   hazards	
  model)	
   and	
  

glht	
  (v1.2,	
  multiple	
  comparisons).	
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Abstract	
  

	
  

Pathogens	
   are	
   a	
   constant	
   selective	
   pressure	
   to	
   hosts,	
   creating	
   a	
  

continuous	
  arms	
   race	
  between	
  both	
  parties.	
   In	
  Drosophila,	
   a	
   vast	
   range	
  of	
  

immune	
  challenges	
  is	
  triggered	
  by	
  several	
  natural	
  pathogens,	
  such	
  as	
  fungi,	
  

virus	
   or	
   bacteria.	
   An	
   important	
   example	
   is	
   the	
   bacterium	
   Pseudomonas	
  

entomophila,	
   a	
   natural	
   pathogen	
   shown	
   to	
   cause	
   high	
   mortality	
   rates	
  

through	
  both	
  systemic	
  and	
  oral	
   infection.	
  Using	
  this	
  pathogen/host	
  model,	
  

we	
   previously	
   adapted	
   outbred	
   D.	
   melanogaster	
   populations	
   to	
   infection	
  

through	
   either	
   route.	
   We	
   found	
   remarkable	
   differences	
   in	
   the	
   adaptive	
  

dynamics	
   of	
  Drosophila	
   populations	
   dependent	
   on	
   both	
   the	
   pathogen	
   and	
  

the	
   infection	
   route.	
   Here,	
   using	
   Pool-­‐Seq	
   technology,	
   we	
   assessed	
   the	
  

genetic	
  bases	
  of	
  these	
  adaptive	
  processes.	
  Populations	
  that	
  evolved	
  against	
  

systemic	
   infection	
   showed	
   an	
   expected	
   pattern	
   of	
   genomic	
   modification,	
  

with	
   several	
   differentiated	
   peaks	
   across	
   chromosomes.	
   Contrastingly,	
  

populations	
  adapted	
  to	
  oral	
  infection	
  did	
  not	
  present	
  the	
  expected	
  genomic	
  

profile	
   given	
   their	
   rapid	
   adaptation,	
   with	
   the	
   analysis	
   displaying	
  multiple	
  

peaks	
  with	
  weak	
  differentiation.	
   Focusing	
   in	
   the	
   systemic	
  populations,	
  we	
  

tested	
   several	
   candidate	
   loci	
   using	
   RNAi	
   and	
   uncovered	
   multiple	
   genes	
  

involved	
   in	
   the	
  process.	
   Finally,	
  we	
  performed	
  a	
  genome-­‐wide	
  association	
  

study	
  (GWAS)	
  challenging	
  DGRP	
  lines	
  with	
  the	
  same	
  initial	
  pressure	
  used	
  in	
  

systemic	
  experimental	
  evolution.	
  We	
  found	
  that,	
  unlike	
  other	
  comparisons	
  

between	
   both	
   methods	
   with	
   different	
   pathogens,	
   namely	
   DCV,	
   the	
   set	
   of	
  

high-­‐differentiated	
   candidate	
   SNPs	
   revealed	
   were	
   totally	
   different,	
   with	
  

only	
  one	
  gene	
  in	
  common,	
  Cpr50Ca.	
  These	
  results	
  pinpointed	
  new	
  players	
  in	
  

the	
  evolution	
  of	
  host	
  immunity,	
  reinforcing	
  the	
  central	
  role	
  of	
  initial	
  genetic	
  

pool	
   and	
   recombination	
   processes	
   (and	
   other	
   population	
   effects)	
   on	
   the	
  

evolution	
  of	
  multifactorial	
  immune	
  responses.	
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Introduction	
  

Pathogens	
  continuously	
  impose	
  a	
  strong	
  selective	
  pressure	
  on	
  their	
  

host(s).	
  Using	
  different	
  routes	
  of	
  infection,	
  oral,	
  systemic	
  or	
  even	
  maternal,	
  

pathogenic	
   agents	
   challenge	
   organisms	
   in	
   different	
   forms	
   [1].	
   Hosts	
   fight	
  

these	
   infections	
   with	
   several	
   mechanisms,	
   such	
   as	
   behavioral	
   avoidance,	
  

physical	
  barriers	
  and	
  cellular	
  and	
  humoral	
  defense.	
  Thus,	
   to	
   resist	
   and/or	
  

tolerate	
   infection,	
   hosts	
   respond	
   to	
   specific	
   infectious	
   challenges	
   with	
  

different	
   physiological	
   processes	
   using	
   several	
   genetic	
   pathways	
   [2],	
  

remarkably	
   similar	
   across	
   species	
   [3].	
   These	
   diverse	
   strategies	
   underlie	
  

host	
  adaptation	
  but	
  also	
  the	
  evolution	
  of	
  pathogen	
  virulence	
  itself	
  [4,5].	
  	
  	
  

In	
  Drosophila,	
   immune	
   responses	
   are	
  well-­‐characterized,	
   involving	
  

production	
   of	
   reactive	
   oxygen	
   species	
   (ROS)	
   [6],	
   release	
   of	
   antimicrobial	
  

peptides	
  (AMP)	
  [7,8],	
  small	
  RNAs	
  [9,10],	
  phagocytosis	
  or	
  melanization	
  (for	
  

revision	
   see	
   [11]).	
   Upon	
   this,	
   another	
   layer	
   of	
   complexity	
   appears	
   with	
  

symbiotic	
   immunity,	
   as	
   is	
   the	
   case	
   of	
   the	
   endobacterium	
   Wolbachia	
  

protecting	
   Drosophila	
   against	
   viral	
   infection	
   [12,13]	
   (Chapter	
   3.2)	
   or	
  

Spiroplasma	
  against	
  parasitic	
  wasps	
  [14].	
  

Numerous	
  studies	
  have	
  granted	
  D.	
  melanogaster	
  a	
  central	
  role	
  in	
  the	
  

study	
   of	
   innate	
   immunity	
   [15-­‐16],	
   uncovering	
   how	
   this	
   species	
   responds	
  

against	
  a	
  vast	
  range	
  of	
  immune	
  challenges	
  [17–20].	
  For	
  this,	
  several	
  natural	
  

pathogens	
  have	
  been	
  described	
  and	
  used,	
  such	
  as	
  Pseudomonas	
  entomophila	
  

[21].	
   This	
   pathogenic	
   bacterium	
   may	
   be	
   used	
   to	
   infect	
   orally	
   and	
  

systemically,	
   promoting	
   high	
  mortality	
   in	
  Drosophila	
   larvae	
   and	
   adults,	
   in	
  

spite	
  of	
  the	
  strong	
  immune	
  response	
  triggered	
  [22–24].	
  	
  
In	
   addition,	
   D.	
   melanogaster	
   is	
   also	
   a	
   central	
   model	
   for	
   a	
   large	
  

spectrum	
   of	
   evolutionary	
   questions.	
   Several	
   studies	
   using	
   experimental	
  

evolution	
   have	
   been	
   revealing	
   how	
   populations	
   adapt	
   against	
   diverse	
  

selective	
  pressures,	
  including	
  pathogens	
  [19,25,26].	
  This	
  method	
  associated	
  

with	
   a	
   number	
   of	
   available	
   tools	
   and	
   technologies,	
   for	
   example	
   Next	
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Generation	
   Sequencing	
   (NGS)	
   [27],	
   permits	
   deep	
   dissection	
   of	
   the	
  

mechanisms	
   underlying	
   the	
   adaptive	
   process,	
   as	
   well	
   as	
   the	
   potential	
  

associated	
  costs.	
  	
  

In	
   a	
   previous	
   study,	
   we	
   adapted	
   outbred	
   populations	
   of	
  Drosophila	
  

against	
   Pseudomonas	
   entomophila	
   [28].	
   We	
   applied	
   a	
   selective	
   pressure	
  

every	
   generation	
   through	
   two	
   different	
   routes	
   of	
   infection,	
   systemic	
   and	
  

oral.	
   Here,	
   we	
   revisited	
   these	
   populations	
   and	
   used	
   genome-­‐wide	
  

sequencing	
  of	
  DNA	
  pools	
  (Pool-­‐Seq)	
  to	
  assess	
  the	
  new	
  genetic	
  structure	
  of	
  

evolved	
   populations,	
   and	
   performed	
   RNAi	
   assays	
   to	
   test	
   the	
   candidates	
  

gene	
  responsible	
  for	
  this	
  evolutionary	
  response.	
  

We	
   found	
   that,	
   while	
   populations	
   adapted	
   to	
   systemic	
   infection	
  

showed	
   several	
   genomic	
   regions	
   of	
   high	
   differentiation,	
   populations	
  

adapted	
   to	
   an	
   oral	
   route	
   of	
   infection	
   presented	
   a	
   comparatively	
   weak	
  

genetic	
  differentiation	
   signature.	
  We	
   further	
  validated	
   functionally	
   several	
  

of	
   the	
   candidate	
   genes	
   identified.	
   Finally,	
   we	
   compared	
   the	
   SNPs	
   of	
  

causative	
   candidates	
   found	
   with	
   our	
   approach	
   to	
   the	
   gene	
   set	
   identified	
  

though	
   GWAS.	
   This	
   comparison	
   yielded	
   surprisingly	
   low	
   overlap	
   in	
   the	
  

candidate	
  SNPs	
  for	
  immune	
  response	
  against	
  P.	
  entomophila	
  infection.	
  

	
  

	
  
Results	
  

Genetic	
  basis	
  of	
  host	
  adaptation	
  to	
  P.	
  entomophila	
  infections	
  

We	
  have	
  performed	
   genome-­‐wide	
   sequencing	
   of	
  DNA	
  pools	
   (Pool-­‐

Seq)	
   of	
   outbred	
   D.	
   melanogaster	
   populations	
   previously	
   adapted	
   to	
   P.	
  

entomophila	
   through	
  2	
  distinct	
   routes	
  of	
   infection,	
   systemic	
  and	
  oral,	
  with	
  

different	
  adaptation	
  dynamics	
  [28].	
  	
  

In	
   Figure	
   2.4.1,	
   we	
   observe	
   the	
   changes	
   in	
   allele	
   frequencies	
   in	
  

evolved	
   treatments,	
   systemic	
   (A)	
   and	
   oral	
   (B).	
   Using	
   a	
   chromosome-­‐wide	
  

cutoff	
   (see	
   M&M),	
   we	
   observed	
   several	
   regions	
   of	
   high	
   differentiation	
   in	
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each	
   chromosome.	
   BactSys	
   (A)	
   showed	
   a	
   large	
   quantity	
   of	
   differentiated	
  

SNPs	
   when	
   compared	
   with	
   the	
   respective	
   control,	
   ContSys.	
   In	
   all	
  

chromosomes,	
   well-­‐defined	
   peaks	
   accompanied	
   the	
   adaptive	
   process.	
   In	
  

contrast,	
   BactOral	
   (B)	
   presented	
   a	
   small	
   number	
   of	
   differentiated	
   SNPs,	
  

without	
  weakly-­‐defined	
  peaks.	
  	
  

	
  

Role	
  of	
  the	
  microbiome	
  in	
  the	
  evolved	
  response	
  

	
   We	
  wondered	
   if	
   the	
  microbiome	
  could	
  be	
   responsible	
   for	
   (part	
  of)	
  

the	
   evolved	
   higher	
   survival	
   against	
   bacterial	
   infection	
  mainly	
   in	
   BactOral	
  

populations	
  where	
   no	
   clearly	
   correlated	
   SNPs	
   could	
   be	
   found.	
   To	
   address	
  

this,	
  we	
  performed	
  an	
  antibiotic	
  treatment	
  with	
  tetracycline	
  in	
  populations	
  

evolved	
   with	
   bacteria,	
   as	
   well	
   as	
   in	
   their	
   respective	
   controls.	
   With	
   this	
  

procedure	
  we	
  eliminate	
  the	
  gut	
  microbiome	
  as	
  well	
  as	
  Wolbachia.	
  After	
  the	
  

A"

B"

ContSys(
vs(

BactSys(
(Generation(34)(

Control(
vs(

BactOral(
(Generation(24)(

Figure	
   2.4.1	
   –	
   Differentiation	
   between	
   selection	
   regimes.	
   −log10	
  
values	
   of	
   the	
   CMH	
   statistic	
   for	
   every	
   polymorphic	
   SNP,	
   across	
   the	
   five	
  
major	
   chromosomal	
   arms	
   through	
   pairwise	
   comparison	
   of	
   allele	
  
frequencies	
  between	
  ContSys	
  and	
  BactSys	
  (A)	
  populations	
  at	
  generation	
  
34	
  and	
  between	
  Control	
  and	
  BactOral	
  (B)	
  populations	
  at	
  generation	
  24.	
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antibiotic	
   treatment,	
   these	
   populations	
  were	
   allowed	
   to	
   recover	
   and	
   their	
  

gut	
  microbiome	
  homogenized	
  to	
  allow	
  proper	
  comparisons	
  across	
  regimes.	
  

	
   As	
   shown	
   in	
   Figure	
   2.4.2,	
   no	
   significant	
   differences	
   were	
   found	
  

between	
  treated	
  and	
  non-­‐treated	
  populations	
  after	
  bacterial	
  challenge,	
  both	
  

in	
  Bactsys	
  (p	
  =	
  0.26)	
  and	
   in	
  BactOral	
  (p	
  =	
  0.81).	
   In	
  both	
  selection	
  regimes,	
  

survival	
  profiles	
  between	
   treated	
  and	
  non-­‐treated	
   conditions	
   are	
   constant	
  

between	
  evolved	
  and	
  control	
  populations.	
  

	
  

	
  
Functional	
  Validation	
  of	
  Candidate	
  Genes	
  

To	
   identify	
   putative	
   causative	
   genes	
   involved	
   in	
   the	
   evolved	
  

systemic	
   response	
   against	
   P.	
   entomophila,	
   we	
   used	
   RNA	
   interference	
  

(RNAi).	
  We	
  tested	
  13	
  genes	
  associated	
  to	
  the	
  highest	
  differentiated	
  SNPs	
  in	
  

the	
  different	
  peaks	
  throughout	
  the	
  genome	
  (Figure	
  2.4.3A).	
  	
  

Knockdown	
   of	
   these	
   genes	
   (Figure	
   2.4.3B)	
   revealed	
   that	
   3	
   genes	
  

have	
   a	
   significant	
   effect	
   in	
   the	
   response	
   in	
   both	
   sexes:	
   kuz	
   (1st	
   of	
   peak	
   2,	
  

chr.2L),	
   Cpr50Ca	
   (1st	
   of	
   peak	
   1,	
   chr.2R)	
   and	
   elF2-­‐alpha	
   (2nd	
   of	
   peak	
   3,	
  

chr.3R).	
  Moreover,	
  other	
  genes	
  were	
  also	
  significant	
  but	
  exclusive	
   to	
  male	
  

response:	
  sano	
  (1st	
  of	
  peak	
  2,	
  chr.2R)	
  and	
  pHCI	
  (1st	
  of	
  peak	
  2,	
  chr.3L).	
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Figure	
   2.4.2	
   –	
   No	
   effect	
   of	
   microbiome	
   in	
   evolved	
   response.	
  
Survival	
   after	
   P.	
   entomophila	
   infection	
   of	
   control	
   and	
   bacterial	
  
selected	
   lines,	
   (A)	
   systemically	
   and	
   (B)	
   orally,	
   with	
   or	
   without	
  
antibiotic	
  treatment.	
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Genome	
  Wide	
  Association	
  Study	
  (GWAS)	
  for	
  P.	
  entomophila	
  infection	
  

To	
   complement	
   and	
   later	
   compare	
   this	
   approach	
   for	
   the	
  

identification	
  of	
  genes	
  involved	
  in	
  the	
  response	
  to	
  P.	
  entomophila	
  infection,	
  

we	
   undertook	
   a	
   GWAS	
  using	
  Drosophila	
   Genetics	
  Reference	
   Panel	
   (DGRP)	
  

flies.	
   We	
   challenged	
   139	
   DGRP	
   lines	
   with	
   P.	
   entomophila	
   (with	
   the	
   same	
  

bacterial	
   load	
  used	
   in	
   the	
  experimental	
   evolution	
  protocol,	
  OD600	
  =	
  0.01)	
  

and	
   measured	
   survival	
   rates	
   until	
   day	
   6.	
   In	
   Figure	
   2.4.4A,	
   we	
   show	
   the	
  

survival	
   variance	
   among	
   tested	
   lines	
   at	
   day	
   3.	
   We	
   performed	
   a	
   further	
  

Figure	
  2.4.3	
  –	
  RNAi	
  knockdown	
  of	
  candidate	
  genes	
  in	
  BactSys	
  
populations.	
  (A)	
  Schematic	
  representation	
  of	
  high-­‐differentiated	
  
peaks	
   and	
   genes,	
   tested	
   (gray	
   blocks)	
   and	
   not	
   tested	
   (orange	
  
blocks	
   and	
   underline	
   genes).	
   (B)	
   Natural	
   logarithm	
   of	
   hazard	
  
ratios	
   between	
   survival	
   of	
   flies	
   with	
   knocked-­‐down	
   candidate	
  
genes	
  and	
  their	
  controls	
  (KK	
  background	
  construct	
  and	
  CG9313)	
  
upon	
   infection	
   with	
   P.	
   putida	
   using	
   as	
   genetic	
   background	
   KK.	
  
Vertical	
   bars	
   correspond	
   to	
   the	
   95%	
   confidence	
   intervals	
   of	
   the	
  
estimated	
  hazard	
  ratios.	
  *P	
  <	
  0.05;	
  **P	
  <	
  0.01;	
  ***P	
  <	
  0.001.	
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GWAS	
   and	
   compared	
   the	
   identified	
   SNPs	
  with	
  Pool-­‐Seq	
   results	
   of	
  BactSys	
  

populations	
   (Figure	
   2.4.4B).	
   We	
   verified	
   no	
   match	
   between	
   the	
   highest	
  

SNPs	
   revealed	
   by	
   each	
   method.	
   Regarding	
   the	
   associated	
   genes,	
   the	
   only	
  

candidate	
   shared	
   by	
   Pool-­‐Seq	
   and	
   GWAS	
   lines	
   is	
   Cpr50Ca,	
   located	
   on	
  

chromosome	
  2L.	
  

	
  

Figure	
   2.4.4	
   –	
   GWAS	
   with	
   P.	
   entomophila	
   infection	
   and	
  
comparison	
   against	
   Pool-­‐Seq.	
   (A)	
   Representation	
   of	
   survival	
  
variance	
   of	
   139	
   DGRP	
   lines	
   against	
   P.	
   entomophila,	
   3	
   days	
   after	
  
systemic	
  infection	
  (B)	
  Overlapping	
  SNPs	
  differentiation	
  in	
  Pool-­‐Seq	
  of	
  
BactSys	
   (red	
   dots)	
   and	
   GWAS	
   with	
   the	
   139	
   DGRP	
   lines	
   (blue	
   dots)	
  
systemically	
  infected	
  with	
  P.	
  entomophila.	
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Discussion	
  	
  

In	
   this	
   study,	
   we	
   found	
   that	
   resistance	
   of	
   Drosophila	
   against	
   P.	
  

entomophila	
   via	
   two	
  different	
   routes	
   of	
   infection,	
   systemic	
   and	
  oral,	
   has	
   a	
  

different	
   genetic	
   basis	
   and	
   both	
   phenotypes	
   are	
   fully	
   independent	
   of	
  

microbiome	
   influence.	
   Looking	
   at	
   BactSys	
   candidates	
   uncovered	
   by	
   Pool-­‐

Seq,	
   we	
   revealed	
   several	
   genes	
   that	
   contributed,	
   alone	
   or	
   perhaps	
  

epistatically,	
   to	
   the	
   evolved	
  phenotype.	
  Moreover,	
  with	
  one	
   exception,	
   the	
  

revealed	
  high-­‐differentiated	
  candidates	
  were	
  not	
  the	
  same	
  as	
  generated	
  by	
  

GWAS,	
   a	
   method	
   also	
   tested	
   here	
   under	
   the	
   same	
   bacterial	
   challenge	
  

conditions.	
  

	
  

First,	
   using	
   the	
   previously	
   evolved	
   D.	
   melanogaster	
   populations	
  

against	
  P.	
  entomophila	
  by	
  experimental	
  evolution	
  [28],	
  we	
  identified	
  genetic	
  

changes	
  associated	
  to	
  the	
  adaptive	
  processes.	
  In	
  BactSys	
  (Figure	
  2.4.1A),	
  we	
  

found	
  several	
   regions	
  of	
  differentiation,	
  distributed	
  by	
  several	
  peaks	
   in	
  all	
  

chromosomes.	
  This	
  evolved	
  genomic	
  profile	
  was	
  compatible	
  with	
  the	
  slow	
  

and	
  gradual	
  adaptive	
  dynamics	
  of	
  BactSys	
  (survival	
  increased	
  from	
  33%	
  to	
  

80%	
  of	
   survival,	
   between	
   generations	
  13	
   and	
  34),	
  where	
   several	
   partially	
  

protective	
  alleles	
  of	
  different	
  genes	
   increased	
  gradually	
   their	
   frequency	
   to	
  

contribute	
   to	
   the	
   evolved	
   multifactorial	
   protective	
   phenotype.	
   Moreover,	
  

the	
   adaptive	
   dynamics	
   could	
   reflect	
   the	
   necessity	
   of	
   recombination,	
  

grouping	
   together	
   these	
   alleles	
   or	
   even	
   an	
   epistatic	
   relationship	
   among	
  

some	
   of	
   them.	
   However,	
   Pool-­‐seq	
   technology,	
   based	
   in	
   short	
   sequence	
  

reads,	
   precludes	
   the	
   determination	
   of	
   haplotypes	
   or	
   linkage,	
   thus	
   limiting	
  

our	
  capacity	
  to	
  detect	
  epistasis	
  [29].	
  

On	
   the	
   other	
   hand,	
   the	
   genome	
   profile	
   of	
   BactOral	
   (Figure	
   2.4.1B)	
  

had	
   an	
   unpredictable	
   outcome	
   in	
   light	
   of	
   the	
   dynamics	
   observed	
   for	
   the	
  

evolved	
   phenotype.	
   Such	
   small	
   peaks	
   of	
   differentiation	
   cannot	
   directly	
  

reflect	
   the	
   fast	
   adaptation	
   performed	
   by	
   the	
   oral	
   selected	
   populations.	
   It	
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was	
  expected	
  that	
  a	
  strong	
  genetic	
  signature	
  would	
  underlie	
  the	
  increase	
  of	
  

resistance	
   from	
  33%	
   to	
   almost	
   90%	
   in	
   only	
   four	
   generations	
   of	
   selection.	
  

One	
  hypothesis	
   is	
   that	
   the	
  causative	
  genetic	
  effect	
  could	
  be	
  masked	
  by	
  the	
  

computational	
  analysis	
  method	
  itself,	
  its	
  cutoffs	
  or	
  criteria.	
  Specifically,	
  the	
  

method	
  only	
  considers	
  bi-­‐allelic	
  SNPs	
  and	
  does	
  not	
  account	
  for	
  other	
  types	
  

of	
   genetic	
   variants	
   that	
   could	
   explain	
   the	
   fast	
   adaptive	
   dynamics,	
   namely	
  

multi-­‐allelic	
   SNPs,	
   indels,	
   and	
   chromosome	
   rearrangements.	
   Otherwise,	
   it	
  

would	
   be	
   expected	
   that	
   the	
   haplotypes	
   associated	
   to	
   the	
   relevant	
  

characteristic	
  had	
   increased	
   indirectly	
   in	
   frequency,	
   remaining	
   therefore	
  a	
  

well-­‐defined	
  and	
  detectable	
  genetic	
  mark.	
  Finally,	
  and	
  although	
  unusual,	
  we	
  

can	
  also	
  consider	
  an	
  epigenetic	
  mechanism	
  as	
  the	
  basis	
  of	
  this	
  process.	
  

Another	
  strong	
  hypothesis	
  to	
  explain	
  this	
  paradox	
  would	
  be	
  a	
  role	
  of	
  

the	
  microbiome.	
  A	
  change	
  in	
  the	
  frequency	
  of	
  bacterial	
  strains/haplotypes,	
  

or	
  even	
  in	
  the	
  species	
  itself,	
  could	
  explain	
  the	
  selected	
  phenotype	
  in	
  evolved	
  

populations.	
  However,	
  antibiotic	
  treatment	
  with	
  tetracycline	
  (removing	
  gut	
  

microbiota	
   but	
   also	
   Wolbachia)	
   revealed	
   that	
   evolved	
   and	
   non-­‐evolved	
  

populations	
   have	
   no	
   differences	
   in	
   response	
   when	
   compared	
   with	
   their	
  

respective	
  controls	
  (Figure	
  2.4.2).	
  These	
  results	
  were	
  observed	
  not	
  only	
  for	
  

oral	
   but	
   also	
   for	
   systemic	
   infection,	
   excluding	
   in	
   both	
   cases	
   a	
   role	
   of	
  

symbiotic	
  bacteria.	
  

Additionally,	
  we	
  can	
  also	
  exclude	
  an	
  eventual	
  persistent	
  infection	
  by	
  

maternal	
  transmission	
  that	
  could	
  have	
  up-­‐regulated	
  the	
  immune	
  system	
  of	
  

the	
   progeny	
   before	
   selective	
   pressure.	
  We	
   previously	
   tested	
   this	
   immune	
  

priming	
   hypothesis,	
   at	
   generation	
   20,	
   challenging	
   individuals	
   whose	
   eggs	
  

were	
   previously	
   decontaminated	
   in	
   bleach.	
   Again,	
  we	
   have	
   discarded	
   this	
  

possibility	
   since	
   the	
   evolved	
   populations	
   showed	
   the	
   same	
   proportion	
   of	
  

individuals	
  surviving	
  after	
  infection	
  in	
  both	
  situations	
  [28]	
  (Chapter	
  2.3).	
  

	
   In	
   face	
   of	
   the	
   BactOral	
   results,	
   the	
   next	
   step	
   will	
   be	
   to	
   test	
   the	
  

immune	
   function	
   of	
   genes	
   that	
   revealed	
   differentiated	
   SNPs,	
   even	
   if	
   the	
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differentiation	
  peaks	
  are	
  modest.	
   In	
  parallel,	
  new	
  genetic	
  experiments	
  and	
  

new	
   computational	
   analyses	
   will	
   be	
   required	
   to	
   try	
   to	
   understand	
   the	
  

mechanism	
  at	
   the	
  basis	
  of	
   this	
  adaptation.	
   It	
   is	
   important	
   to	
  highlight	
   that	
  

the	
   response	
   dynamics	
   was	
   very	
   consistent	
   among	
   the	
   4	
   populational	
  

replicates	
   under	
   selection,	
   reinforcing	
   therefore	
   the	
   idea	
   that	
   the	
   evolved	
  

response	
  was	
  driven	
  by	
   a	
  major	
   and	
   fast	
   selectable	
   element,	
   although	
   yet	
  

unrevealed.	
  

Back	
  to	
  the	
  results	
  of	
  the	
  BactSys	
  populations,	
  we	
  next	
  approached	
  

and	
  tested	
  the	
  candidate	
  genes	
  associated	
  to	
  SNPs	
  uncovered	
  by	
  Pool-­‐Seq.	
  

We	
   identified	
   and	
   divided	
   the	
   differentiated	
   regions	
   in	
   small	
  well-­‐defined	
  

peaks	
   across	
   chromosomes,	
   considering	
   each	
  one	
   as	
   putatively	
   associated	
  

physically	
   to	
   the	
   causative	
   genes	
   that	
   drove	
   the	
   selection	
   (Figure	
   2.4.3A).	
  

Importantly,	
  other	
  Evolve&Resequence	
  studies	
  have	
  confirmed	
  the	
  validity	
  

of	
  this	
  assumption	
  [19].	
  

To	
   perform	
   these	
   tests,	
   and	
   taking	
   advantage	
   of	
   BactSys	
   being	
  

equally	
   resistant	
   to	
   P.	
   entomophila	
   and	
   P.	
   putida	
   infections,	
   we	
   used	
   the	
  

later	
  to	
  increase	
  the	
  definition	
  in	
  the	
  measurement	
  of	
  survival	
  dynamics.	
  As	
  

virulence	
   of	
   P.	
   putida	
   is	
   more	
   spread	
   in	
   time	
   than	
   that	
   of	
   P.	
   entomophila	
  

(used	
  already	
  in	
  the	
  lower	
  dose	
  recommended	
  for	
  an	
  effective	
  infection),	
  we	
  

were	
  able	
   to	
  extend	
   the	
   time-­‐window	
  of	
  mortality	
  and	
  gain	
  more	
  detail	
   in	
  

the	
  analyses.	
  

Using	
   the	
   criteria	
   and	
   conditions	
  mentioned	
   above,	
  we	
   challenged	
  

RNAi	
   lines	
   of	
   13	
   genes	
   associated	
   to	
   the	
   high-­‐differentiated	
   SNPs	
   (Figure	
  

2.4.3B).	
  We	
  found	
  a	
  range	
  of	
  responses	
  among	
  tested	
  candidates.	
  While	
  the	
  

results	
  of	
  some	
  genes	
  are	
  not	
  significant,	
  some	
  genes	
  show	
  categorical	
  roles	
  

in	
  anti-­‐bacterial	
  response.	
  Consequently,	
  we	
  can	
  hypothesize	
  that	
  these	
  loci	
  

contain	
  natural	
  variation	
  for	
  protective	
  ability,	
  which	
  has	
  been	
  the	
  target	
  of	
  

selection	
  throughout	
  our	
  experimental	
  evolution.	
  	
  Three	
  genes	
  stood	
  out	
  in	
  

this	
   experiment,	
   kuz,	
   Cpr50Ca	
   and	
   elF2-­‐alpha,	
   with	
   a	
   detectable	
   role	
   for	
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both	
   sexes.	
   kuz	
   is	
   a	
   component	
   of	
   the	
   membrane	
   with	
  

metalloendopeptidase	
   activity	
   and,	
   among	
   other	
   functions,	
   a	
   previously	
  

reported	
   role	
   in	
   Drosophila	
   phagocytosis	
   of	
   C.	
   albicans	
   and	
   E.	
   coli	
   [30].	
  

Cpr50Ca	
   is	
   a	
   predicted	
   structural	
   component	
   of	
   the	
   cuticle	
   [31]	
   and	
   elF2-­‐

alpha	
   is	
   reported	
   as	
   responsible	
   for	
   translation	
   initiation	
   activity	
   [32],	
  

neither	
  implicated	
  so	
  far	
  in	
  immune	
  response.	
  

Absence	
  of	
   the	
  gene	
  products	
  of	
   sano	
   and	
  pHCI	
   showed	
  significant	
  

consequences	
  in	
  male	
  survival	
  against	
  infection.	
  These	
  disparities	
  between	
  

sexes	
   in	
   the	
   relevance	
   of	
   selected	
   genes	
   may	
   explain	
   the	
   differences	
   of	
  

adaptive	
   dynamics	
   seen	
   between	
   males	
   and	
   females	
   throughout	
  

experimental	
   evolution.	
   Nevertheless,	
   other	
   candidates	
   also	
   need	
   to	
   be	
  

tested	
  for	
  a	
  more	
  comprehensive	
  understanding	
  of	
  the	
  complexity	
  involved	
  

in	
  this	
  adaptive	
  process.	
  For	
  example,	
  none	
  of	
  the	
  four	
  genes	
  tested	
  in	
  peak	
  

2	
  of	
  chromosome	
  2R	
  (Figure	
  3A)	
  showed	
  differences	
  when	
  down-­‐regulated	
  

with	
  RNAi.	
  Thus,	
  we	
  cannot	
  explain	
  therefore	
  this	
  peak,	
  the	
  most	
  prominent	
  

found	
  in	
  the	
  BactSys	
  regime.	
  In	
  parallel,	
  another	
  step	
  will	
  be	
  the	
  testing	
  of	
  

other	
   RNAi	
   collections	
   (GD)	
   to	
   further	
   validate	
   (or	
   not)	
   those	
   candidate	
  

genes	
  for	
  which	
  results	
  are	
  yet	
  inconclusive.	
  

In	
   a	
   previous	
   work,	
   we	
   also	
   used	
   the	
   Evolve&Resequence	
  

methodology	
   to	
   assess	
   the	
   genetic	
   basis	
   for	
  Drosophila	
   adaptation	
   against	
  

systemic	
  DCV	
  infection	
  [19].	
  We	
  found	
  that	
  the	
  gene	
  pastrel	
  was	
  likely	
  to	
  be	
  

the	
  major	
  causative	
  agent	
  in	
  evolved	
  protection	
  against	
  DCV	
  in	
  our	
  selected	
  

populations.	
   The	
   same	
   gene	
   was	
   also	
   uncovered	
   as	
   the	
   leading	
   player	
  

through	
  a	
  genome-­‐wide	
  association	
  study	
  (GWAS)	
  [33].	
  Thus,	
  through	
  two	
  

different	
   methods,	
   using	
   outbred	
   populations	
   or	
   inbred	
   lines,	
   the	
   main	
  

genetic	
  basis	
  for	
  immune	
  response	
  against	
  DCV	
  was	
  common.	
  However,	
  the	
  

Evolve&Resequence	
   method	
   also	
   revealed	
   2	
   additional	
   genes	
   involved	
   in	
  

evolved	
   response	
   in	
   our	
   populations,	
   CG8492	
   and	
   Ubc-­‐E2H,	
   uncovering	
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other	
   protective	
   alleles	
   recruited	
   to	
   respond	
   against	
   a	
   long	
   term	
   selective	
  

pressure.	
  	
  	
  

	
   To	
  accomplish	
  the	
  same	
  comparison	
  and	
  compare	
  the	
  two	
  methods	
  

qualitatively,	
  we	
  performed	
  a	
  GWAS	
  with	
  systemic	
  P.	
  entomophila	
  infection.	
  

The	
   results	
   showed	
   that,	
   in	
   contrast	
   to	
  DCV	
   infection,	
   the	
   two	
  approaches	
  

did	
  not	
  uncover	
  shared	
  players,	
  with	
  one	
  exception	
  (Figure	
  2.4.4).	
  	
  The	
  only	
  

gene	
   related	
  with	
   a	
   highest	
   differentiated	
   SNP	
   in	
   the	
   evolved	
   populations	
  

also	
  uncovered	
  with	
  the	
  GWAS	
  method	
  was	
  Cpr50Ca,	
  although	
  not	
  with	
  the	
  

same	
  relative	
  importance.	
  

Moreover,	
  a	
  recent	
  report	
  has	
  performed	
  a	
  GWAS	
  with	
  oral	
  infection	
  

of	
   P.	
   entomophila	
   [34].	
   Using	
   140	
   DGRP	
   lines,	
   Sleiman	
   and	
   colleagues	
  

revealed	
   several	
   SNPs	
   associated	
   with	
   the	
   immune	
   response	
   against	
   this	
  

challenge.	
   When	
   compared	
   with	
   our	
   results	
   of	
   BactOral	
   Pool-­‐Seq,	
   once	
  

again,	
  we	
  did	
  not	
  find	
  almost	
  any	
  direct	
  parallel	
  in	
  candidate	
  genes.	
  	
  

These	
  differences	
  may	
  be	
  intrinsic	
  to	
  the	
  methods	
  themselves.	
  First,	
  

perhaps	
  due	
   to	
  differences	
   in	
   the	
   initial	
  genetic	
  pool	
  between	
  our	
  outbred	
  

populations	
   and	
   the	
   set	
   of	
   inbred	
   lines	
   tested	
   in	
   GWAS.	
   Thus,	
   for	
   a	
  more	
  

refined	
   comparison	
   between	
   methods,	
   a	
   comparative	
   analysis	
   will	
   be	
  

necessary	
  on	
  the	
  presence/absence	
  of	
  the	
  revealed	
  SNPs	
  in	
  one	
  method	
  and	
  

the	
  genetic	
  pool	
  of	
  the	
  other.	
  The	
  second	
  major	
  interpretation	
  to	
  this	
  topic	
  

is	
   that	
   the	
   genetic	
   basis	
   for	
   a	
   protective	
   phenotype	
   is	
   not	
   necessarily	
  

adaptive,	
   and	
   vice-­‐versa,	
   which	
  will	
   always	
   be	
   a	
   barrier	
   between	
   the	
   two	
  

methods.	
  Evolve&Resequence	
  cannot	
  determine	
  the	
  group	
  of	
  protective	
  but	
  

not	
  adaptive	
  alleles,	
   for	
  example	
  by	
  pleiotropy	
  or	
  high	
  cost.	
   In	
  turn,	
  GWAS	
  

cannot	
   assess	
   from	
   the	
   tested	
   phenotypes	
   the	
   group	
   of	
   non-­‐protective	
  

alleles	
  that	
  could	
  be	
  adaptive	
  in	
  a	
  more	
  realistic	
  ecological	
  and	
  populational	
  

context,	
  for	
  example	
  trigger	
  by	
  epistatic	
  interactions.	
  	
  

Another	
   important	
   issue	
  will	
   be	
   to	
   test	
   if,	
   in	
   causative	
   genes,	
   only	
  

the	
  selected	
  alleles	
  are	
  protective,	
  or	
   if,	
  on	
   the	
  other	
  hand,	
  all	
   alleles	
  have	
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different	
  degrees	
  of	
  protection.	
  For	
  example,	
  in	
  the	
  case	
  of	
  pastrel,	
  the	
  major	
  

gene	
   responsible	
   for	
   Drosophila’s	
   response	
   against	
   DCV,	
   although	
   it	
   is	
   a	
  

considerably	
   highly	
   protective	
   allele,	
   other	
   alleles	
   also	
   confer	
   great	
  

protection	
  when	
  compared	
  with	
  the	
  absence	
  of	
  the	
  gene.	
  This	
  may	
  explain	
  

part	
  of	
  the	
  refinement	
  of	
  the	
  adaptive	
  process	
  after	
  a	
  first	
  phase	
  of	
  selection	
  

of	
   large	
   effects.	
   This	
   is	
   also	
   a	
   determining	
   factor	
   in	
   the	
   above-­‐mentioned	
  

differences	
   obtained	
   between	
   Evolve&Resequence	
   and	
   GWAS	
   methods.	
   A	
  

detailed	
  analysis	
  among	
  different	
  protective	
  alleles	
  is	
  necessary	
  and	
  may	
  be	
  

achieved	
   in	
   future	
   studies	
   through	
   allele	
   replacement	
   using	
   CrispR	
  

technology,	
  for	
  example.	
  	
  

Our	
   findings	
   reveal	
   the	
   large	
   difference	
   in	
   the	
   genetic	
   basis	
   of	
  

distinct	
  adaptive	
  dynamics,	
  even	
  caused	
  by	
  the	
  same	
  pathogen.	
  Certainly	
  a	
  

word	
  of	
  caution	
  is	
  in	
  order	
  regarding	
  the	
  evolutionary	
  implications	
  that	
  can	
  

and	
   cannot	
   be	
   drawn	
   from	
   each	
   of	
   the	
   methods.	
   Further	
   studies	
   are	
  

necessary	
   to	
  realize	
   the	
   full	
   implications	
  of	
   these	
  differences,	
  as	
  well	
  as	
   to	
  

understand	
  the	
  other	
  elements	
  relevant	
  to	
  these	
  responses,	
  especially	
  in	
  the	
  

case	
   of	
   populations	
   evolved	
   orally.	
   Moreover,	
   our	
   comparisons	
   between	
  

methods	
   seem	
   to	
   show	
   that,	
   under	
   selection,	
   recombination	
   of	
  

multifactorial	
   characteristics	
   quickly	
   creates	
   new	
   complex	
   genetic	
  

combinations,	
   and	
   even	
   possible	
   epistasis,	
   that	
   strongly	
   exceeds	
   the	
  

immediate	
  response	
  capacity	
  of	
  a	
  not	
  under-­‐selection	
  population.	
  

	
  

Materials	
  and	
  methods	
  

Foundation,	
  maintenance,	
  and	
  selection	
  of	
  populations	
  

We	
   used	
   outbred	
   populations	
   of	
   D.	
   melanogaster	
   founded,	
  

expanded,	
   maintained	
   and	
   selected	
   as	
   described	
   in	
   Martins	
   et	
   al.	
   (2013)	
  

[28].	
   Briefly,	
   the	
   ancestral	
   outbred	
   population	
   of	
  Drosophila	
  melanogaster	
  

was	
   established	
   in	
   the	
   laboratory	
   in	
   2007,	
   from	
   160	
  Wolbachia-­‐infected	
  

fertilized	
  females,	
  collected	
  in	
  Azeitão,	
  Portugal.	
  The	
  population	
  was	
  kept	
  in	
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laboratory	
  cages	
   for	
  over	
  50	
  non-­‐overlapping	
  generations	
  (under	
  constant	
  

maintenance	
   conditions)	
   and	
   then	
   serially	
   expanded	
   to	
   allow	
   the	
  

establishment	
   of	
   new	
   populations	
   used	
   in	
   experimental	
   evolution	
   against	
  

pathogens.	
  Four	
   lines	
  were	
  derived	
  per	
  each	
   four	
   treatments,	
  BactSys	
  and	
  

BactOral,	
  and	
  respective	
  controls,	
  ContSys	
  and	
  Control.	
  

	
  

Whole-­‐Genome	
  Sequencing	
  of	
  Populations	
  (Pool-­‐seq)	
  

Pool-­‐seq,	
   Read	
   Quality	
   Control	
   and	
   Mapping,	
   SNP	
   Calling	
   and	
  

Identification	
  of	
  Candidate	
  SNPs	
  were	
  performed	
  as	
  described	
  in	
  Martins	
  at	
  

al.	
   (2014)	
   [19].	
  Four	
  groups	
  of	
  populations	
  were	
  sequenced	
  and	
  analyzed:	
  

four	
  replicates	
  of	
  the	
  base	
  population	
  (“ancestral”)	
  and	
  four	
  replicates	
  of	
  the	
  

BactSys	
  and	
  ContSys	
  selection	
  regimes	
  at	
  generation	
  34	
  and	
  four	
  replicates	
  

of	
  the	
  BactOral	
  and	
  Control	
  selection	
  regimes	
  at	
  generation	
  24.	
  

	
  

Bacteria	
  Stocks	
  and	
  Cultures	
  

All	
  tests	
  were	
  performed	
  using	
  Pseudomonas	
  entomophila.	
  For	
  each	
  

round	
   of	
   infections,	
   bacteria	
   were	
   grown	
   in	
   LB	
   inoculated	
   with	
   a	
   single	
  

bacterial	
   colony,	
   taken	
   from	
   solid	
   medium	
   cultures	
   grown	
   from	
   glycerol	
  

stocks	
   kept	
   at	
   -­‐80	
   ºC	
   and	
   streaked	
   in	
   fresh	
   (<1	
   week)	
   Petri	
   dishes.	
   P.	
  

entomophila	
  was	
  prepared	
   from	
  an	
  overnight	
   culture	
  grown	
  exponentially	
  

at	
   30	
   ºC,	
   centrifuged	
   and	
   adjusted	
   to	
   OD600	
   =	
   0.01.	
   It	
   is	
   resistant	
   to	
  

rifampicin,	
  which	
  was	
  used	
  as	
  a	
  marker	
  trait.	
  The	
  P.	
  entomophila	
  strain	
  used	
  

for	
   all	
   tests	
   was	
   a	
   generous	
   gift	
   from	
   Bruno	
   Lemaitre.	
   RNAi	
   tests	
   were	
  

performed	
  using	
  Pseudomonas	
  putida.	
  Excluding	
  growing	
  at	
  37	
  ºC	
  and	
  have	
  

a	
   final	
   OD600	
   =	
   10,	
   P.	
   putida	
   were	
   prepared	
   with	
   the	
   same	
   protocol	
   as	
   P.	
  

entomophila.	
  The	
  P.	
  putida	
  was	
  a	
  generous	
  gift	
  from	
  Karina	
  Xavier.	
  

	
  

Antibiotic	
  treatment	
  

Wolbachia-­‐free	
   populations	
   were	
   generated	
   at	
   generation	
   24,	
   by	
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raising	
   the	
   progeny	
   of	
   the	
   4	
   Wolbachia-­‐infected	
   populations	
   for	
   two	
  

generations	
   on	
   food	
  with	
   tetracycline	
   (0.05	
  mg/mL).	
   Flies	
  Wolbachia-­‐free	
  

were	
   tested	
   two	
   generations	
   after	
   tetracycline	
   treatment.	
   100	
   individuals	
  

(males	
   and	
   females)	
   from	
  each	
   replicate	
  population	
  of	
  Wolbachia-­‐infected	
  

selection	
   regimes	
   (BactSys,	
   ContSys,	
   BactOral	
   and	
   Control)	
   and	
   their	
  

Wolbachia-­‐free	
   counterparts	
   were	
   infected	
   with	
   P.	
   entomophila	
   (through	
  

respective	
  route)	
  and	
  their	
  survival	
  was	
  followed	
  for	
  6	
  days.	
  

	
  

RNAi	
  

We	
  performed	
  in	
  vivo	
  RNAi	
  knockdown	
  assays	
  for	
  a	
  set	
  of	
  candidate	
  

genes	
   in	
   2L	
   (pd1c,	
   kuz,	
   rdo),	
   2R	
   (Cpr50Ca,	
   sano,	
   CG30222,	
   CG10082,	
   Egfr,	
  

pirk),	
   3L	
   (pHCI,	
   Eip75B),	
   3R	
   (elF2B-­‐alpha,	
   5-­‐HT7)	
   and	
   X	
   	
   (mew)	
  

chromosomes,	
   selected	
   according	
   to	
   whether	
   they	
   had	
   significantly	
  

differentiated	
   SNPs	
   in	
   each	
   identified	
   peak	
   (Figure	
   2.4.3A).	
   We	
   took	
  

advantage	
   of	
   one	
   of	
   the	
   two	
   large	
   RNAi	
   collections	
   (KK)	
   of	
   the	
   Vienna	
  

Drosophila	
  RNAi	
   Center,	
   and	
   used	
   the	
  Gal80ts/Tub-­‐Gal4	
   inducible	
   system	
  

as	
  a	
  rescue	
  from	
  developmental	
  lethality.	
  

The	
  inducible	
  driver	
  constructs	
  were	
  previously	
  introgressed	
  into	
  a	
  

common	
   isogenic	
   genetic	
   background.	
   Gal80	
   repression	
   was	
   released	
   by	
  

transferring	
   the	
  adults	
   to	
  29	
   °C	
  3	
  days	
  before	
   infection.	
  P.	
  putida	
   (OD600	
  =	
  

10)	
  were	
  used	
  in	
  these	
  experiments,	
  to	
  account	
  for	
  increased	
  mortality	
  of	
  P.	
  

entomophila	
   (OD600	
   =	
   0.01)	
   in	
   this	
   genetic	
   background	
   and	
   at	
   higher	
  

temperatures.	
   As	
   negative	
   controls,	
   males	
   from	
   the	
   two	
   genetic	
  

backgrounds	
  without	
   insertions	
   (w1118	
   and	
   y,w1118;P{attP,y+,w3′})	
   and	
  

males	
   expressing	
   RNAi	
   against	
   CG9313	
   (P{KK103600}VIE-­‐260B)	
   were	
  

crossed	
  with	
   the	
  driver	
   lines.	
  All	
   lines	
  were	
   tested	
  at	
   least	
   twice.	
  For	
  each	
  

test,	
  we	
  infected	
  30–50	
  individuals	
  of	
  each	
  sex.	
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GWAS	
  

We	
   systemically	
   infected	
   with	
   P.	
   entomophila	
   139	
   lines	
   from	
   the	
  

DGRP	
  (Drosophila	
  General	
  Reference	
  Panel).	
  From	
  each	
  line,	
  30	
  females	
  and	
  

30	
  males	
  were	
  tested,	
   in	
  vials	
  of	
  10	
  individuals.	
   Infection	
  protocol	
  was	
  the	
  

same	
   of	
   experimental	
   evolution,	
   where	
   flies	
   were	
   pricked	
   in	
   the	
   thoracic	
  

region	
   with	
   P.	
   entomophila	
   (OD600	
   =	
   0.01).	
   Maintenance	
   conditions	
   were	
  

also	
   the	
   same.	
   All	
   vials	
  were	
   kept	
   in	
   the	
   same	
  maintenance	
   conditions	
   of	
  

experimental	
   evolution	
   populations	
   and	
   survival	
   was	
   followed	
   during	
   6	
  

days.	
  	
  

	
  

Statistical	
  Analysis	
  

All	
  statistical	
  analyses	
  were	
  performed	
  using	
  R	
  (v	
  3.1.0)	
  

	
  

Identification	
  of	
  candidate	
  SNPs	
  

The	
   Cochran–Mantel–Haenszel	
   (CMH)	
   tests	
   were	
   performed	
   on	
   a	
  

SNP-­‐wise	
   basis	
   for	
   the	
   comparisons	
   across	
   groups	
   of	
   populations.	
   The	
  

99.99th	
  percentile	
  of	
  the	
  P	
  value	
  of	
  this	
  statistic,	
  both	
  at	
  chromosome-­‐	
  and	
  

genome-­‐wide	
   levels,	
   was	
   used	
   as	
   an	
   empirical	
   false	
   discovery	
   rate	
   for	
  

calling	
  a	
  significant	
  SNP.	
  SNPs	
  were	
  mapped	
  to	
  the	
  genes	
  present	
  in	
  FlyBase	
  

D.	
   melanogaster	
   genome	
   r5.38,	
   using	
   SNPeff	
   (Version	
   3.3h).	
   Selection	
  

coefficients	
   on	
   the	
   candidate	
   polymorphisms	
   were	
   estimated	
   assuming	
  

additivity,	
  following:	
  

ln(pt=qt)	
  =	
  ln(p0=q0)	
  +	
  (s=2)	
  ×	
  t	
  

	
  where,	
  p	
  and	
  q	
  are	
  the	
  major	
  and	
  minor	
  allele	
  frequencies	
  at	
  generation	
  t,	
  

and	
  s	
  is	
  the	
  estimated	
  selection	
  coefficient.	
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Survival	
  of	
  Wolbachia-­‐free	
  populations	
  

To	
   compare	
   survival	
   between	
   Wolbachia-­‐positive	
   and	
   negative	
  

populations	
   after	
   infection	
   with	
   P.	
   entomophila	
   infections,	
   we	
   used	
   the	
  

Kaplan-­‐Meier	
  method	
  (Log-­‐rank	
  (Mantel-­‐Cox)	
  test).	
  

	
  

RNAi	
  

To	
   compare	
   survival	
   of	
   RNAi	
   lines	
   against	
   their	
   respective	
   genetic	
  

background	
   controls	
   after	
   infection	
   with	
   P.	
   entomophila,	
   we	
   used	
   a	
   Cox’s	
  

proportional	
  hazards	
  mixed	
  effect	
  model,	
  with	
   line	
  as	
   fixed	
   factor	
   and	
   the	
  

replicate	
  vial	
  nested	
  within	
  repetition	
  as	
  the	
  random	
  factor.	
  

	
  

GWAS	
  

The	
   survival	
   function	
   of	
   each	
   line,	
   after	
   the	
   6	
   days,	
  was	
   estimated	
  

using	
   the	
   Kaplan-­‐Meier	
   method.	
   The	
   ANOVA	
   statistical	
   model	
   was	
   then	
  

applied	
   to	
   compare	
   differences	
   between	
   groups,	
   between	
   each	
   line	
   and	
  

between	
  sexes.	
  After	
   the	
  calculation	
  of	
   the	
   survival	
   rate	
   for	
  each	
   line,	
   that	
  

survival	
  data	
   from	
   the	
  3rd	
  day	
  of	
  observations,	
  with	
   the	
   survival	
  of	
  males	
  

and	
   females	
   separated,	
   was	
   submitted	
   to	
   the	
   DGRP	
  website	
   to	
   perform	
   a	
  

genome	
  wide	
  association	
  study	
  (GWAS)	
  regarding	
  this	
  phenotype,	
  in	
  order	
  

to	
  identify	
  single	
  nucleotide	
  polymorphisms	
  (SNPs)	
  that	
  were	
  associated	
  to	
  

this	
  susceptibility	
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Abstract	
  

Host	
   adaptation	
   to	
   one	
   parasite	
  may	
   affect	
   its	
   response	
   to	
   others.	
  

However,	
   the	
   genetics	
   of	
   these	
   direct	
   and	
   correlated	
   responses	
   remains	
  

poorly	
  studied.	
  The	
  overlap	
  between	
  these	
  responses	
  is	
  instrumental	
  for	
  the	
  

understanding	
   of	
   host	
   evolution	
   in	
   multiparasite	
   environments.	
   We	
  

determined	
   the	
   genetic	
   and	
   phenotypic	
   changes	
   underlying	
   adaptation	
   of	
  

Drosophila	
   melanogaster	
   to	
   Drosophila	
   C	
   virus	
   (DCV).	
   Within	
   20	
  

generations,	
   flies	
   selected	
  with	
   DCV	
   showed	
   increased	
   survival	
   after	
   DCV	
  

infection,	
  but	
  also	
  after	
  cricket	
  paralysis	
  virus	
  (CrPV)	
  and	
  flock	
  house	
  virus	
  

(FHV)	
   infection.	
   Whole-­‐genome	
   sequencing	
   identified	
   two	
   regions	
   of	
  

significant	
   differentiation	
   among	
   treatments,	
   from	
  which	
   candidate	
   genes	
  

were	
  functionally	
  tested	
  with	
  RNAi.	
  Three	
  genes	
  were	
  validated—pastrel,	
  a	
  

known	
   DCV-­‐response	
   gene,	
   and	
   two	
   other	
   loci,	
   Ubc-­‐E2H	
   and	
   CG8492.	
  

Knockdown	
  of	
  Ubc-­‐E2H	
  and	
  pastrel	
  also	
  led	
  to	
  increased	
  sensitivity	
  to	
  CrPV,	
  

whereas	
   knockdown	
   of	
   CG8492	
   increased	
   susceptibility	
   to	
   FHV	
   infection.	
  

Therefore,	
  Drosophila	
   adaptation	
   to	
   DCV	
   relies	
   on	
   few	
  major	
   genes,	
   each	
  

with	
   different	
   cross-­‐resistance	
   properties,	
   conferring	
   host	
   resistance	
   to	
  

several	
  parasites.	
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Introduction	
  

Parasites	
  impose	
  a	
  strong	
  fitness	
  cost	
  on	
  their	
  hosts	
  as	
  they	
  develop	
  

and	
  reproduce	
  at	
   the	
  expenses	
  of	
  host	
   resources.	
  Therefore,	
   it	
   is	
  expected	
  

that	
  host	
  strategies	
  will	
  be	
  selected	
  to	
  cope	
  with	
  parasite	
  burden.	
  There	
   is	
  

ample	
   variety	
   of	
   such	
   strategies,	
   from	
   behavioural	
   to	
   intracellular	
  

responses	
  [1].	
  Because	
  the	
  range	
  of	
  possibilities	
  is	
  very	
  broad,	
  it	
  is	
  difficult	
  

to	
   predict	
   which	
   strategy,	
   if	
   any,	
   will	
   evolve	
   in	
   host	
   populations	
   upon	
  

parasite	
   attack.	
   Moreover,	
   in	
   natural	
   populations,	
   hosts	
   are	
   exposed	
  

simultaneously	
   to	
   several	
   parasite	
   species	
   and	
   many	
   other	
   selection	
  

pressures.	
   If	
   these	
   selection	
   pressures	
   do	
   not	
   vary	
   independently	
   of	
   each	
  

other,	
  a	
  clear	
  establishment	
  of	
  causality	
  between	
  changes	
  in	
  host	
  traits	
  and	
  

the	
  selection	
  pressure	
  posed	
  by	
  a	
  given	
  parasite	
  species	
  may	
  be	
  hampered.	
  

Experimental	
   evolution	
   enables	
   the	
   establishment	
   of	
   a	
   direct	
   link	
  

between	
  the	
  selection	
  imposed	
  by	
  a	
  given	
  environment	
  and	
  the	
  genetic	
  and	
  

phenotypic	
   changes	
   observed	
   in	
   a	
   population.	
   The	
   explanatory	
   power	
   of	
  

this	
  methodology	
  relies	
  on	
  three	
  major	
  characteristics:	
  (i)	
  knowledge	
  of	
  the	
  

ancestral	
   state,	
   (ii)	
   control	
   of	
   the	
   selection	
   forces	
   driving	
   different	
   sets	
   of	
  

replicated	
   populations	
   and	
   (iii)	
   the	
   ability	
   to	
   follow	
   the	
   dynamics	
   of	
   a	
  

process,	
   instead	
   of	
   measuring	
   only	
   its	
   end-­‐product	
   [2].	
   In	
   addition,	
   this	
  

methodology	
  allows	
  addressing	
  the	
  consequences	
  of	
  the	
  adaptation	
  process	
  

for	
  the	
  performance	
  in	
  other	
  environments	
  [3–5].	
  

Experimental	
   evolution	
   coupled	
   with	
   whole-­‐genome	
   approaches	
  

can	
  provide	
  a	
  nearly	
  unbiased	
  view	
  of	
  the	
  actual	
  targets	
  of	
  selection,	
  a	
  long-­‐

standing	
  aim	
  of	
  evolutionary	
  biology	
  [2].	
  To	
  this	
  day	
  few	
  examples	
  exist	
  in	
  

which	
   these	
   combined	
   methodologies	
   have	
   been	
   used	
   in	
   multicellular	
  

sexual	
   organisms,	
   in	
  which	
  most	
   adaptation	
   comes	
   from	
   standing	
   genetic	
  

variation	
   (SGV)	
   instead	
   of	
   novel	
   mutations	
   [6–10].	
   However,	
   despite	
   the	
  

centrality	
  of	
  host-­‐parasite	
  interactions	
  in	
  evolutionary	
  biology,	
  and	
  several	
  

experimental	
  evolution	
  studies	
   in	
  host-­‐parasite	
   systems	
   [11–16],	
  no	
  study	
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of	
   host-­‐parasite	
   interactions	
   has	
   combined	
   experimental	
   evolution	
   with	
  

genomics.	
  	
  

Another	
  important	
  aspect	
  of	
  experimental	
  evolution	
  is	
  that	
  it	
  allows	
  

measuring	
   the	
   consequences	
   of	
   evolving	
   in	
   one	
   environment	
   for	
   the	
  

performance	
   in	
   other	
   environments	
   [3].	
   Indeed,	
   adaptation	
   to	
   one	
  

environment	
  may	
  entail	
  a	
  fitness	
  decrease	
  in	
  other	
  environments,	
  possibly	
  

hampering	
  future	
  evolution	
  in	
  such	
  settings	
  [17,18].	
  Despite	
  being	
  common,	
  

these	
   costs	
   are	
  not	
  universal	
   [4]	
   even	
  within	
   experiments	
   [17].	
  Moreover,	
  

adapting	
   to	
   one	
   environment	
  may	
   even	
   lead	
   to	
   increased	
   performance	
   in	
  

other	
  environments	
  [e.g.,	
  5,	
  19].	
   In	
  host-­‐parasite	
   interactions,	
   the	
  question	
  

is	
   particularly	
   important	
   because	
   of	
   the	
   epidemiological	
   consequences	
   of	
  

infecting	
  or	
  resisting	
  multiple	
  hosts	
  or	
  parasites,	
  respectively.	
  	
  

Despite	
  ample	
  knowledge	
  of	
  the	
  genes	
  triggered	
  by	
  parasite	
  attacks	
  

against	
  Drosophila,	
  only	
  a	
  few	
  key	
  studies	
  have	
  analysed	
  how	
  an	
  outbred	
  fly	
  

population	
  may	
  adapt	
  to	
  a	
  given	
  parasite	
  [11–13,	
  15].	
  Yet,	
  the	
  genetic	
  basis	
  

and	
   the	
   consequences	
   of	
   such	
   adaptation	
   for	
   host	
   susceptibility	
   to	
   other	
  

parasites	
  have	
  not	
  been	
  determined.	
  

It	
  has	
  been	
  shown	
  that	
  natural	
  D.	
  melanogaster	
  populations	
  contain	
  

standing	
   genetic	
   variation	
   for	
   resistance	
   against	
   natural	
   viruses.	
  Whereas	
  

some	
  studies	
  show	
  that	
  most	
  of	
  this	
  variation	
  can	
  be	
  attributed	
  to	
  a	
  limited	
  

number	
  of	
  genes	
  with	
  major	
  effect	
  [20–23],	
  others	
  indicate	
  that	
  a	
  significant	
  

fraction	
   of	
   the	
   genetic	
   variation	
   for	
   resistance	
   is	
   polygenic	
   [24,25].	
  

Interestingly,	
   the	
   alleles	
   that	
   contribute	
   to	
   the	
   variation	
   in	
   resistance	
   to	
   a	
  

given	
  virus	
  are	
  in	
  genes	
  unrelated	
  to	
  the	
  canonical	
  insect	
  anti-­‐viral	
  defence	
  

pathways	
  [26].	
  Moreover,	
  this	
  variation	
  may	
  be	
  rather	
  specific	
  in	
  mediating	
  

responses	
  to	
  distinct	
  natural	
  pathogens	
  [21].	
  

Here,	
  we	
  addressed	
  the	
  genetics	
  of	
  host	
  adaptation	
  to	
  parasites	
  and	
  

the	
   effects	
   in	
   cross-­‐resistance	
   in	
   a	
   D.	
   melanogaster-­‐virus	
   system.	
   To	
   this	
  

aim,	
  we	
   performed	
   experimental	
   evolution	
   of	
   an	
   outbred	
  D.	
  melanogaster	
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population	
   exposed	
   to	
   a	
   natural	
   viral	
   parasite	
   (Drosophila	
   C	
   virus	
   -­‐	
   DCV),	
  

analysed	
   the	
   basis	
   for	
   the	
   response	
   using	
   a	
   genome-­‐wide	
   approach,	
   and	
  

functionally	
   tested	
   candidate	
   genes	
   for	
   their	
   role	
   in	
   the	
   response	
   against	
  

DCV	
  and	
  other	
  parasites.	
  

	
  

Results	
  

Adaptation	
  to	
  DCV	
  Infection	
  

We	
   have	
   performed	
   experimental	
   evolution	
   of	
   an	
   outbred	
   D.	
  

melanogaster	
   population	
   exposed	
   to	
   recurrent	
   systemic	
   DCV	
   infection	
  

(VirSys).	
   DCV	
   infection	
   was	
   imposed	
   at	
   every	
   generation	
   using	
   the	
   same	
  

(not	
   coevolved)	
   ancestral	
   virus	
   strain.	
   In	
   parallel,	
   two	
   control	
   conditions	
  

were	
  established,	
  where	
  individuals	
  were	
  subjected	
  to	
  the	
  same	
  procedure	
  

as	
   the	
   virus-­‐selected	
   population	
   but	
   pricked	
   with	
   a	
   buffer	
   solution	
   only	
  

(ContSys)	
   or	
   not	
   pricked	
   at	
   all	
   (Control).	
   The	
   experiment	
   was	
   performed	
  

with	
  four	
  replicates	
  for	
  each	
  condition.	
  

When	
   exposed	
   to	
  DCV,	
   VirSys	
   populations	
   showed	
   higher	
   survival	
  

than	
   individuals	
   from	
   control	
   lines	
   [Figure	
   2.5.1A;	
   general	
   linear	
   mixed	
  

model	
  (GLMM),	
  χ21	
  =	
  154.98,	
  P	
  <	
  0.0001].	
  Changes	
  in	
  survival	
  in	
  the	
  VirSys	
  

selection	
  regime	
  were	
  consistent	
  among	
  replicate	
  populations	
  (Figure	
  S1A).	
  

The	
  difference	
  in	
  survival	
  was	
  absent	
  in	
  the	
  early	
  generations	
  and	
  increased	
  

with	
   time,	
   leading	
   to	
   a	
   significant	
   interaction	
   between	
   generation	
   and	
  

selection	
  regime	
  (Figure	
  2.5.1A,	
  Dataset	
  S1,	
  and	
  Figure	
  S1A;	
  GLMM,	
  χ230	
  	
  =	
  

163.54,	
   P	
   <	
   0.0001).	
   When	
   tested	
   independently	
   in	
   the	
   two	
   sexes,	
   both	
  

effects	
  of	
  selection	
  regime	
  (GLMM,	
  χ21	
  =	
  20.489	
  and	
  24.288,	
  P	
  <	
  0.0001	
  for	
  

males	
   and	
   females,	
   respectively)	
   and	
   interaction	
  with	
   generation	
   (GLMM,	
  

χ230	
   =	
   236.95	
   and	
   χ226	
   =	
   145.89,	
   P	
   <	
   0.0001	
   for	
   males	
   and	
   females,	
  

respectively)	
  were	
  significant.	
  Given	
   that	
  we	
  were	
  comparing	
  control	
  with	
  

VirSys	
   individuals,	
   and	
   that	
   ContSys	
   populations	
   were	
   used	
   in	
   all	
  

subsequent	
   tests,	
   survival	
   rates	
   of	
   ContSys	
   and	
   control	
   populations	
   were	
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directly	
  compared	
  at	
  generations	
  15	
  and	
  25.	
  No	
  significant	
  differences	
  were	
  

observed	
  between	
  the	
  two	
  sets	
  of	
  control	
  lines	
  (Table	
  S1).	
   	
  

VirSys	
  lines	
  showed	
  a	
  strong	
  reduction	
  of	
  virus	
  numbers	
  compared	
  

with	
   ContSys	
   lines	
   (Figure	
   2.5.1B;	
   ANOVA,	
   F1,6	
   =	
   39.55,	
   P	
   =	
   0.0008)	
  

indicating	
   that	
   selection	
   has	
   relied	
   (at	
   least	
   partially)	
   on	
   the	
   evolution	
   of	
  

resistance.	
  

Next,	
   we	
   tested	
   the	
   contribution	
   of	
  Wolbachia	
   to	
   the	
   evolution	
   of	
  

resistance	
   in	
   our	
   populations	
   as	
   this	
   endosymbiont	
   has	
   been	
   shown	
   to	
  

protect	
  Drosophila	
   against	
   viral	
   infections	
   [27].	
   To	
   this	
   end,	
   we	
   removed	
  

Wolbachia	
   from	
   replicates	
   of	
   VirSys	
   and	
   ContSys	
   populations,	
   after	
   25	
  

generations	
  of	
  selection	
  and	
  measured	
  survival	
  upon	
  DCV	
  infection	
  (Figure	
  

2.5.1C).	
   A	
   significant	
   interaction	
   was	
   found	
   between	
   sex	
   and	
   both	
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Wolbachia	
   and	
   selection	
   regime	
   (Cox	
   model,	
   χ21	
   =	
   56.705	
   and	
   17.150,	
  

respectively	
  and	
  P	
  <	
  0.0001	
  in	
  both	
  comparisons).	
  Therefore,	
  we	
  tested	
  the	
  

effects	
   of	
  Wolbachia	
   and	
   selection	
   regime	
   independently	
   for	
   both	
   sexes	
  

(Figure	
  S1B).	
  In	
  both	
  cases	
  there	
  was	
  a	
  significant	
  Wolbachia	
  and	
  selection-­‐

regime	
   effect	
   (Cox	
   model,	
   χ21	
   =	
   29.110	
   and	
   34.94,	
   for	
   Wolbachia	
   and	
  

selection-­‐regime	
  effect	
  in	
  males;	
  χ21	
  =	
  24.865	
  and	
  22.824	
  for	
  Wolbachia	
  and	
  

selection-­‐regime	
   effects	
   in	
   females,	
   respectively;	
   P	
   <	
   0.0001	
   in	
   all	
  

comparisons).	
   Therefore,	
   the	
   protective	
   role	
   of	
   Wolbachia	
   against	
   viral	
  

infections	
  [27]	
  is	
  confirmed	
  in	
  this	
  study	
  on	
  both	
  experimental	
  and	
  control	
  

lines.	
  However,	
  no	
  significant	
  effect	
  of	
  the	
  interaction	
  Wolbachia	
  X	
  selection	
  

regime	
  was	
  found	
  for	
  either	
  sex	
  (Cox	
  model,	
  χ21	
  =	
  0.255,	
  P	
  =	
  0.613	
  and	
  χ21	
  =	
  

1.007,	
   P	
   =	
   0.316	
   for	
   males	
   and	
   females,	
   respectively).	
   This	
   indicates	
   a	
  

significant	
   contribution	
   of	
   the	
   host	
   genome	
   to	
   the	
   evolution	
   of	
   resistance,	
  

which	
  is	
  statistically	
  independent	
  of	
  the	
  effect	
  of	
  Wolbachia	
  infection	
  status.	
  

	
  

Cross-­‐Resistance	
  to	
  Other	
  Parasites	
  	
  

Figure	
   2.5.1	
   –	
   Evolution	
   of	
   increased	
   resistance	
   to	
   DCV.	
   (A)	
  
Experimental	
   evolution	
   trajectories	
   of	
   control	
   (Control)	
   and	
   virus-­‐
exposed	
   (VirSys)	
   populations	
   over	
   34	
   generations	
   of	
   experimental	
  
evolution.	
   Circles	
   represent	
   populations	
   exposed	
   to	
   the	
   virus.	
   Squares	
  
represent	
   control	
   lines.	
   Vertical	
   bars	
   correspond	
   to	
   the	
   SEM	
   survival	
  
among	
  the	
  four	
  selected	
  populations	
  (VirSys)	
  and	
  of	
   the	
  pool	
  of	
  control	
  
individuals.	
   The	
   straight	
   dotted	
   line	
   corresponds	
   to	
   the	
   original	
  
mortality	
  rate	
  imposed	
  on	
  the	
  populations	
  (66%).	
  (B)	
  Relative	
  DCV	
  loads	
  
(DCV/RpL32	
  copies)	
  in	
  females,	
  5	
  d	
  postinfection,	
  of	
  ContSys	
  and	
  VirSys	
  
populations.	
  Points	
  represent	
  individual	
  measurements;	
  horizontal	
  lines	
  
the	
  mean	
  and	
  95%	
  confidence	
  intervals).	
  (C)	
  Survival	
  after	
  DCV	
  infection	
  
of	
   control	
   and	
   virus	
   selected	
   lines,	
   with	
   or	
   without	
  Wolbachia	
   (solid	
  
lines/filled	
   symbols,	
   Wol+	
   or	
   dotted	
   lines/open	
   symbols,	
   Wol−,	
  
respectively).	
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As	
   shown	
   in	
   Figure	
   2.5.2,	
   VirSys	
   populations	
   also	
   had	
   on	
   average	
  

higher	
  survival,	
  relative	
  to	
  ContSys,	
  after	
  infection	
  with	
  the	
  parasites	
  cricket	
  

paralysis	
  virus	
  (CrPV)	
  or	
  flock	
  house	
  virus	
  (FHV)	
  (Cox	
  model,	
  |z|	
  =	
  19.857,	
  

11.329,	
  and	
  5.226	
  for	
   infection	
  with	
  DCV,	
  CrPV,	
  and	
  FHV,	
  respectively;	
  P	
  <	
  

0.0001	
  for	
  all	
  comparisons).	
  There	
  was	
  a	
  significant	
  interaction	
  effect	
  with	
  

the	
  generation	
  at	
  which	
   the	
   test	
  was	
   conducted	
   for	
   the	
  different	
  parasites	
  

(Cox	
  model,	
  χ23	
  =	
  31.276,	
  P	
  <	
  0.001	
  for	
  DCV;	
  χ21	
  =	
  4.192,	
  P	
  <	
  0.05	
  for	
  CrPV;	
  

and	
   χ22	
   =	
   6.819,	
   P	
   <	
   0.05	
   for	
   FHV).	
   However,	
   the	
   difference	
   between	
   the	
  

VirSys	
  and	
  ContSys	
  regimes	
  was	
  significant	
  in	
  all	
  separate	
  tests	
  performed	
  

at	
   different	
   generations	
   and	
   for	
   the	
   different	
   viruses	
   (Cox	
   model,	
   |z|	
   =	
  

14.480,	
   10.790,	
   13.454,	
   and	
   7.337	
   for	
   DCV	
   infections	
   performed	
   at	
  

generations	
  15,	
  20,	
  25,	
  and	
  30;	
  |z|	
  =	
  1.122	
  and	
  1.438	
  for	
  CrPV	
  infections	
  at	
  

Figure	
   2.5.2	
   –	
   Specificity	
   of	
   the	
   evolved	
   response.	
   Hazard	
   ratios	
  
between	
  ContSys	
   and	
   VirSys	
   populations,	
  when	
   exposed	
   to	
   DCV,	
   CrPV,	
  
FHV,	
   P.	
   entomophila	
   (P.ent),	
   and	
   E.	
   faecalis	
   (E.fae).	
   Shown	
   are	
   the	
  
average	
  hazard	
  ratios	
  of	
  at	
   least	
  two	
  independent	
  experiments,	
  done	
  at	
  
different	
   generations.	
   Vertical	
   bars	
   correspond	
   to	
   the	
   95%	
   confidence	
  
intervals	
  of	
  the	
  estimated	
  hazard	
  ratios.	
  ***P	
  <	
  0.001.	
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generations	
  15	
  and	
  30;	
  and	
  |z|	
  =	
  0.514,	
  0.327,	
  and	
  0.804	
  for	
  FHV	
  infections	
  

at	
  generations	
  15,	
  20,	
  and	
  30.	
  P	
  <	
  0.001	
   in	
  all	
   comparisons,	
  except	
   for	
   the	
  

FHV	
  infection	
  at	
  generation	
  20,	
  where	
  P	
  <	
  0.05).	
  However,	
  the	
  hazard	
  ratios	
  

between	
   ContSys	
   and	
   VirSys	
   exposed	
   to	
   FHV	
   infection	
   are	
   significantly	
  

lower	
   than	
   those	
   observed	
   upon	
   exposure	
   to	
   DCV	
   (used	
   for	
   selection)	
   or	
  

against	
  CrPV,	
  a	
  very	
  close	
  DCV	
  relative	
  (Figure	
  2.5.2).	
  

No	
   significant	
   difference	
   in	
   survival	
   among	
   selection	
   regimes	
   was	
  

found	
  when	
  flies	
  were	
  infected	
  with	
  the	
  bacteria	
  Pseudomonas	
  entomophila	
  

and	
   Enterococcus	
   faecalis	
   (Cox	
   model,	
   |z|	
   <	
   0.446,	
   P	
   >	
   0.66	
   for	
   all	
  

comparisons	
  after	
  infection	
  with	
  P.	
  entomophila	
  at	
  generations	
  15	
  and	
  25	
  or	
  

with	
   E.	
   faecalis	
   at	
   generations	
   34	
   and	
   35).	
   We	
   therefore	
   conclude	
   that	
  

evolution	
   of	
   resistance	
   to	
   DCV	
   leads	
   to	
   partial	
   protection	
   against	
   other	
  

positive	
  strand	
  RNA	
  viruses,	
  but	
  not	
  against	
  bacterial	
  pathogens.	
  

	
  

Genetic	
  Basis	
  of	
  Host	
  Adaptation	
  

To	
   identify	
   the	
   changes	
   in	
   allele	
   frequencies	
   underlying	
   the	
  

observed	
   increased	
   resistance	
   of	
   Drosophila	
   populations	
   evolving	
   in	
  

presence	
   of	
   DCV,	
   we	
   performed	
   genome-­‐wide	
   sequencing	
   of	
   DNA	
   pools	
  

(Pool-­‐Seq)	
  of	
  all	
  populations	
  (Figure	
  2.5.3)	
  [28].	
  Patterns	
  of	
  overall	
  genetic	
  

diversity	
  are	
  presented	
  in	
  Figure	
  S2.	
  	
  

	
  
Using	
  a	
  chromosome-­‐wide	
  cutoff,	
  we	
  observed	
  consistent	
  significant	
  

changes	
  in	
  allele	
  frequencies	
  of	
  853	
  SNPs	
  over	
  a	
  region	
  that	
  spans	
  ∼4	
  Mb	
  on	
  

the	
   left	
   arm	
  of	
   the	
   third	
   chromosome	
   (3L)	
   (most	
  5′	
   SNP,	
   3L:5127093	
  and	
  

most	
  3′	
  SNP,	
  3L:9149494)	
  and	
  5	
  SNPs	
  on	
  the	
  X	
  chromosome	
  across	
  a	
  300-­‐

kb	
   region	
   (X:7638809–7984449).	
   This	
   result	
   did	
   not	
   change	
   qualitatively	
  

using	
  a	
  genome-­‐wide	
   cutoff,	
   but	
   the	
   region	
  of	
   significance	
  was	
   reduced	
   to	
  

positions	
   3L:5221901–8901948	
   (i.e.,	
   384	
   SNPs),	
   and	
   to	
   2	
   SNPs	
   on	
   the	
   X	
  

chromosome.	
   The	
   most	
   significantly	
   differentiated	
   SNP	
   in	
   the	
   3L	
   region	
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corresponds	
  to	
  position	
  3L:7350895	
  and	
  maps	
  to	
  the	
  gene	
  pastrel	
  (pst).	
  The	
  

two	
  significantly	
  differentiated	
  SNPs	
  on	
  the	
  X	
  chromosome	
  (X:7984325	
  and	
  

X:7984449)	
  are	
  located	
  in	
  the	
  introns	
  of	
  the	
  gene	
  Ubc-­‐E2H.	
  Initial	
  and	
  final	
  

frequencies	
  of	
  the	
  most	
  significantly	
  differentiated	
  SNPs	
  were	
  0.167	
  and	
  0.7	
  

for	
   3L:7350895	
   (pst)	
   and	
   0.267	
   and	
   0.6	
   for	
   X:7984325	
   (Ubc-­‐E2H),	
  

respectively.	
   Considering	
   these	
   changes	
   in	
   frequency,	
   and	
   assuming	
  

additive	
  effects	
  only,	
   the	
  estimated	
  selection	
  coefficients	
  are	
  0.24	
  and	
  0.14	
  

for	
  the	
  SNP	
  in	
  pst	
  and	
  Ubc-­‐E2H,	
  respectively.	
  Changes	
  in	
  other	
  significantly	
  

Figure	
   2.5.3	
   –	
   Differentiation	
   between	
   selection	
   regimes.	
   −log10	
  
values	
   of	
   the	
   CMH	
   statistic	
   for	
   every	
   polymorphic	
   SNP,	
   across	
   the	
   five	
  
major	
   chromosomal	
   arms	
   through	
   pairwise	
   comparison	
   of	
   allele	
  
frequencies	
  between	
  ancestral	
  and	
  ContSys	
  populations	
  at	
  generation	
  20	
  
(Top),	
   ancestral	
   and	
   VirSys	
   populations	
   at	
   generation	
   20	
   (Middle),	
   and	
  
between	
   ContSys	
   and	
   VirSys	
   at	
   generation	
   20	
   (Bottom).	
   The	
   solid	
   and	
  
dotted	
   lines	
   represent	
   the	
   99.99%	
   quantile	
   of	
   the	
   P	
   values	
   in	
   the	
  
ancestral	
   vs.	
   ContSys	
   comparison	
   at	
   genome-­‐wide	
   and	
   chromosome-­‐
wide	
  levels,	
  respectively.	
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differentiated	
  SNPs	
  are	
  described	
  in	
  Dataset	
  S2.	
  

	
  

Functional	
  Validation	
  of	
  the	
  Candidate	
  Genes	
  

We	
  then	
  used	
  RNAi	
  to	
  functionally	
  validate	
  the	
  two	
  genes	
  associated	
  

to	
   the	
   most	
   significant	
   SNPs	
   identified	
   in	
   the	
   genome-­‐wide	
   analysis.	
   We	
  

further	
  tested	
  12	
  genes	
   in	
  the	
  3L	
  region,	
  which	
  contained	
  nonsynonymous	
  

mutations	
  (Figure	
  2.5.4).	
  

Figure	
  2.5.4	
  –	
  RNAi	
  knockdown	
  of	
  candidate	
  genes.	
  Natural	
  logarithm	
  
of	
  hazard	
  ratios	
  between	
  survival	
  of	
   flies	
  with	
  knocked-­‐down	
  candidate	
  
genes	
   and	
   their	
   controls	
   upon	
   infection	
  with	
  DCV	
   (Top),	
   CrPV	
   (Middle),	
  
and	
  FHV	
  (Bottom),	
  using	
  as	
  genetic	
  background	
  KK	
  (gray	
  bars),	
  GD	
  (black	
  
bars)	
  or	
  both,	
  whenever	
  a	
  construct	
  was	
  available	
   in	
  both	
  backgrounds.	
  
(A)	
  RNAi	
  interference	
  against	
  the	
  candidate	
  genes	
  identified	
  by	
  the	
  peaks	
  
in	
  Figure	
  2.5.3,	
  pst	
  and	
  Ubc-­‐E2H.	
   (B)	
  Tests	
  to	
  other	
  genes	
  in	
  the	
  large	
  3L	
  
peak.	
   Vertical	
   bars	
   correspond	
   to	
   the	
   95%	
   confidence	
   intervals	
   of	
   the	
  
estimated	
  hazard	
  ratios.	
  *P	
  <	
  0.05;	
  **P	
  <	
  0.01;	
  ***P	
  <	
  0.001.	
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Knockdown	
   of	
   pastrel	
   and	
   Ubc-­‐E2H	
   (with	
   stock	
   w1118;	
  

P{GD9765}v33510;	
  see	
  Table	
  S2	
  for	
  details)	
  led	
  to	
  reduced	
  survival	
  of	
  flies	
  

when	
   exposed	
   to	
   DCV	
   or	
   to	
   CrPV	
   infection	
   (Figure	
   2.5.4A,	
  Ubc-­‐E2H:	
   |z|	
   =	
  

3.98	
   and	
   3.09,	
   P	
   <	
   0.01	
   and	
   P	
   <	
   0.05,	
   after	
   DCV	
   and	
   CrPV	
   infection,	
  

respectively;	
  and	
  Figure	
  2.5.4B,	
  pst	
  |z|	
  =	
  5.94	
  and	
  5.93,	
  P	
  <	
  0.001	
  after	
  DCV	
  

and	
  CrPV	
  infection),	
  but	
  not	
  when	
  exposed	
  to	
  FHV	
  infection	
  (Ubc-­‐E2H:	
  |z|	
  =	
  

1.35,	
  P	
  >	
  0.9	
  and	
  pst:	
  |z|	
  =	
  0.08	
  for	
  knockdown	
  of	
  both	
  genes).	
  Using	
  another	
  

RNAi	
   line	
  targeting	
  Ubc-­‐E2H	
   (with	
  stock	
  P{KK108626}VIE-­‐260B;	
  see	
  Table	
  

S2	
  for	
  details)	
  did	
  not	
  show	
  differences	
  in	
  survival	
  against	
  any	
  of	
  the	
  viruses	
  

(|z|	
   =	
   2.25,	
   0.11,	
   and	
   0.12	
   for	
   DCV,	
   CrPV,	
   and	
   FHV	
   respectively,	
   P	
   >	
   0.3)	
  

(Figure	
   2.5.4A).	
   We	
   attribute	
   this	
   survival	
   difference	
   using	
   two	
   different	
  

RNAi	
  lines	
  to	
  a	
  lower	
  knockdown	
  efficiency	
  of	
  this	
  construct,	
  as	
  revealed	
  by	
  

semiquantitative	
   gene	
   expression	
   analysis	
   (Figure	
   S3).	
   No	
   differences	
   in	
  

susceptibility	
   to	
   viruses	
   were	
   observed	
   when	
   comparing	
   the	
   negative	
  

control	
  with	
   the	
   respective	
   genetic	
   background	
   (|z|	
   =	
   0.71,	
   0.93,	
   and	
  0.19	
  

for	
  DCV,	
  CrPV	
  and	
  FHV	
  respectively;	
  P	
  >	
  0.97).	
  

RNAi	
  knockdown	
  of	
  another	
  12	
  genes	
  within	
  the	
  3L	
  region	
  revealed	
  

only	
   one	
   other	
   case,	
   gene	
   CG8492	
   (stock	
   P{KK100300}VIE-­‐260B),	
   with	
  

reduced	
  survival	
  upon	
  exposure	
  to	
  DCV	
  and	
  to	
  FHV	
  (Figure	
  2.5.4B,	
  |z|	
  =	
  4.23	
  

and	
  3.23,	
  P	
  <	
  0.001	
  and	
  P	
  <	
  0.05	
  for	
  DCV	
  and	
  FHV,	
  respectively),	
  but	
  not	
  to	
  

CrPV	
   (|z|	
   =	
   0.24,	
   P	
   =	
   1).	
   All	
   P	
   values	
   were	
   Bonferroni	
   corrected	
   for	
   the	
  

number	
  of	
  performed	
  comparisons.	
  

	
  

Discussion	
  

In	
   this	
   study,	
   we	
   found	
   that	
   resistance	
   to	
   DCV	
   evolved	
   rapidly	
   in	
  

experimental	
   Drosophila	
   populations.	
   Cross-­‐resistance	
   was	
   detected	
   for	
  

infection	
  with	
   other	
   viruses	
   (CrPV	
   and	
   FHV)	
   but	
   not	
  with	
   bacteria.	
   Using	
  

whole-­‐genome	
   sequencing,	
   we	
   identified	
   two	
   regions	
   in	
   which	
   genetic	
  

changes	
  occurred	
   in	
  populations	
  evolving	
  under	
  DCV	
  challenge,	
  one	
   in	
   the	
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3L	
   chromosome	
  arm	
  and	
  a	
  smaller	
   region	
  on	
   the	
  X	
   chromosome.	
  Through	
  

RNAi	
  assays	
  against	
  candidate	
  genes	
  in	
  these	
  regions,	
  we	
  confirmed	
  the	
  role	
  

of	
   pst,	
   a	
   gene	
   with	
   variants	
   previously	
   associated	
   with	
   a	
   differential	
  

response	
  to	
  DCV	
  infection	
  in	
  Drosophila	
  [21],	
  as	
  well	
  as	
  two	
  loci	
  that	
  had	
  not	
  

been	
   linked	
   previously	
   to	
   antiviral	
   responses:	
   Ubc-­‐E2H	
   on	
   the	
   X	
  

chromosome	
   and	
   CG8492	
   on	
   the	
   3L	
   chromosome	
   arm.	
   Knockdown	
   of	
   pst	
  

and	
  Ubc-­‐E2H	
   led	
   to	
   increased	
   sensitivity	
   to	
  CrPV	
  but	
  not	
   to	
  FHV,	
  whereas	
  

the	
  opposite	
  pattern	
  was	
  found	
  in	
  CG8492.	
  Hence,	
  flies	
  that	
  have	
  adapted	
  to	
  

resist	
   DCV	
   are	
   also	
   better	
   at	
   surviving	
   infection	
   with	
   other	
   viruses,	
   but	
  

these	
  correlated	
  responses	
  rely	
  on	
  different	
  sets	
  of	
  genes.	
  

	
  

Genetic	
  Basis	
  of	
  Resistance	
  

Using	
   a	
   combination	
   of	
   genomics	
  with	
   experimental	
   evolution,	
  we	
  

identified	
  the	
  genetic	
  changes	
  underlying	
  the	
  evolution	
  of	
  a	
  host	
  population	
  

(D.	
  melanogaster)	
  adapting	
  to	
  a	
  natural	
  parasite	
  (DCV).	
  We	
  find	
  two	
  regions	
  

of	
   differentiation	
  between	
   the	
  populations	
   evolving	
   in	
   presence	
   of	
   a	
   virus	
  

and	
  control	
  populations.	
  These	
  changes	
  were	
  parallel	
  across	
  four	
  replicates	
  

(Figure	
  S2	
  and	
  Dataset	
  S2)	
  and	
  correlate	
  with	
  the	
  observed	
  parallel	
  changes	
  

in	
   survival	
   (Figure	
   S1A).	
   This	
   indicates	
   that	
   selection,	
   rather	
   than	
   drift,	
  

shaped	
   this	
   adaptive	
   response.	
   In	
   one	
   region,	
   the	
   peak	
   of	
   differentiation	
  

matched	
   pst,	
   a	
   gene	
   previously	
   shown	
   to	
   be	
   involved	
   in	
   the	
   Drosophila	
  

response	
   to	
   DCV	
   through	
   an	
   association	
   study	
   [21].	
   The	
   high	
   number	
   of	
  

differentiated	
  SNPs	
  around	
  this	
   locus,	
  extending	
  to	
  a	
  region	
  of	
  ∼4	
  Mb,	
  and	
  

the	
   observed	
   pattern	
   of	
   local	
   decrease	
   of	
   heterozygosity	
   suggest	
   the	
  

occurrence	
  of	
  an	
  incomplete	
  soft	
  sweep	
  around	
  pst	
  [29].	
  

However,	
   the	
   influence	
   of	
   other	
   genes	
   in	
   the	
   region	
   cannot	
   be	
  

excluded,	
  as	
  shown	
  by	
  the	
  increased	
  susceptibility	
  of	
  flies	
  expressing	
  RNAi	
  

against	
  CG8492,	
   a	
   gene	
   located	
  near	
   the	
   centromeric	
   end	
  of	
   the	
  peak.	
  The	
  

determination	
  of	
  the	
  haplotype	
  structure	
  in	
  this	
  region,	
  as	
  well	
  as	
  the	
  effect	
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in	
  virus	
  resistance	
  of	
  the	
  variants	
  of	
  CG8492	
  and	
  their	
  possible	
  interactions	
  

with	
  pst,	
  deserve	
  further	
  examination.	
  

This	
   result	
   is	
   particularly	
   interesting	
   in	
   that	
   it	
   departs	
   from	
   the	
  

inconsistency	
  observed	
  when	
   comparing	
   genome-­‐wide	
   association	
   studies	
  

(GWASs)	
   using	
   inbred	
   lines	
   vs.	
   outbred	
   populations	
   [30].	
   Thus	
   far,	
   only	
   a	
  

weak	
   but	
   significant	
   correlation	
   has	
   been	
   found	
   between	
   SNPs	
   associated	
  

with	
   polygenic	
   traits	
   by	
   GWAS	
   and	
   evolve-­‐and-­‐resequence	
   (E&R)	
  

approaches	
   [31].	
   Here,	
   we	
   confirm	
   pst,	
   a	
   gene	
   found	
   through	
   a	
   GWAS	
  

approach	
   [21],	
   as	
   a	
   central	
   player	
   in	
   the	
   adaptation	
   of	
   an	
   outbred	
  

population	
  of	
  Drosophila	
  to	
  DCV	
  infection.	
  

Furthermore,	
   using	
   RNAi	
   we	
   confirmed	
   the	
   role	
   of	
   pst,	
   and	
  

unraveled	
   an	
   effect	
   of	
   Ubc-­‐E2H	
   and	
   CG8492	
   in	
   antiviral	
   defense.	
   These	
  

results	
   confirm	
   the	
   power	
   of	
   the	
   E&R	
   approach	
   in	
   the	
   identification	
   of	
  

targets	
   of	
   selection	
   [32].	
   This	
   methodology	
   has	
   been	
   used	
   to	
   identify	
  

changes	
   in	
   allele	
   frequencies	
   following	
   selection	
   in	
   complex	
   traits	
   such	
   as	
  

developmental	
   time	
  [7],	
  body	
  size	
  [8],	
  hypoxia	
  tolerance	
  [6],	
   increased	
   life	
  

span	
   [33],	
   adaptation	
   to	
   high/low	
   temperatures	
   [9,	
   34],	
   and	
   courtship	
  

behavior	
   [10,	
   31].	
   These	
   studies	
   have	
   identified	
   a	
   polygenic	
   basis	
   for	
   the	
  

studied	
   traits,	
   hampering	
   the	
   identification	
   of	
   candidate	
   genes	
   and	
   a	
  

subsequent	
  functional	
  analysis.	
  One	
  exception	
  is	
  the	
  study	
  of	
  Zhou	
  et	
  al.	
  [6],	
  

in	
  which	
  most	
   of	
   the	
  differentiated	
   genes	
  belonged	
   to	
   the	
  Notch	
   signaling	
  

pathway,	
  thus	
  permitting	
  a	
  functional	
  validation	
  of	
  this	
  pathway	
  in	
  hypoxia	
  

tolerance	
  evolution.	
  However,	
  the	
  relatively	
  high	
  number	
  of	
  genes	
  involved	
  

in	
  these	
  responses	
  do	
  not	
  permit	
  the	
  assessment	
  of	
  the	
  role	
  played	
  by	
  each	
  

gene	
  and	
  how	
  the	
  phenotypic	
  effect	
  may	
  be	
  partitioned.	
  In	
  our	
  case,	
  the	
  few	
  

genes	
   underlying	
   the	
   evolution	
   of	
   resistance	
   to	
   DCV	
   seem	
   to	
   work	
   in	
   an	
  

(partially)	
   additive	
   fashion,	
   as	
   each	
   gene	
   tested	
   independently	
   confers	
  

resistance.	
   However,	
   further	
   studies	
   are	
   needed	
   to	
   establish	
   the	
   relative	
  

role	
  of	
  additivity	
  and	
  genetic	
  interactions	
  in	
  this	
  response.	
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Cross-­‐Resistance	
  

We	
   found	
   a	
   strong	
   positively	
   correlated	
   response	
   with	
   CrPV,	
   but	
  

only	
  a	
  moderate	
  response	
   to	
  FHV,	
  and	
  no	
  response	
  to	
  bacteria.	
  Hence,	
   the	
  

correlated	
  response	
  is	
  positive	
  and	
  diminishes	
  with	
  decreasing	
  similarity	
  to	
  

DCV.	
  Both	
  these	
  findings	
  match	
  recent	
  theoretical	
  predictions	
  for	
  one-­‐sided	
  

host	
   evolution	
   [14].	
  However,	
   other	
   studies	
   on	
   host	
   evolution	
   have	
   found	
  

tradeoffs	
   [16,	
   35]	
   or	
   no	
   significant	
   correlated	
   response	
   [36,	
   37]	
   among	
  

resistance	
  to	
  different	
  parasites,	
  hence	
  the	
  generality	
  of	
  our	
  finding	
  remains	
  

to	
  be	
  shown.	
  

We	
  analyzed	
  the	
  correlated	
  responses	
  of	
  the	
  genes	
  involved	
  in	
  DCV	
  

resistance	
  when	
   flies	
  were	
   infected	
  with	
  other	
  viruses.	
  To	
  our	
  knowledge,	
  

this	
   constitutes	
   the	
   first	
   direct	
   test	
   of	
   the	
   genetic	
   basis	
   of	
   correlated	
  

responses	
   to	
   selection	
   driven	
   by	
   SGV.	
   Analysis	
   of	
   the	
   effects	
   of	
   de	
   novo	
  

mutations	
   that	
   arise	
   in	
  Escherichia	
  coli	
   populations	
   adapting	
   to	
   a	
   glucose-­‐

limited	
   environment	
  when	
   placed	
   in	
   other	
   environments,	
   had	
   also	
   shown	
  

that	
   the	
   set	
   of	
   mutations	
   conferring	
   fitness	
   increases	
   varies	
   between	
  

environments	
   [38].	
   Similarly	
   to	
   that	
   study,	
  we	
   find	
   that	
   distinct	
   genes	
   for	
  

which	
  allelic	
   frequencies	
  have	
  changed	
   in	
  response	
   to	
  DCV	
   infection	
  affect	
  

correlated	
   responses	
  differently.	
   Indeed,	
  knockdown	
  of	
  pst	
   does	
  not	
  affect	
  

susceptibility	
   to	
   FHV,	
   confirming	
   earlier	
   results	
   [21];	
   but	
   knockdown	
   of	
  

either	
   pst	
   or	
   Ubc-­‐E2H	
   affects	
   cross-­‐resistance	
   to	
   CrPV.	
   In	
   contrast,	
  

knockdown	
   of	
   CG8492	
   does	
   not	
   affect	
   the	
   response	
   to	
   CrPV	
   but	
   leads	
   to	
  

higher	
  susceptibility	
  to	
  FHV.	
  Therefore,	
  in	
  our	
  populations,	
  the	
  evolution	
  of	
  

a	
   generalized	
   response	
   to	
   viral	
   parasites	
   is	
   specifically	
   partitioned	
   into	
  

different	
  loci.	
  

Until	
  now,	
  the	
  genetic	
  analysis	
  of	
  correlated	
  responses	
  has	
  relied	
  on	
  

measuring	
   the	
   genetic	
   correlation	
   among	
   traits	
   in	
   different	
   environments	
  

using	
   quantitative	
   genetics	
   designs	
   [3].	
   This	
   methodology	
   has	
   also	
   been	
  

used	
   in	
   the	
   study	
   of	
   host–parasite	
   interactions	
   [39,	
   40].	
   However,	
   it	
   has	
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been	
  shown	
  that	
  genetic	
  correlations	
  are	
  poor	
  predictors	
  of	
  the	
  evolution	
  of	
  

correlated	
   responses	
   to	
   selection,	
  mainly	
   because	
   the	
   latter	
   hinges	
   on	
   the	
  

genetic	
  architecture	
  of	
  traits	
  under	
  each	
  environment	
  [41].	
  In	
  our	
  study,	
  we	
  

do	
  not	
  measure	
  the	
  whole	
  genetic	
  architecture	
  of	
  the	
  traits	
  under	
  selection,	
  

primarily	
  because	
  we	
  miss	
  genes	
   involved	
   in	
   resistance	
   that	
  are	
   fixed	
  and	
  

those	
   with	
   changes	
   occurring	
   below	
   our	
   threshold	
   value.	
   Still,	
   we	
   detect	
  

those	
   genes	
   in	
   which	
   allele	
   frequencies	
   change	
   across	
   generations,	
   and	
  

hence	
   contribute	
   to	
   the	
   evolutionary	
   response.	
   By	
   describing	
   that	
   these	
  

genes	
  have	
  different	
  cross-­‐resistance	
  properties	
  against	
  different	
  parasites,	
  

we	
  show	
  that	
  the	
  genetics	
  of	
  correlated	
  responses	
  may	
  be	
  complex,	
  even	
  in	
  

cases	
  where	
  the	
  genetic	
  basis	
  of	
  adaptation	
  is	
  relatively	
  simple.	
  

Our	
   findings	
   raise	
   an	
   important	
   issue:	
   Which	
   forces	
   maintain	
   the	
  

SGV	
   upon	
  which	
   is	
   based	
   host	
   adaptation	
   to	
   viral	
   infection?	
  We	
   have	
   not	
  

found	
  costs	
  in	
  susceptibility	
  to	
  other	
  parasites	
  associated	
  to	
  the	
  evolution	
  of	
  

resistance	
   to	
   DCV.	
   Hence,	
   our	
   results	
   do	
   not	
   support	
   the	
   maintenance	
   of	
  

diversity	
   via	
   antagonistic	
   pleiotropy	
   [3].	
   This	
   does	
   not	
   rule	
   out	
   that	
  

tradeoffs	
   with	
   susceptibility	
   to	
   other	
   parasites	
   exist,	
   which	
   we	
   have	
   not	
  

included	
   in	
   our	
   tests.	
   Still,	
   for	
   the	
   parasites	
   tested,	
   we	
   show	
   evolution	
   of	
  

positively	
   correlated	
   responses,	
   which	
   depend	
   on	
   different	
   genetic	
  

architectures	
   in	
  a	
  parasite-­‐specific	
  manner.	
  This	
  raises	
  the	
  possibility	
  that,	
  

even	
   in	
   cases	
   where	
   a	
   generalized	
   response	
   evolves,	
   specificities	
   at	
   the	
  

genetic	
  level	
  may	
  lead	
  to	
  different	
  genetic	
  responses	
  in	
  environments	
  with	
  

qualitatively	
   different	
   parasite	
   challenges.	
   This	
   extends	
   the	
   possibility	
   of	
  

maintaining	
   genetic	
   diversity	
   across	
   host	
   populations	
   [42],	
   even	
   when	
  

phenotypic	
  responses	
  suggest	
  a	
  generalized	
  response	
  to	
  several	
  parasites.	
  A	
  

formal	
   test	
   of	
   this	
   hypothesis	
   will	
   require	
   evolving	
   and	
   resequencing	
  

outbred	
   populations	
   in	
   environments	
   with	
   different	
   combinations	
   of	
  

viruses.	
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It	
  is	
  generally	
  believed	
  that	
  the	
  occurrence	
  of	
  specific	
  host	
  genotype	
  

x	
   parasite	
   genotype	
   interactions	
   (Gh	
   ×	
   Gp)	
   relies	
   on	
   simple	
   genetic	
   bases	
  

[43–45].	
  Here,	
  we	
  show	
  that	
  although	
  the	
  genetic	
  basis	
  of	
  host	
  adaptation	
  to	
  

a	
  parasite	
  is	
  simple,	
  a	
  generalist	
  response	
  has	
  evolved.	
  Therefore,	
  a	
  simple	
  

genetic	
  basis	
  is	
  a	
  necessary	
  but	
  not	
  sufficient	
  condition	
  for	
  the	
  evolution	
  of	
  

specific	
  interactions.	
  However,	
  it	
  should	
  be	
  noted	
  that	
  our	
  findings	
  concern	
  

the	
   outcome	
   of	
   an	
   evolutionary	
   process	
   in	
   which	
   no	
   coevolution	
   has	
  

occurred.	
   Therefore,	
   more	
   studies	
   identifying	
   the	
   genetic	
   basis	
   of	
  

coevolution	
  are	
  required	
  [44,	
  46].	
  In	
  particular,	
  it	
  will	
  be	
  highly	
  informative	
  

to	
   compare	
   the	
   genetic	
   architecture	
   of	
   cross-­‐correlations	
   in	
   coevolved	
  

systems	
  with	
  that	
  of	
  the	
  present	
  study.	
  

	
  

Materials	
  and	
  Methods	
  

Fly	
  Populations	
  

We	
   used	
   an	
   outbred	
   population	
   of	
   D.	
   melanogaster	
   founded	
   and	
  

maintained	
  as	
  described	
  in	
  Martins	
  et	
  al.	
  [15]	
  and	
  kept	
  it	
  at	
  a	
  high	
  effective	
  

populations	
   size	
   (SI	
   Materials	
   and	
   Methods).	
   Before	
   the	
   initiation	
   of	
  

experimental	
   evolution,	
   this	
   population	
   was	
   serially	
   expanded	
   for	
   two	
  

generations	
  to	
  allow	
  the	
  establishment	
  of	
  36	
  new	
  populations	
  of	
  which	
  12	
  

were	
   used	
   in	
   this	
   work.	
   Unless	
   otherwise	
   noted,	
   flies	
   were	
   maintained	
  

under	
   constant	
   temperature	
   (25	
   °C),	
   humidity	
   (60–70%),	
   and	
   light–

darkness	
   cycle	
   (12:12);	
   and	
   fed	
   with	
   a	
   standard	
   cornmeal–agar	
   medium.	
  

The	
   populations	
   were	
   fully	
   infected	
   with	
  Wolbachia	
   at	
   the	
   onset	
   of	
   the	
  

experiment,	
   and	
   this	
   infection	
   status	
   of	
   the	
   populations	
   was	
   monitored	
  

throughout	
  the	
  experiment.	
  

	
  

Parasite	
  Stocks	
  and	
  Cultures	
  

DCV,	
   CrPV	
   (a	
   gift	
   from	
   Peter	
   Christian,	
   National	
   Institute	
   for	
  

Biological	
   Standards	
   and	
  Control,	
   Potters	
  Bar,	
  United	
  Kingdom),	
   and	
   FHV,	
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were	
  grown	
  and	
  titrated	
  as	
  described	
  before	
  [27].	
  Virus	
  aliquots	
  were	
  kept	
  

at	
  −80	
  °C	
  and	
   thawed	
  before	
   infection.	
  P.	
  entomophila	
   and	
  E.	
  faecalis	
  were	
  

generous	
  gifts	
  from	
  B.	
  Lemaitre	
  (École	
  Polytechnique	
  Fédérale	
  de	
  Lausanne,	
  

Lausanne,	
   Switzerland)	
   and	
   T.	
   Rival	
   (Aix-­‐Marseille	
   Université,	
   Centre	
  

National	
   de	
   la	
   Recherche	
   Scientifique,	
   Institut	
   de	
   Biologie	
   du	
  

Développement	
   de	
   Marseille-­‐Luminy,	
   Marseille,	
   France),	
   respectively.	
  

Bacteria	
   stocks	
   were	
   kept	
   in	
   glycerol	
   at	
   −80	
   °C.	
   Before	
   use,	
   they	
   were	
  

streaked	
   in	
   fresh	
   Petri	
   dishes,	
   then	
   a	
   single	
   colony	
  was	
   picked	
   and	
   let	
   to	
  

grow	
  in	
  LB	
  at	
  30	
  °C	
  (P.	
  entomophila)	
  or	
  37	
  °C	
  (E.	
  faecalis).	
  The	
  culture	
  was	
  

then	
  centrifuged	
  and	
  adjusted	
  to	
  the	
  desired	
  OD.	
  

	
  

Experimental	
  Evolution	
  

Starting	
   from	
   the	
   base	
   population,	
   we	
   derived	
   12	
   lines	
   evolving	
  

under	
   3	
   different	
   regimes	
   (4	
   replicates	
   per	
   treatment).	
   In	
   the	
   VirSys	
  

treatment,	
  adult	
  flies	
  were	
  pricked	
  in	
  the	
  thoracic	
  region	
  with	
  DCV	
  [2	
  ×	
  107	
  

tissue	
   culture	
   ID50	
   (TCID50)]	
   at	
   each	
   generation.	
   A	
   second	
   treatment	
  

consisted	
  of	
  a	
  control	
  for	
  pricking,	
  in	
  which	
  the	
  needle	
  was	
  dipped	
  in	
  sterile	
  

medium	
  (ContSys).	
  Finally,	
  a	
  second	
  group	
  of	
  control	
  lines	
  consisted	
  of	
  flies	
  

kept	
   in	
   standard	
   food	
   without	
   being	
   pricked	
   (control).	
   No	
   differences	
  

between	
  ContSys	
  and	
  control	
  lines	
  were	
  found	
  for	
  any	
  test	
  made	
  with	
  both	
  

sets	
  of	
  lines.	
  The	
  dose	
  of	
  DCV	
  that	
  was	
  used	
  caused	
  an	
  average	
  mortality	
  of	
  

66%	
  in	
  the	
  initial	
  population	
  10	
  d	
  after	
  infection	
  (Figure	
  S4).	
  

These	
  treatments	
  were	
  administrated	
  to	
  310	
  males	
  and	
  310	
  females	
  

(4–6	
  d	
   after	
   eclosion).	
   Selection	
   lines	
  were	
   kept	
   in	
   large	
  population	
   cages	
  

and	
  surviving	
  individuals	
  mated	
  randomly;	
  reproduction	
  took	
  place	
  at	
  days	
  

5–7	
  after	
  infection	
  by	
  providing	
  fresh	
  oviposition	
  substrate.	
  The	
  number	
  of	
  

individuals	
   in	
   the	
   control	
   populations	
   was	
   always	
   reduced	
   to	
   the	
   initial	
  

number	
  of	
  infected	
  individuals	
  (i.e.,	
  600).	
  

Egg	
   density	
   was	
   limited	
   to	
   400	
   per	
   cup,	
   a	
   density	
   determined	
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experimentally	
  to	
  enable	
  optimal	
  larval	
  development.	
  Each	
  generation	
  cycle	
  

lasted	
  3	
  weeks.	
  Before	
  the	
  beginning	
  of	
  the	
  experiment,	
  absence	
  of	
  vertical	
  

transmission	
  of	
  the	
  parasite	
  to	
  the	
  progeny	
  was	
  verified	
  (Figure	
  S5).	
  

To	
   monitor	
   survival	
   across	
   generations,	
   we	
   infected	
   at	
   each	
   generation	
  

additional	
  sample	
  males	
  and	
  female	
  flies	
   from	
  each	
  of	
  the	
  VirSys	
   lines	
  and	
  

control	
   lines	
   and	
   monitored	
   their	
   survival	
   in	
   vials	
   for	
   at	
   least	
   10	
   days	
  

(Dataset	
  S1).	
  

	
  

Parasite	
  Loads	
  

Virus	
  quantifications	
  were	
  performed	
  as	
  described	
  in	
  Teixeira	
  et	
  al.	
  

[27]	
  with	
  minor	
  modifications.	
   For	
   each	
   assay,	
   75–125	
   females	
   from	
  each	
  

population	
  of	
  ContSys	
  and	
  VirSys	
  at	
  generation	
  33	
  were	
   infected	
  as	
   in	
   the	
  

survival	
   assays.	
   Surviving	
   flies	
   were	
   collected	
   on	
   day	
   5	
   after	
   infection,	
  

pooled	
   in	
  5	
  replicates	
  of	
  10	
   individuals	
  per	
  population,	
  and	
  snap-­‐frozen	
  in	
  

liquid	
  N2.	
  RNA	
  was	
  extracted	
  using	
  TRIZOL.	
  To	
  avoid	
  possible	
  artifacts	
  due	
  

to	
  different	
  maternal	
   effects,	
   flies	
   used	
   in	
   these	
   tests	
  were	
   the	
  progeny	
  of	
  

flies	
  that	
  spent	
  one	
  generation	
  in	
  a	
  common	
  environment	
  without	
  the	
  virus.	
  

	
  

Wolbachia	
  

Wolbachia-­‐free	
   replicates	
   of	
   the	
   ContSys	
   and	
   VirSys	
   populations	
  

were	
  derived	
  at	
  generation	
  25,	
  by	
  raising	
  the	
  progeny	
  for	
  two	
  generations	
  

on	
  food	
  with	
  tetracycline	
  (0.05	
  mg/mL).	
  Two	
  generations	
  after	
  tetracycline	
  

treatment,	
   100	
   individuals	
   (males	
   and	
   females)	
   from	
   each	
   replicate	
  

population	
   of	
   the	
   VirSys	
   and	
   ContSys	
   selection	
   regimes	
   and	
   their	
  

Wolbachia-­‐free	
  counterparts,	
  were	
  systemically	
  infected	
  with	
  DCV	
  and	
  their	
  

survival	
  was	
  followed	
  for	
  16	
  days.	
  

	
  

Cross-­‐Resistance	
  with	
  Other	
  Parasites	
  

To	
  test	
  how	
  adaptation	
  to	
  a	
  specific	
  parasite	
  affected	
  host	
  responses	
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to	
  other	
  parasites,	
  100	
  individuals	
  (males	
  and	
  females)	
  from	
  each	
  replicate	
  

population	
   of	
   the	
   VirSys	
   and	
   ContSys	
   selection	
   regimes,	
   which	
   had	
   spent	
  

one	
  generation	
  in	
  a	
  common	
  environment,	
  were	
  systemically	
  infected	
  with	
  

the	
   following	
  parasites:	
  CrPV	
   (undetermined	
  TCID50),	
  FHV	
   (TCID50	
  =	
  5	
  ×	
  

106),	
   P.	
   entomophila	
   (OD600	
   =	
   0.01),	
   and	
   E.	
   faecalis	
   (OD600	
   =	
   3).	
   These	
  

tests	
  were	
  performed	
  at	
  generations	
  15,	
  20,	
  25,	
  and	
  30	
  (DCV);	
  15,	
  20,	
  and	
  

30	
  (FHV);	
  15	
  and	
  25	
  (P.	
  entomophila);	
  15	
  and	
  35	
  (CrPV);	
  and	
  at	
  34	
  and	
  35	
  

(E.	
  faecalis).	
  

	
  

Whole-­‐Genome	
  Sequencing	
  

Genomic	
  DNA	
  preparation	
  and	
  sequencing	
  were	
  done	
  as	
  in	
  Orozco-­‐

terWengel	
  et	
  al.	
  [9].	
  Briefly,	
  a	
  pool	
  of	
  200	
  individuals	
  of	
  each	
  selection	
  line	
  

was	
   homogenized	
   with	
   an	
   Ultraturrax	
   T10	
   (IKA-­‐Werke),	
   and	
   DNA	
   was	
  

extracted	
   from	
   the	
   homogenate	
   using	
   a	
   high-­‐salt	
   extraction	
   protocol.	
  

Genomic	
   DNA	
   was	
   sheared	
   using	
   a	
   Covaris	
   S2	
   device	
   (Covaris,	
   Inc.)	
   and	
  

paired-­‐end	
  libraries	
  were	
  prepared	
  using	
  the	
  TruSeq	
  v2	
  DNA	
  Sample	
  Prep	
  

Kit	
  (Illumina).	
  Libraries	
  were	
  size-­‐selected	
  for	
  a	
  mean	
  insert	
  size	
  of	
  300	
  bp	
  

on	
   agarose	
   gels	
   and	
   amplified	
  with	
   10	
  PCR	
   cycles,	
   and	
   2×	
   100-­‐bp	
  paired-­‐

end	
   reads	
   were	
   sequenced	
   on	
   a	
   HiSeq	
   2000	
   (Illumina).	
   Three	
   groups	
   of	
  

populations	
   were	
   sequenced:	
   four	
   replicates	
   of	
   the	
   base	
   population	
  

(“ancestral”)	
  and	
  four	
  replicates	
  of	
  the	
  ContSys	
  and	
  VirSys	
  selection	
  regimes	
  

at	
  generation	
  20.	
  

	
  

Read	
  Quality	
  Control	
  and	
  Mapping	
  	
  

Reads	
  were	
  mapped	
  following	
  the	
  previously	
  described	
  pipeline	
  for	
  

Pool-­‐Seq	
   analysis.	
   Briefly,	
   100-­‐bp	
   paired-­‐end	
   reads	
   were	
   filtered	
   for	
   a	
  

minimum	
  average	
  base	
  quality	
  score	
  of	
  18	
  and	
  trimmed	
  using	
  PoPoolation	
  

[28].	
   Reads	
   with	
   a	
   minimum	
   length	
   ≥50	
   bp	
   were	
   then	
  mapped	
   against	
   a	
  

reference	
   containing	
   the	
   FlyBase	
   D.	
   melanogaster	
   genome	
   r5.38	
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(http://flybase.org).	
  For	
  details	
  on	
  filtering	
  parameters	
  and	
  coverage,	
  see	
  SI	
  

Materials	
  and	
  Methods.	
  

	
  

SNP	
  Calling	
  

Only	
  SNPs	
   that	
  met	
   the	
   following	
  quality	
   criteria	
  were	
   considered:	
  

(i)	
   occurrence	
   in	
   at	
   least	
   2	
   replicate	
  populations,	
   (ii)	
   the	
  minor	
   allele	
  was	
  

covered	
   by	
   at	
   least	
   10	
   reads	
   across	
   all	
   populations	
   analyzed,	
   and	
   (iii)	
   the	
  

maximum	
  coverage	
  did	
  not	
  exceed	
  500.	
  

	
  

Genetic	
  Diversity	
  	
  

To	
   characterize	
   genome-­‐wide	
   patterns	
   of	
   genetic	
   diversity,	
   we	
  

estimated	
   per-­‐site	
   heterozygosity	
   (π),	
   following	
   the	
   PoPoolation	
   analysis	
  

pipeline	
   [28].	
  We	
   only	
   considered	
   polymorphic	
   sites	
   for	
  which	
   the	
  minor	
  

allele	
  was	
  supported	
  by	
  at	
  least	
  two	
  reads	
  after	
  standardizing	
  the	
  coverage	
  

to	
   30	
   reads	
   per	
   site,	
   and	
   used	
   unbiased	
   estimators	
   for	
   pooled	
   data	
   that	
  

correct	
  for	
  pool	
  size	
  and	
  coverage	
  [28,	
  47].	
  For	
  graphical	
  representation,	
  we	
  

calculated	
  average	
  values	
  in	
  sliding	
  500-­‐kb	
  windows,	
  with	
  a	
  step	
  size	
  of	
  100	
  

kb	
  across	
  the	
  entire	
  genome	
  (Figure	
  S1A).	
  

	
  

Identification	
  of	
  Candidate	
  SNPs	
  

We	
  used	
  the	
  Cochran–Mantel–Haenszel	
  (CMH)	
  test,	
  as	
  implemented	
  

in	
   PoPoolation2	
   [48]	
   to	
   identify	
   SNPs	
   with	
   changes	
   in	
   allele	
   frequencies	
  

between	
   the	
   different	
   regimes	
   that	
   were	
   consistent	
   among	
   replicates	
   as	
  

described	
  in	
  Orozco-­‐terWengel	
  et	
  al.	
  [9]	
  (SI	
  Materials	
  and	
  Methods).	
  

	
  

RNAi	
  

We	
   performed	
   in	
   vivo	
   RNAi	
   knockdown	
   assays	
   for	
   the	
   candidate	
  

genes	
  in	
  the	
  3L	
  and	
  X	
  (pst	
  and	
  Ubc-­‐E2H)	
  and	
  for	
  a	
  set	
  of	
  genes	
  in	
  the	
  3L	
  peak	
  

of	
   differentiation,	
   selected	
   according	
   to	
  whether	
   (i)	
   they	
   had	
   significantly	
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differentiated	
   nonsynonymous	
   SNPs	
   or	
   (ii)	
   gene	
   ontology	
   or	
   previous	
  

functional	
  assays	
  suggested	
  a	
  role	
  in	
  antiviral	
  immunity.	
  We	
  took	
  advantage	
  

of	
  the	
  two	
  large	
  RNAi	
  collections	
  of	
  the	
  Vienna	
  Drosophila	
  RNAi	
  Center	
  [49],	
  

and	
   used	
   the	
   Gal80ts/Tub-­‐Gal4	
   inducible	
   system	
   as	
   a	
   rescue	
   from	
  

developmental	
  lethality.	
  The	
  tested	
  constructs	
  are	
  shown	
  in	
  Table	
  S2.	
  More	
  

details	
  are	
  available	
  in	
  SI	
  Materials	
  and	
  Methods.	
  

	
  

Statistical	
  Analysis	
  

All	
   statistical	
   analyses	
   were	
   done	
   using	
   R	
   (Version	
   2.15;	
   www.r-­‐

project.org).	
  Full	
  details	
  are	
  provided	
  in	
  SI	
  Materials	
  and	
  Methods.	
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Abstract	
  	
  

Pathogens	
  exert	
  a	
  strong	
  selective	
  pressure	
  on	
  hosts,	
  entailing	
  host	
  

adaptation	
   to	
   infection.	
   This	
   adaptation	
   often	
   affects	
   negatively	
   other	
  

fitness-­‐related	
   traits.	
   Such	
   trade-­‐offs	
   may	
   underlie	
   the	
   maintenance	
   of	
  

genetic	
   diversity	
   for	
   pathogen	
   resistance.	
   Trade-­‐offs	
   can	
   be	
   tested	
   with	
  

experimental	
  evolution	
  of	
  host	
  populations	
  adapting	
  to	
  parasites,	
  using	
  two	
  

approaches:	
   (a)	
   measuring	
   changes	
   in	
   immunocompetence	
   in	
   relaxed-­‐

selection	
   lines	
  and	
  (b)	
  comparing	
   life-­‐history	
   traits	
  of	
  evolved	
  and	
  control	
  

lines	
   in	
   pathogen-­‐free	
   environments.	
   Here,	
   we	
   used	
   both	
   approaches	
   to	
  

examine	
   trade-­‐offs	
   in	
   D.	
   melanogaster	
   populations	
   evolving	
   for	
   over	
   30	
  

generations	
   under	
   infection	
   with	
   Drosophila	
   C	
   Virus	
   or	
   the	
   bacterium	
  

Pseudomonas	
  entomophila,	
   the	
  latter	
  through	
  different	
  routes.	
  We	
  find	
  that	
  

resistance	
   is	
   maintained	
   after	
   up	
   to	
   30	
   generations	
   of	
   relaxed	
   selection.	
  

Moreover,	
   no	
   differences	
   in	
   several	
   classical	
   life-­‐history	
   traits	
   between	
  

control	
   and	
   evolved	
   populations	
   were	
   found	
   in	
   pathogen-­‐free	
  

environments,	
  even	
  under	
  stresses	
  such	
  as	
  desiccation,	
  nutrient	
   limitation	
  

and	
   high	
   densities.	
   Hence,	
   we	
   did	
   not	
   detect	
   any	
   maintenance	
   costs	
  

associated	
   with	
   evolved	
   resistance	
   to	
   pathogens.	
   We	
   hypothesize	
   that	
  

extremely	
   high	
   selection	
   pressures	
   commonly	
   used	
   lead	
   to	
   the	
  

disproportionate	
   expression	
   of	
   costs	
   relative	
   to	
   their	
   actual	
   occurrence	
   in	
  

natural	
   systems.	
   Still,	
   the	
   maintenance	
   of	
   genetic	
   variation	
   for	
   pathogen	
  

resistance	
  calls	
  for	
  an	
  explanation.	
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Introduction	
  

Several	
   studies	
   have	
   shown	
   that	
   resistance	
   to	
   pathogens	
   evolves	
  

rapidly	
   in	
   host	
   populations	
   [1–5].	
   This	
   indicates	
   that	
   standing	
   genetic	
  

variation	
   (SGV)	
   for	
   host	
   resistance	
   to	
   parasites	
   is	
   maintained	
   in	
   most	
  

systems.	
  However,	
  parasites	
  are	
  ubiquitous	
  and	
   they	
  pose	
  a	
   strong	
   fitness	
  

cost	
  upon	
  hosts.	
  Hence,	
  high	
  resistance	
  should	
  be	
  fixed	
  in	
  host	
  populations.	
  

In	
   other	
   words,	
   the	
   seemingly	
   paradoxical	
   occurrence	
   of	
   SGV	
   for	
   traits	
  

involved	
   in	
   fighting	
   pathogenic	
   infections	
   calls	
   for	
   an	
   explanation.	
   Such	
  

maintenance	
   is	
   often	
   attributed	
   to	
   the	
   occurrence	
   of	
   a	
   trade-­‐off	
   between	
  

resistance	
   to	
   pathogens	
   and	
   other	
   fitness-­‐related	
   traits	
   (for	
   a	
   review	
   see	
  

[6]).	
  

	
   Experimental	
  evolution	
  allows	
  for	
  robust	
  tests	
  of	
  the	
  occurrence	
  of	
  

evolutionary-­‐relevant	
  genetic	
  trade-­‐offs.	
  Indeed,	
  with	
  this	
  methodology,	
  the	
  

ancestral	
   state	
   is	
  known,	
  hence	
  comparisons	
  between	
  control	
  and	
  evolved	
  

lines	
   allows	
   identifying	
   traits	
  modified	
   by	
   a	
   specific	
   selection	
   pressure	
   as	
  

well	
   as	
   correlated	
   responses	
   to	
   selection.	
   Moreover,	
   the	
   method	
   avoids	
  

spurious	
   correlations	
   due	
   to	
   individuals	
   (or	
   their	
   parents)	
   having	
   been	
   in	
  

different	
  conditions,	
  or	
  subject	
  to	
  different	
  recent	
  evolutionary	
  histories	
  [7,	
  

8].	
  

Trade-­‐offs	
   between	
   immunity	
   and	
   fitness-­‐related	
   traits	
   in	
  

experimentally-­‐evolving	
   lines	
   are	
   tested	
   using	
   two	
  main	
   approaches.	
   The	
  

first	
  consists	
  in	
  creating	
  lines	
  of	
  relaxed	
  selection	
  [9–12].	
  These	
  lines	
  derive	
  

from	
   populations	
   evolving	
   in	
   the	
   presence	
   of	
   the	
   pathogen	
   and	
   are	
   then	
  

placed	
  for	
  several	
  generations	
  in	
  pathogen-­‐free	
  conditions.	
  The	
  occurrence	
  

of	
   a	
   trade-­‐off	
   is	
   inferred	
   if	
   individuals	
   from	
   these	
   lines	
   show	
   a	
   lower	
  

performance	
   when	
   exposed	
   to	
   pathogens,	
   as	
   compared	
   to	
   the	
   pathogen-­‐

resistant	
   ancestral	
   population	
   they	
   were	
   derived	
   from.	
   In	
   short,	
   a	
   costly	
  

defense	
   is	
   expected	
   to	
   be	
   rapidly	
   lost	
   in	
   the	
   absence	
   of	
   the	
   pathogen	
   it	
  

targets.	
  This	
   logic	
   is	
  appealing	
  but	
  may	
  not	
  be	
  universal.	
   Indeed,	
  reverting	
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to	
   the	
   ancestral	
   state	
   may	
   be	
   prevented	
   by	
   the	
   loss	
   of	
   genetic	
   variation	
  

allowing	
  for	
  such	
  a	
  reversion,	
  although	
  this	
  possibility	
  is	
  seldom	
  tested	
  (but	
  

see	
   [13].	
   Alternatively,	
   resistance	
   may	
   be	
   costly	
   but	
   evolution	
   in	
   a	
  

pathogen-­‐free	
   environment	
   selects	
   for	
   mutations	
   that	
   compensate	
   such	
  

cost.	
  This	
  is	
  widely	
  shown	
  in	
  antibiotic-­‐resistant	
  bacteria	
  (reviewed	
  in	
  [14])	
  

but	
  has	
  never	
  been	
  tested	
  in	
  multicellular	
  sexual	
  species,	
  possibly	
  because	
  it	
  

relies	
   upon	
   the	
   appearance	
   of	
   novel	
   mutations,	
   which	
   require	
   large	
  

populations	
  and	
  a	
  high	
  number	
  of	
  generations.	
  

Another	
   possible	
   approach	
   to	
   test	
   such	
   costs	
   is	
   by	
   measuring	
   the	
  

performance	
   of	
   individuals	
   from	
   lines	
   selected	
   for	
   pathogen	
   resistance	
  

when	
  placed	
  in	
  a	
  pathogen-­‐free	
  environment	
  [1–4,	
  12,	
  15–19].	
  Under	
  such	
  

an	
  approach,	
  several	
  life-­‐history	
  traits,	
  thought	
  to	
  correlate	
  with	
  fitness,	
  can	
  

be	
  measured.	
  Moreover,	
  these	
  tests	
  can	
  be	
  done	
  in	
  several	
  environments.	
  

Irrespective	
   of	
   the	
   method	
   used,	
   all	
   studies	
   addressing	
   the	
  

consequences	
  of	
  the	
  evolution	
  of	
  pathogen	
  resistance	
  have	
  found	
  a	
  cost	
  for	
  

this	
   trait,	
  with	
   two	
  exceptions.	
  First,	
  using	
  both	
  methods	
  described	
  above,	
  

adaptation	
  of	
  the	
  cabbage	
  looper	
  to	
  a	
  virus	
  was	
  found	
  to	
  be	
  free	
  of	
  cost	
  [20].	
  

Second,	
   Meyer	
   and	
   colleagues	
   [10]	
   found	
   no	
   cost	
   in	
   E.	
   coli	
   resistance	
   to	
  

phage	
  T6	
   (but	
   a	
   cost	
   in	
   resistance	
   to	
   other	
  phages).	
   Therefore,	
   such	
   costs	
  

seem	
  to	
  be	
  the	
  rule,	
  with	
  few	
  exceptions.	
  This	
  ubiquity	
  of	
  costs	
  to	
  immunity	
  

lends	
  support	
  to	
  the	
  hypothesis	
  that	
  such	
  costs	
  underlie	
  the	
  maintenance	
  of	
  

SGV	
  for	
  host	
  resistance	
  [21].	
  

Experimental	
   evolution	
   using	
   Drosophila	
   as	
   a	
   model	
   host	
   has	
  

repeatedly	
  shown	
  that	
  the	
  evolution	
  of	
  resistance	
  to	
  pathogens	
  is	
  costly	
  [2,	
  

11,	
   16,	
   18,	
   22].	
   In	
   our	
   previous	
   work,	
   we	
   have	
   performed	
   experimental	
  

evolution	
  of	
  an	
  outbred	
  population	
  of	
  Drosophila	
  melanogaster	
  adapting	
  to	
  

infection	
  with	
   different	
   pathogens,	
  Drosophila	
   C	
   virus	
   (DCV)	
  or	
   the	
   gram-­‐

negative	
  bacterium	
  P.	
  entomophila,	
  the	
  latter	
  being	
  administrated	
  via	
  either	
  

an	
  oral	
  or	
  a	
  systemic	
  route	
  [5,	
  23].	
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We	
  found	
  that	
  these	
  populations	
  increased	
  resistance	
  against	
  these	
  

challenges	
  within	
   few	
  generations,	
   thereby	
  demonstrating	
   the	
  presence	
  of	
  

ample	
   SGV	
   for	
   this	
   trait.	
   Here,	
  we	
   took	
   advantage	
   of	
   this	
   resource	
   to	
   test	
  

whether	
  Drosophila	
   resistance	
   to	
   such	
   immune	
   challenges	
   entailed	
   a	
   cost.	
  

We	
   did	
   this	
   using	
   the	
   two	
   approaches	
   mentioned	
   above:	
   1)	
   we	
   created	
  

relaxed-­‐selection	
  lines,	
  i.e.,	
   lines	
  in	
  which	
  selection	
  for	
  pathogen	
  resistance	
  

was	
  relaxed,	
  and	
  tested	
  for	
  its	
  maintenance	
  over	
  several	
  generations;	
  and	
  2)	
  

we	
  compared	
  the	
  values	
  of	
  several	
  life-­‐history	
  traits	
  in	
  control	
  and	
  evolved	
  

lines	
   in	
   several	
   pathogen-­‐free	
   environments,	
   including	
   the	
   ancestral	
  

environment.	
  	
  

	
  

Results	
  

Maintenance	
  of	
  resistance	
  under	
  relaxed	
  selection	
  

For	
  all	
  pathogen	
  challenges,	
  significant	
  differences	
  in	
  survival	
  were	
  

found	
  among	
  Control,	
  Selection,	
  and	
  Relaxed-­‐Selection	
   lines	
  (Figure	
  2.6.1B	
  

and	
   Table	
   S1).	
   This	
   effect	
   was	
   mainly	
   caused	
   by	
   the	
   difference	
   between	
  

Control	
   and	
   either	
   Selection	
  or	
  Relaxed-­‐Selection	
   lines	
   (Figure	
  2.6.1B).	
   To	
  

get	
  a	
  more	
  detailed	
  description	
  of	
  mortality	
  dynamics	
  upon	
  infection	
  of	
  the	
  

different	
   selection	
   lines,	
   we	
   also	
   measured	
   survival	
   over	
   10	
   days	
   after	
  

infection	
   in	
   flies	
   from	
   the	
   last	
   generation	
   of	
   selection	
   (Figure	
   2.6.1C	
   and	
  

Table	
  S5).	
  

Differences	
   between	
   both	
   Selection	
   and	
   Relaxed-­‐Selection	
   lines	
   to	
  

Controls	
  were	
   always	
   significant	
   in	
   the	
  BactSys,	
   BactOral	
   and	
  VirSys	
   lines	
  

(Figure	
  2.6.1B	
  and	
  2.6.1C),	
  either	
  globally	
  (|z|	
  >	
  23.5,	
  P	
  <	
  0.001,	
  |z|	
  >	
  29.3,	
  P	
  

<	
   0.001	
   and	
   |z|	
   >	
   37.2,	
  P	
   <	
   0.001,	
   respectively),	
   at	
   each	
   generation	
   (|z|	
   >	
  

7.31,	
  P	
  <	
  0.001,	
  |z|	
  >	
  5.7,	
  P	
  <	
  0.001	
  and	
  |z|	
  >	
  9.46,	
  P	
  <	
  0.001,	
  respectively,	
  for	
  

all	
   comparisons),	
   or	
   when	
   comparing	
   mortality	
   dynamics	
   in	
   the	
   last	
  

generation	
  of	
  selection	
  (|z|	
  >	
  5.58,	
  P	
  <	
  0.001,	
  |z|	
  >	
  10.06,	
  P	
  <	
  0.001	
  and	
  |z|	
  >	
  

6.30,	
   P	
  <	
   0.001,	
   respectively,	
   for	
   all	
   comparisons).	
   Excluding	
   in	
   the	
   third	
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generation	
  of	
   relaxed	
   selection,	
  where	
   the	
  Relaxed-­‐Selection	
   lines	
   showed	
  

significantly	
   lower	
  mortality	
  the	
  Selection	
   lines	
  (|z|	
  =	
  -­‐2.87,	
  P	
  =	
  0.029),	
  we	
  

Figure	
   2.6.1	
   –	
   Increased	
   immunocompetence	
   is	
   maintained	
   in	
  
relaxed-­‐selection	
  populations.	
  (A)	
  Diagram	
  representing	
  the	
  different	
  
selection	
  regimes	
  used	
  in	
  this	
  study.	
  Lines	
  represented	
  by	
  solid	
  branches	
  
were	
  challenged	
  with	
  a	
  pathogen	
  at	
  every	
  generation	
  (Selection)	
  or	
  kept	
  
unchallenged	
  (Control).	
  From	
  each	
  Selection	
  line,	
  a	
  line	
  was	
  derived	
  and	
  
maintained	
   in	
   the	
   ancestral	
   environment	
   (dashed	
   lines,	
   Relaxed-­‐
Selection).	
   (B)	
   Mean	
   survival	
   (±	
   95%	
   CI)	
   10	
   days	
   post-­‐infection	
   of	
  
individuals	
   from	
   Control	
   (circles),	
   Selection	
   (squares)	
   and	
   Relaxed-­‐
Selection	
   (triangles)	
   lines,	
  across	
  10	
  to	
  15	
  generations	
  (see	
  Materials	
  &	
  
Methods).	
  (C)	
  Dynamics	
  of	
  survival	
  after	
   infection	
  at	
  the	
  last	
  generation	
  
of	
   relaxed	
   selection.	
   Control	
   lines	
   die	
   much	
   faster	
   than	
   either	
   of	
   its	
  
counterparts,	
   Selection	
   or	
   Relaxed-­‐Selection	
   lines,	
   which	
   display	
  
comparable	
  profiles.	
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did	
   not	
   observe	
   significant	
   differences	
   between	
   these	
   lines	
   at	
   different	
  

generations	
  (|z|	
  <	
  1.38,	
  P	
  >	
  0.999,	
  for	
  all	
  comparisons),	
  nor	
  in	
  the	
  mortality	
  

dynamics	
   in	
   the	
   last	
   generation	
   of	
   Selection	
   (|z|	
   =	
   0.83,	
  P	
  =	
  0.405).	
   In	
   the	
  

VirSys	
   vs.	
   VirSys-­‐Relaxed	
   comparisons,	
   no	
   differences	
   were	
   found	
   when	
  

comparing	
   survival	
   at	
   each	
   generation	
   (|z|	
   <	
   2.49,	
   P	
   >	
   0.4,	
   for	
   all	
  

comparisons),	
   nor	
   when	
   comparing	
   the	
   mortality	
   dynamics	
   in	
   the	
   last	
  

generation	
  (|z|	
  =	
  0.38,	
  p	
  P	
  =	
  0.704;	
  Tables	
  S2	
  and	
  S6).	
  We	
  also	
  did	
  not	
  find	
  a	
  

significant	
   difference	
   in	
   the	
   linear	
   slope	
   of	
   survival	
   across	
   generations	
  

between	
   the	
   different	
   selection	
   regimes	
   (GLMM,	
   Generation	
   X	
   Selection	
  

Regime	
  effect,	
  χ22	
  <	
  3.79,	
  P	
  >	
  0.150),	
  despite	
  a	
  significant	
  Generation	
  effect	
  

(Generation	
  effect,	
  χ21	
  >	
  18.67,	
  P	
  <	
  0.001),	
  indicating	
  no	
  differences	
  between	
  

the	
   regimes	
   in	
   the	
   overall	
   trend	
   in	
   survival	
   across	
   generations	
   (Tables	
   S3	
  

and	
  S4).	
  

In	
  contrast,	
  there	
  was	
  a	
  significant	
  difference,	
  between	
  the	
  BactOral	
  

lines	
   and	
   their	
  matched-­‐Relaxed	
  Selection	
   lines	
   (|z|	
   =	
  5.8,	
  P	
  <	
  0.001),	
   in	
  4	
  

generations	
   across	
   the	
   experiment,	
   including	
   in	
   the	
   last	
   generation	
   of	
  

selection	
  (|z|	
  =	
  3.63,	
  P	
  <	
  0.001)	
  (Table	
  S2	
  and	
  S4).	
  This	
  difference	
  cannot	
  be	
  

attributed	
  to	
  either	
  an	
  increased	
  relative	
  mortality	
  in	
  the	
  Relaxed-­‐Selection	
  

lines	
   (comparison	
   between	
   Control	
   and	
   Relaxed-­‐Selection	
   lines	
   remained	
  

constant	
   across	
   generations,	
   |z|	
   <	
   1.74,	
   P	
   >	
   0.9)	
   or	
   a	
   decrease	
   relative	
  

mortality	
  in	
  the	
  Selection	
  lines	
  (comparison	
  between	
  Control	
  and	
  Selection	
  

lines	
  remained	
  constant,	
  |z|	
  <	
  2.76,	
  P	
  >	
  0.53).	
  

To	
   explore	
   the	
   reason	
   for	
   this	
   difference,	
   we	
   tested	
   changes	
   in	
  

absolute	
   survival	
   across	
   generations,	
   separately	
   for	
   the	
   Selection,	
   Control	
  

and	
  Relaxed	
  Selection	
  Lines.	
  In	
  this	
  analysis,	
  whereas	
  in	
  the	
  Selection	
  lines	
  

survival	
   increased	
   significantly	
   (|z|	
   =	
   3.74,	
   P	
   <	
   0.001),	
   this	
   trait	
   did	
   not	
  

change	
   significantly	
   in	
   Relaxed	
   Selection	
   and	
   Control	
   lines	
   over	
   11	
  

generations	
  (|z|	
  =	
  1.44,	
  P	
  =	
  0.450	
  and	
  |z|	
  =	
  1.29,	
  P	
  =	
  0.595,	
  respectively).	
  In	
  

agreement	
  with	
  this	
  finding,	
  we	
  also	
  did	
  not	
  find	
  a	
  significant	
  difference	
  in	
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the	
   linear	
   slope	
   of	
   survival	
   across	
   generations	
   among	
   selection	
   regimes	
  

(GLMM,	
  Generation	
  X	
  Selection	
  Regime	
  effect,	
  χ22	
  =	
  2.91,	
  P	
  =	
  0.233),	
  again	
  

indicating	
   no	
   differences	
   among	
   regimes	
   in	
   changes	
   in	
   survival	
   across	
  

generations	
   (Tables	
   S3	
   and	
   S4).	
   Therefore,	
   we	
   attribute	
   the	
   small	
   but	
  

significant	
   differences	
   between	
   Selection	
   and	
  Relaxed-­‐Selection	
   lines	
   (less	
  

than	
   7%	
   in	
   the	
   last	
   generation	
   of	
   selection)	
   to	
   a	
   marginal	
   increase	
   in	
  

survival	
  in	
  the	
  former	
  (approximately	
  9%),	
  where	
  selection	
  was	
  continued,	
  

while	
  there	
  was	
  no	
  increase	
  (or	
  decrease)	
  in	
  mortality	
  in	
  the	
  latter.	
  

At	
   generations	
   60	
   and	
   70,	
   at	
   the	
   moment	
   we	
   tested	
   for	
   larval	
  

competitive	
   ability,	
   relaxed-­‐selection	
   lines	
   were	
   still	
   significantly	
   more	
  

immunocompetent	
  than	
  control	
  lines	
  (lme,	
  BactOral	
  vs	
  Control:	
  z	
  =	
  3.04	
  P	
  =	
  

0.0002,	
  BactSys	
  vs	
  ContSys	
  z	
  =	
  8.28	
  P	
  <	
  0.0001,	
  VirSys	
  vs	
  ContSys	
  z	
  =	
  9.48	
  P	
  

<	
  0.0001).	
  	
  

	
  

Costs	
  of	
  resistance	
  in	
  parasite-­‐free	
  environments	
  

We	
  also	
  tested	
  for	
  the	
  occurrence	
  of	
  trade-­‐offs	
  by	
  comparing	
  several	
  

life-­‐history	
   traits	
   between	
   Selection	
   and	
   Control	
   lines.	
   We	
   started	
   by	
  

measuring	
  the	
  reproductive	
  output	
  (Figure	
  2.6.2A)	
  and	
  developmental	
  time	
  

at	
   generation	
   23	
   and	
   24	
   (Figure	
   2.6.2B)	
   in	
   these	
   lines	
   in	
   the	
   absence	
   of	
  

infection.	
  We	
  found	
  no	
  effect	
  of	
  Selection	
  Regime	
  in	
  the	
  reproductive	
  output	
  

(χ24	
  =	
  0.640,	
  P	
  >	
  0.959).	
  	
  

For	
   developmental	
   time	
   (Figure	
   2.6.2B),	
   and	
   despite	
   a	
   statistically	
  

significant	
   Selection	
  Regime	
   and	
  Relaxed-­‐Selection	
  Regime	
   by	
   egg	
   density	
  

interaction	
   (χ24	
  =	
   12.20,	
   P	
  =	
   0.016,	
   Table	
   S7),	
   no	
   difference	
   between	
   any	
  

Selection	
   line	
   and	
   their	
   matched	
   Controls	
   was	
   detected	
   (|t22|	
   <	
   2.21,	
   P	
  >	
  

0.114,	
  Table	
  S8).	
  	
  

Next	
  we	
  measured	
  desiccation	
  resistance	
  and	
  starvation	
  resistance	
  

in	
  Control	
   vs	
   Selection	
   lines.	
  These	
   stressors	
   that	
  have	
  putative	
   ecological	
  

importance	
   for	
   Drosophila	
   [25].	
   For	
   both	
   traits	
   we	
   failed	
   to	
   detect	
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statistically	
   significant	
   differences	
   between	
   selection	
   regimes	
   (Table	
   S9,	
  

Selection	
   regime	
  effect,	
   χ24	
  <	
  5.21,	
  P	
  >	
  0.266;	
   χ24	
  <	
  9.3,	
  P	
  >	
  0.053	
   for	
  both	
  

starvation	
   and	
   desiccation	
   assays,	
   considering	
   either	
   the	
   mean	
   time	
   to	
  

death	
   or	
   the	
   full	
   mortality	
   dynamics,	
   respectively).	
   This	
   indicates	
   an	
  

absence	
  of	
  a	
  correlated	
  response	
  between	
  adaptation	
  to	
  infection	
  and	
  both	
  

stress-­‐related	
  traits	
  (Figure	
  2.6.3).	
  

Moreover,	
   because	
   it	
   has	
   been	
   often	
   argued	
   that	
   costs	
   are	
   more	
  

easily	
  revealed	
  in	
  nutrient	
  limited	
  environments	
  [26],	
  we	
  measured	
  egg-­‐to-­‐

adult	
  viability	
  and	
  developmental	
  time	
  under	
  these	
  conditions	
  (Figure	
  2.6.4	
  

A	
   and	
   B).	
   Since	
   these	
   tests	
   were	
   done	
   in	
   lines	
   that	
   derived	
   from	
   the	
  

Selection	
   lines	
   in	
   the	
   end	
   of	
   the	
   selection	
   experiment,	
   but	
   maintained	
   in	
  

control	
   conditions	
   (without	
   selection)	
   for	
   >	
   30	
   generations,	
   these	
   lines	
  

represent	
  a	
  second	
  set	
  of	
  Relaxed-­‐Selection	
  lines.	
  	
  

Although	
  we	
  detected	
   increased	
  mortality	
   and	
  developmental	
   time	
  

in	
  individuals	
  raised	
  on	
  nutritionally-­‐limited	
  food	
  relative	
  to	
  those	
  raised	
  on	
  

Figure	
   2.6.2	
   –	
   Reproductive	
   output	
   and	
   developmental	
   time	
   of	
  
individuals	
   from	
   Control	
   and	
   Selection	
   lines	
   in	
   the	
   absence	
   of	
  
pathogens.	
   (A)	
   Mean	
   (±95%	
   CI)	
   reproductive	
   output	
   5-­‐7	
   days	
   after	
  
females	
  reached	
  adulthood,	
  (B)	
  Mean	
  egg-­‐to-­‐adults	
  developmental	
  time	
  
from	
  egg	
  to	
  adult.	
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standard	
   food	
   (Food	
   type	
  effect	
   χ22	
  >	
  141.3,	
  P	
  <	
  0.001,	
   for	
  both	
   traits),	
  no	
  

differences	
   were	
   detected	
   in	
   either	
   viability	
   or	
   development	
   time	
   among	
  

Selection	
  regimes	
  (Selection	
  regime	
  effect,	
  χ24	
  	
  <	
  7.4,	
  P	
  >	
  0.11,	
  in	
  both	
  traits;	
  

Table	
  S10).	
  Since	
  we	
  observed	
  a	
  significant	
  Regime	
  by	
  Food	
   interaction	
   in	
  

the	
   viability	
   assay	
   (χ24	
   <	
   12.99,	
   P	
   <	
   0.05,	
   Table	
   S10),	
   we	
   tested	
   for	
  

differences	
   between	
   Selection	
   and	
   their	
   matched	
   Control	
   lines	
  

independently	
   in	
   the	
   different	
   food	
   types.	
   The	
   absence	
   of	
   differences	
   in	
  

viability	
   among	
   selection	
   regimes	
  was	
   confirmed	
   in	
  both	
   food	
   types	
   (|z|	
  <	
  

1.94.	
   and	
   |z|	
   <	
   2.14	
   for	
   comparisons	
   in	
   standard	
   and	
   nutritionally-­‐limited	
  

food,	
   respectively,	
  P	
  >	
  0.194,	
  Table	
  S11).	
  Concerning	
  differences	
   in	
  weight	
  

following	
   larval	
   development	
   at	
   high	
   or	
   low	
   densities,	
   the	
   final	
   model	
  

retained	
   sex,	
   density,	
   selection	
   regime,	
   the	
   interaction	
   between	
   sex	
   and	
  

each	
   of	
   the	
   other	
   factors,	
   and	
   the	
   triple	
   interaction.	
   Overall,	
   adults	
   were	
  

smaller	
  at	
   the	
  highest	
  density	
  relative	
  to	
  the	
   lowest,	
   indicating	
  an	
  effect	
  of	
  

competition	
  on	
   this	
   trait	
   (glm,	
   effect	
   of	
   density:	
   F1,165	
   =	
  74.99,	
  P	
   <	
  0.0001,	
  

Figure	
   2.6.3	
   –	
  Starvation	
   and	
  desiccation	
   resistance	
   of	
   individuals	
  
from	
  Control	
  and	
  Selection	
   lines.	
  Mean	
  time	
  to	
  death	
  (±95%	
  CI)	
  after	
  
(A)	
  starvation	
  or	
   (B)	
  desiccation	
  of	
  males	
  (dark	
  grey	
  bars)	
  and	
  females	
  
(light	
  grey	
  bars).	
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Figure	
   2.6.4C).	
  We	
   then	
   compared	
   the	
  weight	
   of	
   flies	
   from	
   each	
   selection	
  

regime	
  to	
  that	
  of	
  tester	
  flies	
  from	
  the	
  same	
  assay,	
  at	
  the	
  highest	
  density.	
  No	
  

differences	
  were	
  found	
  between	
  tester	
  flies	
  and	
  flies	
  from	
  ContSys,	
  BactOral	
  

or	
   VirSys	
   regimes	
   (F1,24	
   =	
   1.996,	
  P	
  =	
   0.158;	
   F1,52	
  =	
   0.938	
  P	
  =	
   0.333;	
   F1,38	
  =	
  

2.311	
   P	
   =	
   0.128,	
   for	
   ContSys,	
   BactOral	
   and	
   Virsys,	
   respectively,	
   Figure	
  

2.6.4C).	
  In	
  contrast,	
  flies	
  from	
  the	
  BactSys	
  selection	
  regime	
  were	
  on	
  average	
  

bigger	
  than	
  tester	
  flies	
  (F1,41	
  =	
  5.	
  916,	
  P	
  =	
  0.015,	
  Figure	
  2.6.4C).	
  Although	
  the	
  

interaction	
   between	
   sex	
   and	
   selection	
   regime	
   was	
   never	
   significant	
   (F	
   >	
  

1.562,	
  P	
  >	
  0.211),	
  the	
  factor	
  sex	
  was	
  always	
  significant	
  (F	
  <	
  8.22,	
  P	
  <	
  0.004),	
  

as	
  males	
  were	
  on	
  average	
  lighter	
  than	
  females.	
  	
  

	
  

	
  

Figure	
  2.6.4	
  –	
  Survival	
  and	
  developmental	
  time	
  of	
  individuals	
  from	
  
Control	
   and	
   Selection	
   lines	
   in	
   nutrient-­‐limiting	
   conditions.	
   Mean	
  
(±95%	
   CI)	
   (A)	
   egg-­‐to-­‐adult	
   viability	
   and	
   (B)	
   development	
   time	
   of	
  
individuals	
   developing	
   in	
   standard	
   (left	
   subpanel)	
   and	
  nutrient-­‐limited	
  
(right	
   subpanel)	
   medium.	
   (C)	
   Mean	
   (±95%	
   CI)	
   weight	
   difference	
  
between	
   individuals	
   from	
   the	
   experimental	
   lines	
   and	
   Tester	
   mutants	
  
(outbred	
   [w1118]),	
   at	
  high	
   larval	
   competition	
   conditions	
   (30:30	
   larvae	
  
in	
  0.5mL	
  of	
  food);	
  light	
  grey	
  bars:	
  females;	
  dark	
  grey	
  bars:	
  males.	
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Discussion	
  

In	
   this	
   study,	
   we	
   used	
   a	
   large-­‐scale	
   experimental	
   evolution	
   study	
  

addressing	
  host	
  adaptation	
  to	
  pathogen	
  infection	
  to	
  test	
  for	
  the	
  occurrence	
  

of	
   trade-­‐offs	
   between	
   immunity	
   and	
   other	
   traits.	
   We	
   used	
   two	
  

complementary	
   methodologies	
   (relaxation	
   of	
   selection	
   and	
   direct	
  

measurements	
   of	
   costs	
   in	
   selected	
   lines),	
   and	
   tested	
   12	
   Selection	
   lines,	
  

distributed	
   over	
   3	
   different	
   selection	
   regimes,	
   encompassing	
   two	
   distinct	
  

parasites	
   (viruses	
   agnd	
   bacteria)	
   and	
   two	
   infection	
   routes	
   (oral	
   or	
  

systemic).	
   Taken	
   together	
   our	
   observations	
   support	
   the	
   absence	
   of	
  

maintenance	
   costs	
   in	
   Drosophila	
   populations	
   evolved	
   for	
   higher	
  

immunocompetence	
  against	
  pathogens.	
  	
  	
  

Using	
   lines	
  subject	
   to	
   relaxed	
  selection	
  allows	
   testing	
   the	
  response	
  

as	
  a	
  whole.	
  That	
   is,	
  had	
  we	
  observed	
  a	
  decrease	
   in	
   immunocompetence	
   in	
  

individuals	
   stemming	
   from	
   those	
   lines,	
   we	
   would	
   have	
   concluded	
   that	
   a	
  

trade-­‐off	
  with	
  some	
  fitness-­‐related	
  trait	
  existed.	
  Nonetheless,	
  we	
  would	
  not	
  

attribute	
  this	
  trade-­‐off	
  to	
  a	
  particular	
  trait.	
  The	
  fact	
  that	
  none	
  of	
  the	
  lines	
  in	
  

this	
   study	
   has	
   lost	
   its	
   immunocompetence	
   suggests	
   that	
   these	
   trade-­‐offs	
  

with	
  fitness-­‐traits	
  are	
  absent	
  in	
  ancestral	
  environment	
  conditions.	
  Still,	
  this	
  

pattern	
  could	
  have	
  also	
  been	
  explained	
  by	
  a	
  loss	
  of	
  genetic	
  variation	
  in	
  the	
  

selection	
   lines,	
   such	
   that	
   relaxed-­‐selection	
   lines	
   would	
   be	
   stuck	
   in	
   a	
  

maladaptive	
  peak	
  [13].	
  However,	
   two	
   lines	
  of	
  evidence	
  suggest	
   that	
   this	
   is	
  

not	
  the	
  case:	
  first,	
  whole	
  genome	
  sequencing	
  revealed	
  that	
  genetic	
  variation	
  

in	
  a	
  subset	
  of	
   these	
   lines	
  was	
   the	
  same	
   in	
  Control	
  and	
  Selection	
   lines,	
  and	
  

that	
   even	
   loci	
   under	
   selection	
   did	
   not	
   reach	
   fixation	
   [23].	
   Second,	
   the	
  

performance	
   of	
   relaxed-­‐selection	
   lines	
   in	
   the	
   ancestral,	
   pathogen-­‐free	
  

environment,	
   showed	
   no	
   difference	
   to	
   Control	
   for	
   the	
   fitness	
   traits	
  

measured.	
   Together,	
   these	
   results	
   indicate	
   that	
   adaptation	
   of	
   our	
  

populations	
   to	
   pathogen	
   infection	
   entails	
   no	
   maintenance	
   costs	
   in	
  

conditions	
  pertaining	
  to	
  the	
  ancestral	
  environment.	
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To	
   further	
   understand	
   how	
   our	
   evolved	
   populations	
   respond	
   in	
  

different	
   pathogen-­‐free	
   environments,	
   we	
   performed	
   direct	
   tests	
   for	
   the	
  

occurrence	
   of	
   trade-­‐offs	
   between	
   immunity	
   and	
   several	
   life-­‐history	
   traits.	
  

The	
  problem	
  with	
  this	
  approach	
  is	
  that	
  we	
  may	
  miss	
  the	
  trait	
  in	
  which	
  the	
  

cost	
  is	
  expressed.	
  However,	
  we	
  tested	
  a	
  comprehensive	
  set	
  of	
  classical	
  life-­‐

history	
   traits,	
  namely	
  reproductive	
  output,	
  developmental	
   time,	
   starvation	
  

resistance,	
   desiccation	
   resistance	
   and	
   larval	
   competitive	
   ability,	
   to	
  

maximize	
   the	
   possibility	
   of	
   detecting	
   trade-­‐offs.	
   Moreover,	
   we	
   measured	
  

these	
  traits	
  in	
  both	
  males	
  and	
  females,	
  thereby	
  discarding	
  the	
  possibility	
  of	
  

sexual	
   antagonism	
   for	
   such	
   costs	
   [27].	
   This	
   further	
   reinforces	
   the	
   notion	
  

that,	
   in	
   the	
   pathogen-­‐free	
   environment,	
   evolution	
   for	
   increased	
   survival	
  

upon	
  infection	
  by	
  P.	
  entomophila	
  or	
  DCV,	
  has	
  no	
  observable	
  costs.	
  

	
   Given	
   that	
   the	
   large	
   majority	
   of	
   studies	
   using	
   experimental	
  

evolution	
   detected	
   trade-­‐offs	
   between	
   immunity	
   and	
   life-­‐history	
   traits	
  

(reviewed	
   in	
   [12],	
   the	
  absence	
  of	
   such	
  a	
   trade-­‐off	
   calls	
   for	
  an	
  explanation.	
  

First,	
   although	
  we	
   can	
   state	
   that	
  maintenance	
   costs	
  were	
  not	
   present	
   and	
  

that	
   we	
   did	
   not	
   find	
   trade-­‐offs	
   related	
   to	
   the	
   tested	
   traits,	
   some	
   costs	
   in	
  

other	
   traits	
   or	
   environments	
  might	
   exist.	
   Indeed,	
  we	
  did	
   find	
   a	
   (relatively	
  

minor)	
  cost	
  of	
  BactSys	
   lines	
   in	
  presence	
  of	
  viruses:	
   they	
  performed	
  worse	
  

than	
  control	
   lines	
  [5].	
  The	
  reverse,	
  however,	
  was	
  not	
  found:	
  no	
  costs	
  were	
  

detected	
   of	
   VirSys	
   lines	
   in	
   presence	
   of	
   other	
   pathogens	
   when	
   testing	
   the	
  

performance	
  of	
   these	
   lines	
   in	
  presence	
  of	
  other	
  pathogens	
  [23].	
  Moreover,	
  

apart	
  from	
  survival	
  [5,	
  23]	
  and	
  reproduction	
  after	
  infection	
  (Figure	
  S1),	
  we	
  

did	
   not	
   test	
   for	
   the	
   occurrence	
   of	
   deployment	
   costs,	
   or	
   of	
   costs	
   in	
   many	
  

other	
  environments.	
  Second,	
  a	
  cost	
  may	
  have	
  occurred	
  at	
  a	
   transient	
  state	
  

then	
  be	
  compensated	
  for	
  during	
  evolution.	
  Although	
  we	
  know	
  much	
  about	
  

compensatory	
  evolution	
  in	
  bacteria,	
  we	
  know	
  little	
  about	
  its	
  occurrence	
  and	
  

dynamics	
   in	
   sexual	
   organisms,	
   with	
   some	
   remarkable	
   exceptions	
   in	
  

extensively-­‐studied	
  systems	
  (e.g.,	
  [28].	
  However,	
  compensatory	
  evolution	
  is	
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not	
   likely	
   in	
   the	
   system	
   used	
   here	
   because	
   the	
   performance	
   of	
   relaxed-­‐

selection	
   lines	
   does	
   not	
   decrease	
   and	
   recovers	
   across	
   generations:	
   it	
   is	
  

always	
  similar	
  to	
  that	
  of	
  evolved	
  lines.	
  This	
  suggests	
  that	
  no	
  transient	
  cost	
  

was	
  compensated	
  for.	
  

We	
  hypothesize	
   that	
   the	
  probability	
  of	
   finding	
  a	
  cost	
  hinges	
  on	
  the	
  

selection	
  pressure	
  posed	
  on	
  the	
  populations:	
  a	
  high	
  selection	
  pressure	
  may	
  

sweep	
  away	
  most	
  of	
  the	
  genetic	
  variation	
  that	
  would	
  allow	
  for	
  adaptation	
  to	
  

the	
  challenge	
  posed,	
  leaving	
  only	
  the	
  most	
  effective	
  but	
  most	
  costly	
  alleles.	
  

Indeed,	
  the	
  selection	
  protocol	
  we	
  used	
  was	
  such	
  that	
  33%	
  of	
  the	
  population	
  

survived	
   in	
   the	
   first	
   generations	
   (this	
   percentage	
   then	
   increased	
   due	
   to	
  

adaptation).	
   In	
   the	
   other	
   studies	
   of	
   adaptation	
   to	
  pathogens,	
   the	
   selection	
  

pressure,	
  when	
  reported,	
  was	
  much	
  higher,	
  ranging	
  from	
  90-­‐95%	
  mortality	
  

[2,	
  11,	
  22].	
  In	
  contrast,	
  in	
  the	
  single	
  study	
  that	
  has	
  also	
  reported	
  no	
  cost	
  in	
  

multicellular	
  organisms,	
   the	
   selection	
  procedure	
  was	
   such	
   that	
  20-­‐30%	
  of	
  

the	
  hosts	
  (a	
  cabbage	
  looper)	
  survived	
  [29].	
  This	
  reasoning	
  may	
  also	
  explain	
  

why	
   some	
   studies	
   failed	
   to	
   find	
   a	
   trade-­‐off	
  with	
   immunity	
  when	
   selecting	
  

for	
   other	
   life-­‐history	
   traits	
   [30–32].	
   In	
   particular,	
   the	
   results	
   reported	
   in	
  

Sanders	
   et	
   al.	
   (2005)	
   are	
   surprising,	
   as	
   the	
   relaxed-­‐selection	
   process	
   (i.e.,	
  

selection	
   for	
   immunity	
   and	
  measuring	
   consequences	
   in	
   life-­‐history	
   traits)	
  

did	
   reveal	
   a	
   trade-­‐off.	
   The	
   traits	
   selected	
   in	
   these	
   experiments	
   (larval	
  

competitive	
   ability,	
   learning	
   and	
   reproductive	
   investment,	
   respectively)	
  

have	
   a	
   looser	
   link	
   to	
   survival	
   than	
   resistance	
   to	
   pathogens.	
  Hence,	
   it	
  may	
  

well	
   be	
   that	
   the	
   selection	
   pressure	
   that	
   populations	
   were	
   exposed	
   to	
   in	
  

these	
   studies	
   was	
   lower	
   than	
   that	
   of	
   studies	
   selecting	
   for	
   increased	
  

immunocompetence,	
   and	
   this	
  may	
   account	
   for	
   the	
   absence	
   of	
   a	
   trade-­‐off.	
  

Clearly,	
  this	
  hypothesis	
  calls	
  for	
  a	
  direct	
  test.	
  For	
  example,	
  one	
  could	
  set	
  up	
  

selection	
   lines	
   evolving	
   in	
   presence	
   of	
   the	
   same	
   parasite	
   but	
   at	
   different	
  

doses,	
  and	
  test	
  whether	
   trade-­‐offs	
  appeared	
   in	
   the	
   treatments	
  with	
  higher	
  

selection	
  pressures	
  only.	
   In	
  any	
  case,	
  the	
  lack	
  of	
  symmetry	
  in	
  the	
  trade-­‐off	
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between	
  immunity	
  and	
  other	
  life-­‐history	
  traits	
  suggests	
  that	
  the	
  trade-­‐off	
  is	
  

not	
   a	
   universal	
   genetic	
   characteristic	
   of	
   the	
   organisms	
   under	
   study,	
   but	
   a	
  

conditional	
  property,	
  which	
  may	
  hinge	
  upon	
  the	
  selection	
  pressure	
  posed.	
  

Unfortunately,	
   it	
   is	
   not	
   possible	
   to	
   validate	
   this	
   hypothesis	
   with	
  

studies	
  that	
  have	
  used	
  other	
  approaches	
  to	
  test	
  the	
  occurrence	
  of	
  a	
  cost	
  of	
  

immunity.	
  A	
  cost	
  was	
  found	
  in	
  circa	
  50%	
  of	
  such	
  studies	
  (reviewed	
  in	
  [33].	
  

However,	
  either	
  the	
  evolutionary	
  trajectories	
  leading	
  to	
  host	
  resistance	
  are	
  

unknown	
   or	
   resistant	
   clones	
   have	
   been	
   generated	
   via	
   artificial	
   selection,	
  

which	
   may	
   lead	
   to	
   spurious	
   correlations	
   among	
   traits	
   [34].	
   Hence,	
   these	
  

data	
  cannot	
  be	
  used	
  to	
  test	
  whether	
  the	
  strength	
  of	
  selection	
  underlies	
  the	
  

probability	
   of	
   finding	
   a	
   cost	
   (see	
   also	
   the	
   discussion	
   in	
   [33]	
   for	
   other	
  

potential	
  confounding	
  factors	
  in	
  that	
  data	
  set).	
  

	
   	
  Our	
   hypothesis,	
   however,	
   is	
   congruent	
   with	
   data	
   concerning	
  

pesticide	
   resistance.	
   Indeed,	
   in	
   one	
   of	
   the	
   best-­‐documented	
   examples	
   of	
  

allele	
   replacement	
   in	
   the	
  wild,	
  Labbé	
  et	
  al.	
   [35]	
  have	
  shown	
  that	
  pesticide	
  

resistance	
  in	
  the	
  mosquito	
  Culex	
  pipiens	
  in	
  Southern	
  France	
  first	
  evolved	
  via	
  

a	
  highly-­‐resistant	
  but	
  highly-­‐costly	
  allele.	
  When	
  mosquito	
  populations	
  were	
  

established	
   in	
   the	
   treated	
   area	
   (hence	
   selection	
   for	
   increased	
   pesticide	
  

resistance	
  was	
  weaker),	
  this	
  allele	
  was	
  replaced	
  by	
  one	
  conferring	
  a	
  lower	
  

cost.	
  Similarly,	
  Lopes	
  et	
  al.	
  [36]	
  found	
  no	
  cost	
  for	
  resistance	
  to	
  levamisole	
  in	
  

experimentally-­‐evolving	
  C.	
  elegans	
  lines	
  in	
  which	
  a	
  dose	
  killing	
  initially	
  25%	
  

of	
   individuals	
   was	
   used.	
   This	
   contrasts	
   with	
   most	
   studies	
   of	
   natural	
  

populations,	
  in	
  which	
  a	
  cost	
  for	
  pesticide	
  resistance	
  was	
  found	
  [37].	
  	
  

Given	
   the	
   low	
   prevalence	
   of	
   costs	
   in	
   this	
   system,	
   the	
   question	
  

remains:	
  what	
  maintains	
  genetic	
  diversity	
  for	
  resistance	
  to	
  pathogens	
  in	
  our	
  

system?	
   One	
   possibility	
   is	
   that	
   alleles	
   conferring	
   resistance	
   have	
   a	
   large	
  

effect,	
   such	
   that	
   susceptibilities	
   differ	
   widely	
   in	
   the	
   population.	
   This	
   has	
  

been	
  shown	
  to	
  allow	
  for	
  the	
  maintenance	
  of	
  polymorphisms	
  for	
  resistance	
  

even	
  when	
  the	
  cost	
   is	
  negligible	
  [21].	
   In	
   line	
  with	
  this,	
  we	
  have	
  found	
  that	
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the	
  majority	
  of	
  the	
  selection	
  response	
  for	
  increased	
  resistance	
  to	
  DCV	
  could	
  

be	
   attributed	
   to	
   alleles	
   of	
   3	
   genes	
   in	
   our	
   populations,	
   all	
   of	
  which	
  with	
   a	
  

considerable	
  effect	
  upon	
  host	
  survival	
  [23].	
  Moreover,	
  we	
  have	
  shown	
  that	
  

adaptation	
   to	
   all	
   immune	
   challenges	
   occurred	
   via	
   resistance,	
   rather	
   than	
  

tolerance.	
   Models	
   predict	
   that	
   the	
   maintenance	
   of	
   genetic	
   variation	
   for	
  

resistance	
  is	
  more	
  likely	
  than	
  for	
  tolerance	
  mechanisms,	
  although	
  a	
  cost	
   is	
  

still	
   necessary	
   [38].	
  Another	
  possibility	
   is	
   that	
   the	
  maintenance	
  of	
   genetic	
  

diversity	
  in	
  host	
  populations	
  in	
  the	
  field	
  is	
  due	
  to	
  coevolutionary	
  dynamics.	
  

In	
   that	
   case,	
   diversity	
   for	
   pathogen	
   resistance	
   may	
   be	
   maintained	
   for	
   a	
  

wider	
  range	
  of	
  parameters	
  than	
  contemplated	
  in	
  models	
  that	
  consider	
  host	
  

evolution	
   alone	
   [39,	
   40].	
   Coevolution	
   in	
   natural	
   populations	
   of	
  Drosophila	
  

could	
   have	
   maintained	
   the	
   standing	
   genetic	
   variation	
   present	
   in	
   our	
  

populations	
  at	
  the	
  onset	
  of	
  experimental	
  evolution.	
  	
  

Overall,	
   this	
   study	
   suggests	
   that	
   the	
   occurrence	
   of	
   maintenance	
  

costs	
   for	
   immunity	
   traits	
   is	
   not	
   a	
   universal	
   feature	
   of	
   organisms,	
   raising	
  

questions	
  as	
  to	
  (a)	
  under	
  which	
  conditions	
  such	
  costs	
  evolve	
  and	
  (b)	
  what	
  

maintains	
  genetic	
  diversity	
  for	
  costless	
  immunity	
  traits.	
  	
  

	
  

Materials	
  &	
  Methods	
  

Pathogen	
  stocks	
  and	
  cultures	
  

P.	
   entomophila	
   (a	
   generous	
   gift	
   of	
   B.	
   Lemaitre)	
   was	
   grown	
   in	
   LB	
  

inoculated	
  with	
  a	
  single	
  bacterial	
  colony,	
  taken	
  from	
  glycerol	
  stocks	
  kept	
  at	
  

-­‐80	
  ºC	
  and	
  streaked	
   in	
   fresh	
  Petri	
  dishes.	
  Bacteria	
  were	
  prepared	
   from	
  an	
  

overnight	
   culture	
   grown	
  at	
  30	
   ºC,	
   centrifuged	
  and	
  adjusted	
   to	
   the	
  desired	
  

OD	
   using	
   fresh	
   LB.	
   Virus	
   aliquots	
   were	
   grown	
   and	
   titrated	
   as	
   described	
  

elsewhere	
  [24],	
  kept	
  at	
  -­‐80	
  ºC	
  and	
  thawed	
  prior	
  to	
  infection.	
  

	
  

Experimental	
  evolution	
  lines	
  

From	
  a	
  highly	
  outbred	
  population	
  of	
  D.	
  melanogaster	
  [5],	
  we	
  derived	
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20	
   lines	
   corresponding	
   to	
   3	
   distinct	
   immune	
   challenges	
   and	
   2	
   matched	
  

controls	
   with	
   4	
   replicate	
   lines	
   each:	
   a)	
   oral	
   infection	
  with	
   P.	
   entomophila	
  

(BactOral),	
   b)	
   systemic	
   infection	
   by	
   pricking	
   flies	
   with	
   P.	
   entomophila	
  

(BactSys),	
  c)	
  systemic	
   infection	
  by	
  pricking	
   flies	
  with	
  DCV	
  (VirSys),	
  d)	
  one	
  

control	
  under	
  standard	
  conditions	
  (Control),	
  and	
  e)	
  blank	
  injected	
  controls	
  

(ControlSys).	
  At	
  each	
  generation,	
  600	
  flies	
  were	
  exposed	
  to	
  each	
  challenge,	
  

and	
   the	
  survivors	
  used	
   to	
   form	
   the	
  next	
  generation.	
  We	
  selected	
  an	
   initial	
  

concentration	
   of	
   pathogens	
   that	
   killed	
   approximately	
   66%	
   of	
   the	
   fly	
  

population.	
   At	
   each	
   generation,	
   survival	
   to	
   infection	
   was	
   monitored	
   by	
  

following	
  the	
  survival	
  of	
  100-­‐120	
  adults	
  challenged	
  with	
  the	
  same	
  pathogen	
  

they	
  were	
  exposed	
  to	
  during	
  selection	
  every	
  day	
  until	
  at	
   least	
  the	
  10th	
  day	
  

post-­‐infection.	
  Flies	
  were	
  maintained	
  under	
  constant	
   temperature	
  (25	
  ºC),	
  

humidity	
  (60–70%)	
  and	
  light-­‐darkness	
  cycle	
  (12:12),	
  and	
  fed	
  with	
  standard	
  

cornmeal-­‐agar	
  medium.	
  Detailed	
  protocols	
  for	
  the	
  selection	
  experiment	
  can	
  

be	
   found	
   in	
  our	
  previously	
  published	
  work	
   ([5,	
   23].	
  We	
  hereafter	
   refer	
   to	
  

lines	
   continuously	
   exposed	
   to	
   the	
   parasites	
   as	
   ‘Selection	
   lines’,	
   to	
  

distinguish	
  them	
  from	
  ‘Relaxed-­‐Selection	
  lines’,	
  see	
  below.	
  

Relaxed-­‐selection	
  lines	
  (and	
  test	
  to	
  their	
  immunocompetence)	
  	
  

We	
  first	
  established	
  that	
  a	
  plateau	
  of	
  resistance	
  was	
  reached	
  in	
  each	
  

selection	
  regime.	
  This	
  was	
  estimated	
  to	
  occur	
  whenever	
  no	
  difference	
  in	
  the	
  

response	
   to	
  pathogen	
   infection	
  was	
   found	
   in	
   five	
   consecutive	
  generations,	
  

which	
   took	
   place	
   at	
   different	
   periods	
   for	
   each	
   selection	
   regime.	
   BactOral	
  

reached	
   this	
   plateau	
   from	
   generation	
   9	
   onwards,	
   VirsSys	
   from	
   generation	
  

21	
   onwards	
   and	
   BactSys	
   from	
   generation	
   25	
   onwards	
   [5,	
   23].	
   We	
   then	
  

derived	
   Relaxed-­‐Selection	
   lines,	
   one	
   per	
   each	
   Selection	
   line	
   (i.e.,	
   4	
   per	
  

Selection	
   Regime,	
   cf.	
   Figure	
   2.6.1A).	
   To	
   do	
   this,	
   600	
   indivivudals	
   of	
   each	
  

population	
   of	
   a	
   given	
   Selection	
   Regime	
   were	
   placed	
   in	
   new	
   population	
  

cages.	
  Reproduction	
  took	
  place	
  at	
  the	
  same	
  days	
  as	
  the	
  matching	
  Selection	
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lines,	
  and	
   in	
   the	
  subsequent	
  generations,	
   the	
  Relaxed-­‐Selection	
  population	
  

sizes	
   (600	
   individuals)	
   mirrored	
   those	
   of	
   the	
   Control	
   lines.	
   Survival	
   of	
  

Relaxed-­‐Selection	
   following	
   exposure	
   to	
   the	
   parasites/route	
   of	
   infection	
  

matching	
  to	
  the	
  corresponding	
  Selection	
  lines	
  was	
  monitored	
  daily	
  until	
  at	
  

least	
   the	
   10th	
   day	
   post-­‐infection	
   at	
   each	
   generation,	
   in	
   parallel	
   with	
   the	
  

Selection	
  and	
  Control	
  lines.	
  

	
  

Fitness	
  costs	
  in	
  parasite-­‐free	
  environments	
  

Fitness-­‐related	
  traits	
  in	
  parasite-­‐free	
  environments	
  were	
  compared	
  

between	
   individuals	
   from	
   Selection	
   and	
   Control	
   lines.	
   To	
   avoid	
   possible	
  

artefacts	
  due	
  to	
  maternal	
  effects,	
  flies	
  used	
  in	
  these	
  tests	
  were	
  the	
  progeny	
  

of	
  flies	
  that	
  spent	
  at	
  least	
  one	
  generation	
  in	
  a	
  common	
  environment	
  without	
  

pathogens,	
   i.e,	
   in	
   the	
   standard	
   environment	
   of	
   the	
   base	
   population.	
   These	
  

assays	
   were	
   performed	
   at	
   generations	
   23	
   or	
   24	
   for	
   reproductive	
   output,	
  

development	
  time	
  and	
  resistance	
  to	
  desiccation	
  and	
  starvation.	
  Nutritional	
  

restriction	
   and	
   competition	
   assays	
   were	
   done	
   more	
   than	
   30	
   generations	
  

after	
   the	
  end	
  of	
   the	
  selection	
  experiment	
   (between	
  generations	
  64	
  and	
  75	
  

for	
   all	
   lines),	
   hence	
   evolved	
   lines	
   had	
   been	
   under	
   a	
   Relaxed-­‐Selection	
  

regime	
   for	
   30	
   generations.	
   Therefore,	
   a	
   test	
   for	
   the	
   maintenance	
   of	
  

immunocompetence	
   was	
   performed	
   on	
   those	
   lines	
   at	
   that	
   moment,	
   to	
  

ensure	
   that	
   differences	
   between	
   control	
   and	
   evolved	
   lines	
   were	
   still	
  

present.	
  This	
  test	
  was	
  done	
  as	
  described	
  in	
  the	
  last	
  section.	
  

	
  

Reproductive	
  output	
  	
  

Reproductive	
  output	
  assays	
  were	
  designed	
  to	
  mimic	
  the	
  procedure	
  

followed	
   during	
   experimental	
   evolution.	
   Fifteen	
   male-­‐female	
   pairs	
   from	
  

each	
   Selection	
   and	
  Control	
   lines	
  were	
   transferred	
   to	
   fresh	
   food	
   vials	
   8-­‐10	
  

days	
   post-­‐eclosion	
   and	
   let	
   to	
   lay	
   eggs	
   for	
   48h.	
   Reproductive	
   output	
   was	
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assayed	
   as	
   the	
   number	
   of	
   adults	
   emerging	
   from	
   pupae	
   12	
   days	
   after	
  

oviposition.	
  

	
  

Development	
  time	
  	
  

To	
  determine	
  the	
  mean	
  fly	
  development	
  time,	
  10	
  replicate	
  groups	
  of	
  

5	
   uninfected	
   females	
   (10-­‐11	
   days	
   old)	
   were	
   let	
   to	
   lay	
   eggs	
   for	
   1	
   hour	
   in	
  

standard	
  food	
  vials.	
  Egg	
  never	
  exceeded	
  52	
  per	
  vial	
  (mean	
  density	
  17).	
  The	
  

assay	
  conditions	
  mimic	
  the	
  experimental	
  evolution	
  procedure.	
  The	
  number	
  

of	
   emerging	
   adults	
   was	
   counted	
   every	
   3	
   hours	
   after	
   the	
   9th	
   day	
   post-­‐

oviposition.	
  	
  

	
  

Resistance	
  to	
  starvation	
  and	
  desiccation	
  	
  

For	
  the	
  desiccation	
  assay,	
  100	
  individuals	
  (males	
  and	
  females)	
  from	
  

each	
  population	
  were	
  placed	
   in	
  groups	
  of	
  10	
   in	
  empty	
  vials,	
  and	
  mortality	
  

was	
  scored	
  every	
  3	
  hours.	
  For	
  the	
  starvation	
  assay,	
  100	
  individuals	
  (males	
  

and	
   females)	
   from	
   each	
   population	
  were	
   placed	
   in	
   groups	
   of	
   10	
   in	
   empty	
  

vials,	
  with	
  water	
  supplied	
  ad	
  libitum	
  by	
  moisturizing	
  the	
  vial	
  plugs.	
  	
  

	
  

Nutritional	
  restriction	
  	
  

For	
   each	
   assay,	
   200	
   eggs	
   from	
   each	
   population	
  were	
   placed	
   in	
   10	
  

groups	
  of	
   20	
   eggs,	
   both	
   in	
   standard	
   food	
  vials	
   and	
  nutritionally-­‐restricted	
  

food	
   (standard	
   food	
   diluted	
   1:8	
   with	
   water	
   maintaining	
   the	
   agar	
  

concentration).	
  Viability	
  in	
  both	
  conditions	
  was	
  estimated	
  as	
  the	
  number	
  of	
  

adults	
  emerging	
  from	
  pupae.	
  To	
  determine	
  the	
  mean	
  fly	
  development	
  time,	
  

the	
  number	
  of	
  emerging	
  adults	
  was	
  counted	
  every	
  12	
  hours	
  after	
  the	
  9th	
  and	
  

14th	
  day	
  post-­‐oviposition	
  for	
  standard	
  and	
  restricted	
  food,	
  respectively.	
  	
  

	
  

Larval	
  competitive	
  ability	
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Finally,	
  we	
   tested	
  whether	
  populations	
   that	
  had	
  evolved	
   increased	
  

immunocompetence	
   against	
   each	
   pathogen	
   had	
   lower	
   larval	
   competitive	
  

ability	
   compared	
   to	
   control	
   lines.	
   To	
   this	
   aim,	
   we	
   competed	
   first	
   instar	
  

larvae	
   of	
   the	
   evolved	
   populations	
   (and	
   their	
   controls)	
   against	
   the	
   same	
  

outbred	
   control	
   population	
   carrying	
   an	
   introgressed	
   white	
   mutation.	
  

Pharates	
   were	
   weighted	
   and	
   classified	
   as	
   males	
   or	
   females,	
   red	
   eyes	
   or	
  

white	
  eyes.	
  

	
  

Statistical	
  analyses	
  

Relaxed	
  selection	
  

To	
   compare	
   survival	
   across	
   generations	
   in	
   the	
   different	
   Selection	
  

and	
  Relaxed-­‐Selection	
   lines,	
   the	
  proportion	
  of	
   individuals	
   surviving	
  at	
  day	
  

10	
   after	
   infection	
   in	
   each	
   vial	
  was	
   first	
   estimated	
   using	
   the	
   Kaplan-­‐Meier	
  

method.	
  Subsequently,	
  a	
  generalized	
  linear	
  mixed	
  model	
  (GLMM)	
  was	
  fitted	
  

to	
   the	
   data,	
   assuming	
   a	
   binomial	
   distribution	
   and	
   an	
   underlying	
   logit	
   link	
  

function.	
   The	
   proportion	
   of	
   survivors,	
   weighted	
   by	
   the	
   number	
   of	
  

individuals	
  in	
  each	
  vial	
  as	
  dependent	
  variable	
  was	
  fitted	
  in	
  a	
  model	
  with	
  sex,	
  

generation	
   and	
   regime	
   (Control,	
   Selection	
   or	
   Relaxed-­‐Selection)	
   as	
   fixed	
  

factors.	
  Line	
  nested	
  within	
  Selection	
  Regime	
  and	
  sex	
  at	
  each	
  generation	
  was	
  

considered	
  a	
  random	
  factor.	
  	
  

Subsequently,	
   we	
   tested	
   for	
   differences	
   in	
   survival	
   between	
   lines,	
  

both	
  overall	
  and	
  across	
  generations.	
  When	
  differences	
  in	
  survival	
  between	
  

Selected	
  and	
  Relaxed	
  selection	
  lines	
  were	
  found,	
  we	
  then	
  tested	
  for	
  changes	
  

in	
  the	
  mean	
  difference	
  between	
  Control	
  and	
  Selection	
  or	
  Relaxed-­‐Selection	
  

lines,	
  between	
  the	
   first	
  and	
  subsequent	
  generations	
  after	
   the	
  derivation	
  of	
  

the	
  Relaxed-­‐Selection	
  lines.	
  In	
  addition,	
  we	
  also	
  tested	
  if	
  there	
  was	
  a	
  linear	
  

trend	
   for	
   change	
   (increase	
   or	
   decrease)	
   across	
   generations	
   in	
   the	
   mean	
  

survival	
  of	
  the	
  different	
  lines,	
  by	
  considering	
  Generation	
  an	
  ordered	
  factor.	
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Moreover,	
  we	
  tested	
  for	
  differences	
  in	
  the	
  slope	
  of	
  the	
  mean	
  survival	
  

across	
   generations,	
   by	
   fitting	
   a	
   logistic	
   regression	
   mixed	
   model	
   with	
  

generation	
  as	
  a	
   continuous	
  variable,	
   assuming	
  a	
  binomial	
  distribution	
  and	
  

an	
  underlying	
  logit	
   link	
  function.	
  The	
  proportion	
  of	
  survivors,	
  weighted	
  by	
  

the	
  number	
  of	
  individuals	
  in	
  each	
  vial	
  as	
  dependent	
  variable	
  was	
  fitted	
  to	
  a	
  

model	
  with	
  sex	
  and	
  regime	
  (Control,	
  Selection	
  or	
  Relaxed-­‐Selection)	
  as	
  fixed	
  

factors	
  and	
  generation	
  of	
  relaxed	
  selection	
  as	
  a	
  continuous	
  covariate.	
  

To	
   compare	
   survival	
   among	
   Control,	
   Selection,	
   and	
   Relaxed-­‐

Selection	
   lines	
   in	
   the	
   last	
   generation	
   of	
   selection,	
   we	
   used	
   a	
   Cox’s	
  

proportional	
  hazards	
  mixed	
  effect	
  model	
   for	
  each	
  treatment,	
  with	
  survival	
  

time	
  of	
  individual	
  flies	
  as	
  the	
  dependent	
  variable,	
  Selection	
  Regime	
  and	
  sex	
  

as	
  fixed	
  factors	
  and	
  replicate	
  vial	
  nested	
  within	
  line	
  as	
  a	
  random	
  factor.	
  

In	
   the	
   tests	
   for	
   maintenance	
   of	
   immunocompetence,	
   done	
   at	
  

generations	
   60-­‐75	
  we	
  used	
   a	
  GLMM	
   identical	
   to	
   that	
   used	
   for	
   the	
   relaxed	
  

selection	
  analysis,	
   comparing	
   survival	
   after	
   infection	
  between	
  Control	
   and	
  

Relaxed	
  Selection	
  lines.	
  

	
  

Life-­‐history	
  traits	
  in	
  parasite-­‐free	
  environments	
  

To	
   compare	
   reproductive	
  output	
   in	
   the	
  Control	
   and	
  Selection	
   lines	
  

in	
  the	
  absence	
  of	
   infection,	
  we	
  used	
  a	
   linear	
  mixed	
  model	
  (LMM),	
  with	
  the	
  

number	
   of	
   hatching	
   eggs	
   within	
   48h	
   by	
   a	
   single	
   female	
   as	
   dependent	
  

variable,	
  Selection	
  Regime	
  and	
  Generation	
  as	
  fixed	
  factors	
  and	
  Replicate	
  vial	
  

nested	
  within	
  line	
  and	
  generation	
  as	
  a	
  random	
  factor.	
  

To	
   compare	
   development	
   time	
   among	
   lines,	
  we	
   fitted	
   a	
   LMM	
  with	
  

days	
  to	
  eclosion	
  of	
  individual	
  flies	
  as	
  dependent	
  variable,	
  Selection	
  Regime	
  

as	
  fixed	
  factor	
  and	
  replicate	
  vial	
  nested	
  within	
  line	
  as	
  a	
  random	
  factor.	
  	
  

To	
   compare	
   survival	
   under	
   starvation	
   and	
   desiccation	
   conditions,	
  

we	
  used	
  a	
  Cox’s	
  proportional	
  hazards	
  mixed	
  effect	
  model	
  for	
  each	
  treatment	
  

(starvation	
   or	
   desiccation),	
   with	
   survival	
   time	
   of	
   individual	
   flies	
   as	
   the	
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dependent	
  variable,	
  Selection	
  Regime	
  and	
  sex	
  as	
  fixed	
  factors	
  and	
  replicate	
  

vial	
  nested	
  within	
  line	
  as	
  a	
  random	
  variable.	
  We	
  also	
  compared	
  differences	
  

in	
   the	
  mean	
  time	
  to	
  death	
  (TTD)	
  between	
  selection	
  regimes.	
  For	
   this,	
  TTD	
  

was	
  calculated	
  for	
  each	
  vial,	
  using	
  the	
  Kaplan-­‐Meier	
  method,	
  and	
  was	
  fitted	
  

as	
  a	
  dependent	
  variable	
  in	
  a	
  GLMM	
  with	
  sex	
  and	
  Selection	
  Regime	
  as	
  fixed	
  

factors	
   and	
   line	
   nested	
   within	
   each	
   Selection	
   Regime	
   and	
   sex	
   as	
   random	
  

factor.	
  

To	
   compare	
   viability	
   in	
   nutrient	
   limiting	
   conditions,	
   we	
   used	
   a	
  

GLMM	
   with	
   the	
   number	
   of	
   eclosing	
   vs	
   non-­‐eclosing	
   individuals	
   as	
   a	
  

binomial	
   variable,	
   Selection	
   Regime	
   and	
   food	
   type	
   (Regular	
   vs.	
   Nutrient	
  

limited)	
  and	
  their	
  interaction	
  as	
  fixed	
  factors,	
  and	
  test	
  vials	
  nested	
  into	
  line	
  

as	
  random	
  factors,	
  with	
  an	
  underlying	
  logit	
  link	
  function.	
  Development	
  time	
  

was	
   compared	
   as	
   above,	
   including	
   food	
   type	
   as	
   an	
   additional	
   fixed	
   factor	
  

and	
   removing	
   egg	
  density	
   as	
   covariate.	
   Least-­‐square	
   estimates	
   of	
   viability	
  

and	
   development	
   time	
   were	
   then	
   compared	
   between	
   Selection	
   Regimes,	
  

independently	
  for	
  each	
  food	
  type.	
  

To	
   test	
   for	
   differences	
   in	
   larval	
   competitive	
   ability,	
   the	
   variable	
  

weight	
   was	
   log-­‐transformed	
   to	
   comply	
   with	
   normality.	
   To	
   confirm	
   that	
   a	
  

higher	
  density	
   implied	
  a	
   cost	
   in	
   larval	
  weight,	
  we	
  compared	
   the	
  weight	
   in	
  

each	
  density	
  using	
  a	
  generalised	
  mixed	
  model	
  with	
  competition	
  level	
  (either	
  

15	
   or	
   30	
   flies	
   from	
   each	
   line),	
   selection	
   regime	
   and	
   sex,	
   and	
   their	
  

interactions,	
   as	
   fixed	
   factors	
   and	
   replicate	
   as	
   random	
   factor.	
   Following	
   a	
  

significant	
  effect	
  of	
  the	
  density	
  (cf.	
  results)	
  we	
  then	
  performed	
  the	
  analysis	
  

at	
   the	
   highest	
   density,	
   to	
   address	
   potential	
   costs	
   in	
   flies	
   derived	
   from	
   the	
  

selection	
   lines.	
   To	
   this	
   aim,	
   we	
   compared	
   the	
   weight	
   of	
   individuals	
   from	
  

each	
  selection	
  regime	
  to	
  that	
  of	
  tester	
  individuals	
  from	
  the	
  same	
  assay	
  using	
  

a	
   glm	
  with	
   selection	
   regime	
   (either	
   BactSys,	
   BactOral;	
   ContSys,	
   VyrSys	
   or	
  

Tester	
  populations),	
  sex	
  and	
  their	
  interaction	
  as	
  factors.	
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All	
  statistical	
  analyses	
  were	
  done	
  in	
  R	
  (version	
  3.1.2).	
  Linear	
  mixed	
  models	
  

were	
   fitted	
   using	
   the	
   lmer	
   function	
   and	
   generalized	
   linear	
   mixed	
   models	
  

with	
  the	
  glmer	
  function,	
  both	
  in	
  the	
  “lme4”	
  package	
  in	
  R.	
  The	
  effects	
  of	
  the	
  

fixed	
  factors	
  and	
  of	
  the	
  hierarchical	
  interaction	
  terms	
  were	
  compared	
  using	
  

Type	
   II	
  Wald	
   χ2	
   tests	
   (Anova	
   function	
   in	
   the	
   “car”	
   package).	
   Contrasts	
   of	
  

least-­‐square	
  means	
   estimates	
   and	
  of	
   regression	
   coefficients	
  were	
  done	
  on	
  

the	
  most	
  parsimonious	
  model,	
   i.e.	
   in	
  models	
   including	
  only	
  significant	
  (P	
  <	
  

0.05)	
  factors	
  and	
  interactions,	
  using	
  the	
  lsmeans	
  and	
  lstrends	
  function	
  in	
  the	
  

“lsmeans”	
  package.	
  Survival	
  data	
  was	
  compared	
  using	
  the	
  coxme	
  function	
  in	
  

“coxme”	
   package.	
   Hierarchically	
   nested	
   models	
   were	
   compared	
   using	
  

likelihood	
  ratio	
  tests.	
  The	
  sex-­‐averaged	
  hazard	
  ratios	
  were	
  then	
  compared,	
  

using	
   the	
   glht	
   function	
   in	
   the	
   “multcomp”	
   package	
   in	
   R.	
   The	
   reported	
   p-­‐

values	
   for	
   tests	
   involving	
   multiple	
   comparisons	
   were	
   adjusted	
   using	
   a	
  

sequential	
  Bonferroni	
  correction.	
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2.7.	
  Concluding	
  remarks	
  
	
  

In	
  this	
  Chapter,	
  we	
  challenged	
  Drosophila	
  melanogaster	
  populations	
  

with	
   pathogenic	
   infections	
   in	
   order	
   to	
   determine	
   the	
   phenotypic	
   and	
  

genetic	
   changes	
   underlying	
   the	
   adaptation	
   processes.	
   We	
   started	
   by	
  

founding	
   and	
   replicating	
   outbred	
   populations	
   of	
   D.	
   melanogaster,	
   an	
  

established	
   model	
   organism	
   in	
   immunity,	
   experimental	
   evolution	
   and	
  

genomic	
   studies.	
   We	
   created	
   and	
   standardized	
   a	
   protocol,	
   trying	
   to	
  

maximize	
   the	
   biological	
   resources	
   and	
   contribute	
   to	
   a	
   higher	
   parallelism	
  

between	
  different	
  foundations	
  and,	
  consequently,	
  diverse	
  studies.	
  Then,	
  we	
  

evolved	
   those	
   populations	
   in	
   the	
   presence	
   or	
   absence	
   of	
   their	
   natural	
  

pathogens,	
  Pseudomonas	
  entomophila	
  and	
  Drosophila	
  C	
  Virus	
  (DCV).	
  

First,	
   we	
   studied	
   host	
   evolutionary	
   consequences	
   of	
   two	
  

ecologically-­‐relevant	
   infection	
   routes	
   taken	
   by	
   a	
   horizontally-­‐transmitted	
  

pathogen,	
  using	
  experimental	
  evolution	
  of	
  D.	
  melanogaster	
   infected	
  with	
  P.	
  

entomophila.	
   We	
   showed	
   that	
   host	
   evolution,	
   in	
   response	
   to	
   pathogen	
  

infection,	
  is	
  not	
  only	
  specific	
  to	
  the	
  pathogen	
  that	
  hosts	
  evolve	
  with	
  but	
  also	
  

to	
   the	
   specific	
   route	
   taken	
   by	
   these	
   pathogens	
   to	
   infect	
   hosts,	
   thereby	
  

unraveling	
   a	
   novel	
   dimension	
   in	
   the	
   specificity	
   of	
   host	
   responses	
   to	
  

pathogens.	
  	
  

Then,	
   we	
   took	
   one	
   step	
   further;	
   by	
   combining	
   experimental	
  

evolution	
  and	
  genomics,	
  we	
  tackled	
  the	
  genetic	
  basis	
  of	
  host	
  adaptation	
  to	
  

Pseudomonas.	
   Using	
   whole-­‐genome	
   sequencing,	
   we	
   identified	
   several	
  

regions	
  of	
  differentiation	
  and	
  tested	
  several	
  candidates	
  using	
  RNAi.	
  

Simultaneously,	
   we	
   also	
   showed	
   the	
   dynamics	
   of	
   adaptation	
   and	
  

unraveled	
  the	
  genetic	
  basis	
  of	
  host	
  adaptation	
  to	
  another	
  parasite,	
  DCV.	
   In	
  

this	
  case,	
  we	
  identified	
  two	
  regions	
  of	
  differentiation,	
  and	
  further	
  confirmed	
  

the	
  role	
  of	
  three	
  genes	
  within	
  these	
  regions	
  using	
  RNAi.	
  While	
  one	
  of	
  these	
  

genes	
   had	
   been	
   previously	
   associated	
   with	
   DCV	
   resistance,	
   the	
   anti-­‐viral	
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role	
  of	
   the	
  other	
   two	
  had	
  not	
  been	
  described	
  before.	
  Additionally,	
  another	
  

novel	
   aspect	
   of	
   this	
  work	
   is	
   that	
  we	
   tested	
  how	
   the	
   genes	
   responsible	
   for	
  

conferring	
   resistance	
   to	
   DCV	
   affect	
   the	
   performance	
   of	
   flies	
   exposed	
   to	
  

other	
   viruses.	
   Here	
   we	
   show	
   that	
   cross-­‐resistance	
   towards	
   two	
   different	
  

viruses	
   (CrPV	
   and	
   FHV)	
   has	
   evolved,	
   but	
   each	
   response	
   is	
   elicited	
   by	
   a	
  

different	
   subset	
   of	
   the	
   differentiated	
   genes.	
   Therefore,	
   the	
   generalist	
  

strategy	
  relies	
  on	
  genes	
  with	
  specific	
  cross-­‐resistance	
  properties.	
  	
  

How	
   evolution	
   in	
   a	
   particular	
   environment	
   affects	
   the	
   individuals’	
  

performance	
  in	
  other	
  environments	
  is	
  a	
  long-­‐standing	
  issue	
  in	
  Ecology	
  and	
  

Evolution.	
   So	
   far,	
   no	
   study	
   had	
   addressed	
   which	
   genomic	
   changes	
   are	
  

responsible	
   for	
   the	
   correlated	
   responses	
   observed.	
   To	
   approach	
   this,	
   we	
  

also	
  used	
  the	
  evolved	
  populations	
  to	
  test	
  whether	
  adaptation	
  for	
  resistance	
  

to	
  parasites	
  in	
  Drosophila	
  melanogaster	
  leads	
  to	
  trade-­‐offs	
  with	
  other	
  traits.	
  

We	
   tested	
   12	
   Selection	
   lines,	
   distributed	
   over	
   the	
   3	
   different	
   selection	
  

regimes	
  previously	
  mentioned	
  (two	
  distinct	
  parasites,	
  virus	
  and	
  bacteria	
  via	
  

two	
   infection	
   routes,	
   oral	
   or	
   systemic).	
   We	
   used	
   two	
   complementary	
  

methodologies:	
  relaxation	
  of	
  selection	
  and	
  direct	
  measurements	
  of	
  costs	
  in	
  

selected	
   lines,	
   including	
   fecundity	
   and	
   developmental	
   time	
   in	
   a	
   standard	
  

and	
   nutritionally-­‐restricted	
   environment,	
   starvation	
   and	
   desiccation	
  

resistance,	
   and	
   larval	
   competitive	
   ability.	
   This	
   thorough	
   analysis	
  

comprehensively	
   demonstrated	
   the	
   absence	
   of	
   maintenance	
   costs	
   in	
   the	
  

ancestral	
   environment	
   and	
   also	
   the	
   absence	
   of	
   trade-­‐offs	
   for	
   the	
   tested	
  

traits.	
  We	
  believe	
  these	
  results	
  challenge	
  the	
  general	
  belief	
  of	
  the	
  ubiquity	
  of	
  

trade-­‐offs	
  between	
  immunity	
  and	
  other	
  fitness-­‐related	
  traits.	
  	
  

This	
   Chapter	
   contains	
   therefore	
   several	
   main	
   findings,	
   where	
   we	
  

transversally	
   dissect	
   several	
   aspects	
   of	
   immune	
   response	
   and	
   adaptation	
  

against	
  pathogens,	
  contributing	
  to	
  a	
  more	
  comprehensive	
  understanding	
  of	
  

the	
  physiology,	
  ecology	
  and	
  evolution	
  of	
  host-­‐pathogen	
  interactions.	
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3.1.	
  Prologue	
  
	
  

As	
   described	
   in	
   Chapter	
   1,	
   it	
   is	
   becoming	
   increasingly	
   clear	
   that	
  

microbial	
   symbionts	
  of	
  multicellular	
  organisms	
  play	
   a	
   crucial	
   role	
   in	
   their	
  

biology.	
  These	
  microbiota	
  can	
   influence	
  host	
  development,	
  physiology	
  and	
  

behavior.	
   Current	
   research	
   focuses	
   primarily	
   on	
   the	
   identity	
   of	
   the	
  

microbial	
   partners	
   associated	
   with	
   different	
   hosts	
   and	
   which	
   host	
   traits	
  

they	
  affect.	
  Since	
  many	
  microbial	
  symbionts	
  are	
  co-­‐evolving	
  with	
  their	
  hosts	
  

there	
  is	
  a	
  recent	
  debate	
  regarding	
  the	
  level	
  at	
  which	
  selection	
  is	
  acting	
  on.	
  

Part	
  of	
  the	
  discussion	
  relates	
  to	
  the	
  extent	
  selection	
  on	
  host	
  may	
  shape	
  the	
  

presence	
   or	
   absence	
   of	
   particular	
   symbiotic	
   microbes.	
   However,	
   two	
   key	
  

elements	
   have	
   to	
   be	
   considered	
   and	
   lack	
   direct	
   testing:	
   i)	
   what	
   are	
   the	
  

selective	
   forces	
   shaping	
   the	
   symbiont	
  microbial	
   genetic	
   diversity	
   between	
  

(and	
   within)	
   individuals?	
   ii)	
   What	
   is	
   the	
   importance	
   of	
   symbiont	
   genetic	
  

diversity	
  and	
  evolution	
  for	
  the	
  adaptive	
  process	
  of	
  host	
  populations?	
  	
  

In	
  recent	
  years,	
  the	
  consequences	
  of	
  some	
  symbiotic	
  relationships	
  in	
  

increasing	
  the	
  ability	
  of	
  the	
  host	
  to	
  resist	
  against	
  pathogens	
  became	
  evident.	
  

More	
   importantly	
   for	
   the	
   context	
   of	
   this	
   Thesis,	
   it	
   has	
   been	
   previously	
  

demonstrated	
   that	
   the	
   endosymbiont	
   Wolbachia	
   strongly	
   protects	
  

Drosophila	
   melanogaster	
   against	
   viruses	
   and	
   that	
   Wolbachia	
   genetic	
  

diversity	
  impacts	
  on	
  the	
  host	
  resistance	
  to	
  viruses.	
  	
  

As	
   referred	
   in	
   Subchapter	
   2.5,	
   we	
   have	
   performed	
   experimental	
  

evolution	
   on	
   a	
   Drosophila	
   population	
   (100%	
   Wolbachia-­‐infected)	
   by	
  

exposing	
  them	
  to	
  viral	
  infection	
  and	
  determined	
  the	
  dynamics	
  and	
  the	
  host	
  

genetic	
  basis	
  for	
  adaptation.	
  This	
  set-­‐up	
  provides	
  an	
  ideal	
  stage	
  to	
  enquire	
  

on	
   the	
   putative	
   roles	
   played	
   and	
   consequences	
   suffered	
   by	
   the	
  

endosymbiont.	
  In	
  this	
  Chapter,	
  we	
  have	
  looked	
  as	
  primary	
  objective	
  for	
  the	
  

consequences	
  on	
  the	
  Wolbachia	
  population	
  of	
  Drosophila	
  adaptation	
  against	
  

viral	
   infection.	
   On	
   the	
   other	
   hand,	
   it	
   was	
   also	
   our	
   aim	
   to	
   answer	
   how	
   an	
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eventual	
  phenomenon	
  of	
  Wolbachia	
   selection	
   can	
   influence	
   the	
  previously	
  

described	
  adaptation	
  process	
  of	
  Drosophila	
  hosts.	
  

Considering	
  that	
  outbred	
  populations	
  used	
  in	
  this	
  work	
  are	
  entirely	
  

Wolbachia-­‐positive,	
  later	
  in	
  this	
  Chapter	
  we	
  focused	
  on	
  two	
  other	
  important	
  

questions:	
   i)	
  which	
  are	
  the	
  consequences	
  to	
  the	
  hosts’	
  adaptation	
  after	
  the	
  

eventual	
  disappearance	
  of	
  a	
  protective-­‐simbiont	
   in	
  the	
  population?	
  And	
  ii)	
  

how	
  does	
   the	
  genetic	
  basis	
   responding	
   in	
   this	
   context	
   compare	
   to	
   the	
  one	
  

identified	
  previosly,	
  in	
  the	
  presence	
  of	
  Wolbachia?	
  	
  

To	
  approach	
  these	
  questions,	
  we	
  removed	
  Wolbachia	
  from	
  the	
  viral-­‐

adapted	
   population	
   and	
   the	
   respective	
   control,	
   and	
   maintained	
   the	
   new	
  

sister	
   populations	
   under	
   the	
   same	
   selective	
   pressure.	
   With	
   this	
  

methodology,	
  we	
   answered	
  whether	
   a	
   previously	
   adapted	
   population	
   has	
  

the	
   ability	
   to	
   increase	
   its	
   protection	
   against	
   virus	
   from	
   the	
   point	
   where	
  

Wolbachia	
   infection	
   is	
  no	
   longer	
  present	
  and	
  also	
  pinpointed	
  which	
  genes	
  

and	
   protective	
   alleles	
   are	
   responsible	
   for	
   this	
   (eventual)	
   second	
   round	
   of	
  

adaptation.	
  

In	
   this	
  Chapter,	
  we	
   intended	
   to	
   therefore	
   address,	
   in	
   two	
  different	
  

approaches,	
   the	
  real	
   impact	
  of	
   this	
  symbiotic	
  relationship	
   for	
  both	
  parties.	
  

The	
   results	
   here	
   obtained	
   allow	
   a	
   new	
   understanding	
   about	
   the	
   actual	
  

consequences	
   to	
   both	
   partners	
   and	
   the	
   role	
   of	
   their	
   inter-­‐dependence	
   to	
  

adaptation	
  process	
  against	
  pathogens.	
  

	
  

	
  

	
  

	
   	
  



	
   213	
  

3.2.	
   Drosophila	
   adaptation	
   to	
   viral	
   infection	
   through	
  

defensive	
  symbiont	
  evolution	
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Abstract	
   	
  

Microbial	
   symbionts	
   can	
  modulate	
   host	
   interactions	
  with	
   biotic	
   and	
  

abiotic	
  factors.	
  Such	
  interactions	
  may	
  affect	
  the	
  evolutionary	
  trajectories	
  of	
  

both	
   host	
   and	
   symbiont.	
   Wolbachia	
   protects	
   Drosophila	
   melanogaster	
  

against	
   several	
   viral	
   infections	
   and	
   the	
   strength	
   of	
   the	
   protection	
   differs	
  

between	
   variants	
   of	
   this	
   endosymbiont.	
   Since	
   Wolbachia	
   is	
   maternally	
  

transmitted	
   its	
   fitness	
   depends	
   on	
   the	
   fitness	
   of	
   its	
   host.	
   Therefore,	
  

Wolbachia	
  populations	
  may	
  be	
  under	
  selection	
  when	
  Drosophila	
   is	
   subject	
  

to	
   viral	
   infection.	
   Here	
   we	
   show	
   that	
   in	
   D.	
   melanogaster	
   populations	
  

selected	
  for	
  increased	
  survival	
  upon	
  infection	
  with	
  Drosophila	
  C	
  virus	
  there	
  

is	
   a	
   strong	
   selection	
   coefficient	
   for	
   specific	
  Wolbachia	
   variants,	
   leading	
   to	
  

their	
   fixation.	
  Flies	
  carrying	
  these	
  selected	
  Wolbachia	
  variants	
  have	
  higher	
  

survival	
   and	
   fertility	
  upon	
  viral	
   infection	
  when	
  compared	
   to	
   flies	
  with	
   the	
  

other	
   variants.	
   These	
   findings	
   demonstrate	
   how	
   the	
   interaction	
   of	
   a	
   host	
  

with	
   pathogens	
   shapes	
   the	
   genetic	
   composition	
   of	
   symbiont	
   populations.	
  

Furthermore,	
  host	
  adaptation	
  can	
  result	
  from	
  the	
  evolution	
  of	
  its	
  symbionts,	
  

with	
  host	
  and	
  symbiont	
  functioning	
  as	
  a	
  single	
  evolutionary	
  unit.	
  

	
  

	
  

	
  

	
  

	
  



	
   216	
  

Introduction	
  

Animals	
  and	
  plants	
  live	
  in	
  close	
  association	
  with	
  numerous	
  symbiotic	
  

bacteria	
   that	
  often	
  cause	
  strong	
  phenotypic	
  changes	
   in	
   their	
  hosts	
   [1].	
  For	
  

example,	
   defensive	
   symbionts	
   can	
   increase	
   host	
   resistance	
   to	
   pathogens	
  

and	
  parasitoids	
  [2-­‐8].	
  In	
  insects,	
  several	
  defensive	
  symbionts	
  are	
  maternally	
  

transmitted	
   [3-­‐7],	
   such	
   that	
   the	
   fitness	
   of	
   the	
   symbiotic	
   bacteria	
   is	
  

dependent	
   on	
   that	
   of	
   their	
   female	
   hosts.	
   Therefore,	
   one	
   can	
   expect	
   that	
  

selection	
   on	
   host	
   phenotypes,	
   including	
   resistance	
   to	
   (other)	
   parasites,	
  

impacts	
  the	
  evolution	
  of	
  the	
  bacterial	
  symbiont	
  population.	
  

Host	
  parasite	
  burden	
  can	
  impact	
  symbiont	
  populations.	
  For	
  example,	
  

experimental	
   evolution	
   of	
   the	
   pea	
   aphid	
   Acyrthosiphon	
   pisum	
   or	
   of	
  

Drosophila	
  hydei	
  in	
  the	
  presence	
  of	
  parasitoid	
  wasps,	
  caused	
  an	
  increase	
  in	
  

the	
  frequency	
  of	
  individuals	
  carrying	
  the	
  protective	
  symbionts	
  Hamiltonella	
  

defensa	
  and	
   Spiroplasma,	
   respectively	
   [9-­‐10].	
   Also,	
   the	
   recent	
   spread	
   of	
   a	
  

Spiroplasma	
   symbiont	
   in	
   natural	
   populations	
   of	
   D.	
   neotestacea	
   in	
   North	
  

America	
  has	
  been	
  associated	
  with	
  the	
  arrival	
  of	
  a	
  parasitic	
  nematode	
  to	
  this	
  

continent	
   [7].	
   In	
  agreement	
  with	
   this,	
   the	
   frequency	
  of	
  Spiroplasma	
   in	
  a	
  D.	
  

neotestacea	
  population	
  increases	
  in	
  the	
  presence	
  of	
  the	
  parasitic	
  nematode	
  

during	
   experimental	
   evolution	
   [11].	
   These	
   studies	
   show	
   changes	
   in	
   the	
  

prevalence	
   of	
   endosymbiont	
   infection	
   in	
   host	
   populations,	
   but	
   did	
   not	
  

address	
  selection	
  at	
  the	
  levels	
  of	
  the	
  genetic	
  diversity	
  of	
  the	
  symbiont	
  itself.	
  

However,	
   some	
   evidence	
   suggests	
   that	
   this	
   could	
   be	
   the	
   case:	
   1)	
   some	
  

defensive	
   symbiont	
  populations	
  display	
  genetic	
  and	
  phenotypic	
  variability	
  

[12-­‐18].	
   2)	
   variants	
   or	
   strains	
   of	
   endosymbionts	
   change	
   in	
   frequency	
   in	
  

natural	
  populations	
  or	
  during	
  experimental	
  evolution	
  [19-­‐21].	
  Nonetheless,	
  

a	
  clear	
  link	
  between	
  the	
  selective	
  pressure	
  exerted	
  on	
  hosts	
  and	
  the	
  genetic	
  

changes	
   observed	
   in	
   the	
   symbionts	
   has	
   been	
   missing.	
   In	
   this	
   study,	
   we	
  

establish	
  a	
  relation	
  between	
  host	
  adaptation	
  to	
  parasites	
  and	
  changes	
  in	
  the	
  

genetic	
  composition	
  of	
  endosymbiont	
  populations.	
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Wolbachia	
   is	
   a	
   maternally-­‐transmitted	
   bacterial	
   endosymbiont	
  

widespread	
   in	
   arthropods	
   [22].	
   In	
   some	
   natural	
   hosts	
   it	
   induces	
   strong	
  

protection	
   against	
   infection	
   with	
   several	
   RNA	
   viruses	
   [3,4,23,24].	
  

Importantly,	
   genetic	
   variation	
   in	
   the	
   Wolbachia	
   strain	
   of	
   Drosophila	
  

melanogaster	
  (wMel),	
   can	
   be	
   linked	
   to	
   the	
   strength	
   of	
   antiviral	
   protection	
  

[14-­‐15].	
   Using	
   experimental	
   evolution,	
   we	
   have	
   previously	
   shown	
   that	
  D.	
  

melanogaster	
  populations	
  adapt	
  to	
  Drosophila	
  C	
  virus	
  (DCV)	
  challenge	
  [25].	
  

Resistance	
   to	
   this	
   pathogen	
   increases	
   over	
   twenty	
   generations	
   and	
   we	
  

identified	
   the	
   genetic	
   bases	
   of	
   this	
   adaptation	
   at	
   the	
   host	
   level	
   [25].	
  

However,	
   all	
   individuals	
   of	
   the	
   outbred	
   founder	
   population	
   carried	
  

Wolbachia	
  [26].	
  Therefore,	
  we	
  used	
   this	
  unique	
  setup	
   to	
  ask	
   if	
   the	
  genetic	
  

composition	
  of	
   the	
  Wolbachia	
  wMel	
  populations	
   also	
   changed	
  during	
  host	
  

adaptation	
   to	
   DCV	
   challenge	
   and	
   whether	
   this	
   change	
   could	
   impact	
   on	
  

Drosophila	
  fitness.	
  

	
  

Results	
  

We	
  performed	
   experimental	
   evolution	
   on	
   four	
   replicate	
   populations	
  

of	
   D.	
   melanogaster	
   under	
   selection	
   with	
   systemic	
   DCV	
   infection	
   (Virus-­‐

Selected)	
   and	
   four	
   replicates	
   with	
   mock	
   infection	
   (Control)	
   [26].	
   DCV	
  

infection	
  was	
  performed	
  at	
  every	
  generation	
  using	
  the	
  same	
  virus	
  strain,	
  at	
  

the	
   same	
   dose.	
   As	
   previously	
   described	
   [25],	
  we	
   performed	
   genome-­‐wide	
  

sequencing	
  of	
  DNA	
  from	
  pools	
  of	
  each	
  population	
  (Pool-­‐seq)	
  [27-­‐28].	
  Using	
  

Pool-­‐Seq	
   on	
   the	
   Ancestral	
   populations	
   and	
   on	
   the	
   Control	
   and	
   Virus-­‐

Selected	
  populations	
  after	
  20	
  generations	
   [25],	
  we	
  determined	
  the	
  genetic	
  

diversity	
   of	
   Wolbachia	
   in	
   these	
   populations.	
   We	
   found	
   statistically	
  

significant	
   changes	
   in	
   the	
   frequency	
   of	
   125	
   single	
   nucleotide	
  

polymorphisms	
   (SNPs)	
   between	
   the	
   Ancestral	
   and	
   the	
   Virus-­‐Selected	
  

populations	
  (Figure	
  3.2.1A,	
  Figure	
  S1,	
  Figure	
  S2,	
  Dataset	
  S1).	
  Of	
  these,	
  111	
  

were	
   also	
   significantly	
   different	
   between	
   Control	
   and	
   Virus-­‐Selected	
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populations,	
   but	
   not	
   between	
   Control	
   and	
   Ancestral	
   populations,	
  

Figure	
   3.2.1	
   –	
   Selection	
   of	
   Wolbachia	
   Clade	
   V	
   variants	
   after	
  
experimental	
   evolution	
   of	
   Drosophila	
  melanogaster	
   with	
   DCV.	
   (A)	
  
Frequencies	
   of	
   the	
   major	
   allele	
   of	
   Wolbachia	
   single	
   nucleotide	
  
polymorphisms	
   (SNPs)	
   in	
   Ancestral	
   and	
   Virus-­‐Selected	
   populations,	
  
determined	
  by	
  Pool-­‐Seq.	
  Shown	
  are	
  all	
  SNPs	
  with	
  significantly	
  different	
  
frequencies	
  at	
  generation	
  20	
  between	
  Ancestral	
  (open	
  circles)	
  and	
  Virus-­‐
Selected	
   populations	
   (closed	
   circles).	
   (B)	
   Frequencies	
   of	
   flies	
   carrying	
  
Clade	
  V	
  wMel	
  variants	
  in	
  Ancestral,	
  Control,	
  Bacteria-­‐Selected,	
  and	
  Virus-­‐
Selected	
   populations	
   (last	
   three	
   at	
   generation	
   20).	
   96	
   individual	
   flies	
  
from	
   each	
   population	
   were	
   tested	
   for	
   a	
   clade	
   V	
   diagnostic	
   SNP	
   at	
  
position	
   805,011.	
   Each	
   data	
   point	
   represents	
   the	
   proportion	
   of	
   flies	
  
carrying	
  clade	
  V	
  wMel	
  in	
  a	
  population.	
  Letters	
  (a,b)	
  refer	
  to	
  statistically	
  
homogenous	
   groups	
   of	
   mean	
   Clade	
   V	
   frequencies,	
   based	
   on	
   Tukey’s	
  
pairwise	
  comparisons	
  between	
  all	
  populations	
  (p	
  >	
  0.23	
  within	
  all	
  group	
  
“a”	
   populations,	
   p	
   <	
   0.003	
   for	
   all	
   comparisons	
   with	
   Virus-­‐Selected	
  
populations).	
  (C)	
  Frequency	
  of	
   flies	
  carrying	
  Clade	
  V	
  	
  (closed	
  circles)	
  or	
  
Clade	
  I/III	
  (open	
  circles)	
  variants	
  in	
  Ancestral	
  (generation	
  0)	
  and	
  Virus-­‐
Selected	
   populations	
   at	
   generations	
   5,	
   10	
   and	
   20.	
   These	
   frequencies	
  
were	
  determined	
  from	
  96	
  individuals	
  from	
  each	
  replicate	
  population,	
  as	
  
in	
   (B).	
   Black	
   solid	
   line	
   and	
   gray	
   shading	
   represents	
   the	
   best	
   fit	
   for	
   the	
  
logistic	
  regression	
  and	
  95%	
  Confidence	
  interval	
  (CI),	
  respectively.	
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populations,	
   but	
   not	
   between	
   Control	
   and	
  Ancestral	
   populations,	
   showing	
  

that	
  these	
  changes	
  in	
  the	
  genetic	
  composition	
  of	
  the	
  Wolbachia	
  populations	
  

are	
  mostly	
  specific	
  to	
  the	
  response	
  to	
  viral	
  infection.	
  	
  

	
  

Phylogenetic	
   analysis,	
   based	
   on	
   whole	
   genome	
   sequencing	
   of	
  

Wolbachia	
  and	
  mitochondria,	
  indicate	
  that	
  in	
  the	
  recent	
  past	
  wMel	
  has	
  been	
  

strictly	
  vertically	
  transmitted	
  [13,29,30].	
  Moreover,	
  there	
  is	
  no	
  evidence	
  of	
  

fly	
   lines	
  simultaneously	
  carrying	
  wMel	
  variants	
  from	
  distant	
  haplotypes	
  or	
  

recombination	
   between	
   these	
   [29].	
   Therefore	
   we	
   inferred	
   Wolbachia	
  

haplotypes	
   in	
   the	
   Ancestral,	
   Control	
   and	
   Virus-­‐Selected	
   populations	
   from	
  

the	
  Pool-­‐Seq	
  data	
  (S1	
  Text).	
  Overall,	
  we	
  identified	
  diagnostic	
  SNPs	
  (i.e.	
  SNPs	
  

present	
  in	
  all	
  variants,	
  and	
  only	
  in	
  variants,	
  of	
  a	
  specific	
  clade)	
  for	
  three	
  of	
  

the	
  major	
  clades	
  of	
  wMel	
  (S1	
  Dataset)	
  [13,14,21].	
  The	
  Ancestral	
  Wolbachia	
  

populations	
   consisted	
   of	
   approximately	
   88%	
   clade	
  V	
   variants	
   and	
  12%	
  of	
  

variants	
   of	
   clades	
   I	
   and	
   III.	
   In	
   the	
   Virus-­‐Selected	
   populations	
   all	
   these	
  

diagnostic	
  SNPs	
  became	
  fixed	
  with	
  the	
  nucleotide	
  that	
  matches	
  clade	
  V	
  (S1	
  

Dataset).	
   In	
   fact,	
   in	
   all	
   the	
  123	
  SNPs	
   that	
  became	
   fixed	
  between	
  Ancestral	
  

and	
   Virus-­‐Selected	
   populations	
   the	
   fixed	
   nucleotides	
   match	
   clade	
   V.	
  

Moreover,	
   between	
   Ancestral	
   and	
   Control	
   populations,	
   the	
   8	
   SNPs	
   that	
  

significantly	
   changed	
   have	
   only	
   been	
   detected	
   before	
   in	
   clades	
   I	
   and	
   III	
  

variants,	
   whereas	
   Clade	
   V	
   specific	
   SNPs	
   did	
   not	
   significantly	
   change	
   in	
  

frequency	
  between	
   these	
  populations	
   (S1	
  Text,	
   S1	
  Dataset).	
  Therefore,	
  we	
  

conclude	
   that	
   selection	
   of	
  D.	
  melanogaster	
   with	
   a	
   viral	
   challenge	
   changed	
  

the	
  frequencies	
  of	
  wMel	
  variants	
  in	
  the	
  host	
  populations	
  and	
  led	
  to	
  fixation	
  

of	
  clade	
  V	
  wMel	
  variants.	
  

To	
   confirm	
   that	
   the	
   fixation	
   of	
   clade	
   V	
   variants	
   was	
   specific	
   to	
   the	
  

Virus-­‐Selected	
  populations,	
  we	
  analyzed	
  individual	
  flies	
  from	
  the	
  Ancestral,	
  

Control	
  and	
  Virus-­‐Selected	
  populations	
  as	
  well	
  as	
   from	
  a	
  parallel	
  selection	
  

regime	
   in	
   which	
   Drosophila	
   was	
   challenged	
   with	
   systemic	
   bacterial	
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infection	
  [26]	
   (Figure	
  3.2.1B).	
  We	
  determined	
   the	
  wMel	
  variant	
  carried	
  by	
  

96	
   individual	
   flies	
   from	
   each	
   replicate	
   population	
   through	
   restriction	
  

analysis	
   of	
   a	
   PCR	
   fragment	
   containing	
   a	
   clade	
   V	
   diagnostic	
   SNP.	
   This	
  

analysis	
  distinguishes	
  flies	
  carrying	
  wMel	
  variants	
  of	
  clades	
  I/III	
  or	
  clade	
  V.	
  

The	
  frequencies	
  of	
  flies	
  carrying	
  clade	
  V	
  wMel	
  variants	
  in	
  Ancestral,	
  Control	
  

and	
  Virus-­‐Selected	
  populations	
  are	
  in	
  agreement	
  with	
  the	
  Pool-­‐Seq	
  data	
  (S1	
  

Text)	
  and	
  clade	
  V	
  variants	
  are	
  only	
  fixed	
  in	
  the	
  Virus-­‐Selected	
  populations.	
  

We	
   observed	
   significant	
   differences	
   in	
   frequencies	
   between	
   the	
   Virus-­‐

selected	
  populations	
  and	
  the	
  other	
  tested	
  populations	
  but	
  not	
  between	
  any	
  

other	
   regimes	
   (GLMM,	
   Selection	
   Regime	
   effect,	
   χ23	
   =	
   31.648,	
   p	
   <	
   0.001,	
  

Tukey	
   HSD,	
   |z|	
   >	
   3.437,	
   p	
   <	
   0.005	
   for	
   all	
   comparisons	
   with	
   the	
   Virus-­‐

Selected	
  populations,	
  |z|	
  <	
  2.067,	
  p	
  >	
  0.23	
  for	
  all	
  other	
  comparisons).	
  These	
  

data	
  argue	
  against	
  drift	
  being	
  responsible	
  for	
  the	
  fixation	
  of	
  clade	
  V	
  variants	
  

since	
   Bacteria-­‐Selected	
   populations	
   had	
   fewer	
   surviving	
   individuals	
   for	
   a	
  

larger	
  number	
  of	
  generations	
  than	
  Virus-­‐Selected	
  populations	
  (Suppl.	
  Text,	
  

S2	
  Dataset)	
  and	
  wMel	
  variants	
  of	
  clade	
  V	
  did	
  not	
  reach	
  fixation	
  in	
  any	
  of	
  the	
  

Bacteria-­‐Selected	
   populations.	
   Moreover,	
   a	
   time-­‐course	
   analysis	
   of	
   wMel	
  

clade	
   V	
   frequencies	
   in	
   the	
   Virus-­‐Selected	
   regime,	
   based	
   on	
   individual	
  

genotyping,	
  also	
  shows	
  that	
  changes	
  in	
  frequencies	
  were	
  parallel	
  in	
  all	
  four	
  

replicates	
   (Figure	
   3.2.1C).	
   Finally,	
   based	
   on	
   the	
   frequencies	
   of	
   clade	
   I/III	
  

and	
  clade	
  V	
  variants	
   in	
  generations	
  0,	
  5,	
  10	
  and	
  20	
  we	
  estimated	
  a	
  strong	
  

selection	
   coefficient	
   against	
   clade	
   I/III	
   variants	
   of	
   0.263	
   (0.177-­‐0.349)	
  

(estimated	
  log-­‐linear	
  slope	
  using	
  a	
  generalized	
  linear	
  mixed	
  model	
  (GLMM),	
  

Generation	
  effect,	
  χ21	
  =	
  42.466,	
  p	
  <	
  0.001)	
  [31].	
  Therefore,	
  fixation	
  of	
  clade	
  V	
  

variants	
  in	
  all	
  the	
  Virus-­‐Selected	
  populations	
  is	
  unlikely	
  due	
  to	
  drift,	
  injury	
  

or	
   a	
   generic	
   immune	
   challenge,	
   but	
   the	
   consequence	
   of	
   the	
   specific	
  

adaptation	
  to	
  viral	
  challenge.	
  

To	
   analyze	
   the	
  phenotype	
  of	
   clade	
  V	
  wMel	
   variants	
   against	
   clade	
   III	
  

variants	
  we	
  established	
  eleven	
  different	
  isofemale	
  lines	
  carrying	
  wMel	
  from	
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clade	
   V	
   and	
   eleven	
   different	
   isofemale	
   lines	
   carrying	
  wMel	
   from	
   clade	
   III.	
  

These	
   lines	
   were	
   established	
   from	
   the	
   Control	
   populations.	
   To	
   directly	
  

compare	
  the	
  differences	
  between	
  wMel	
  from	
  the	
  different	
  clades	
  we	
  set	
  up	
  

reciprocal	
  crosses	
  between	
  eleven	
  independent	
  pairs	
  of	
  clade	
  III	
  and	
  clade	
  V	
  

isofemale	
   lines.	
   Since	
   wMel	
   is	
   only	
   maternally	
   transmitted,	
   the	
   female	
  

progeny	
   of	
   each	
   of	
   these	
   paired	
   crosses	
   differed	
   in	
   the	
  wMel	
   variant,	
   but	
  

had	
   the	
   same	
   host	
   genotype.	
   During	
   the	
   virus-­‐selection	
   protocol,	
  

reproduction	
   of	
   surviving	
   adults	
   took	
   place	
   five	
   to	
   seven	
   days	
   after	
   DCV	
  

infection	
  [25].	
  At	
  five,	
  six	
  and	
  seven	
  days	
  after	
  DCV	
  infection,	
  flies	
  carrying	
  

wMel	
  clade	
   III	
  variants	
  had	
   lower	
  survival	
   than	
   flies	
  with	
  clade	
  V	
  variants	
  

(Figure	
  3.2.2A,	
  GLMM,	
  wMel	
   clade	
  effect,	
   χ21	
  >	
  16.44,	
  p	
  <	
  0.001	
   in	
   all	
   daily	
  

comparisons,	
   see	
   also	
   analysis	
   of	
   Figure	
   S3A,	
   below).	
   Analysis	
   of	
   the	
  

Figure	
  3.2.2	
  –	
  Wolbachia	
  Clade	
  V	
  variants	
  confer	
  higher	
  protection	
  
to	
  viral	
  infection	
  when	
  compared	
  with	
  clade	
  III	
  variants.	
  (A)	
  Survival	
  
of	
   flies	
   carrying	
   clade	
  V	
   and	
   clade	
   III	
  wMel	
   variants	
   five,	
   six	
   and	
   seven	
  
days	
  post	
  infection	
  with	
  DCV	
  (d.p.i).	
  (B)	
  Cox	
  hazard	
  ratio	
  of	
  flies	
  carrying	
  
clade	
  III	
  wMel	
  variants	
  compared	
  with	
   flies	
  carrying	
  clade	
  V,	
   calculated	
  
from	
  survival	
  data	
  until	
  20	
  d.p.i.	
  (C)	
  Reproductive	
  output	
  of	
  parents	
  5-­‐7	
  
d.p.i.	
   In	
   all	
   assays	
   the	
   female	
  progeny	
  of	
  eleven	
   independent	
   reciprocal	
  
crosses	
   between	
   isofemale	
   flies,	
   carrying	
   Clade	
   V	
   and	
   Clade	
   III	
   wMel	
  
variants,	
   were	
   analyzed	
   after	
   systemic	
   infection	
   with	
   DCV	
   (2	
   x	
   107	
  
TCID50/mL).	
   ***	
   -­‐	
   p	
   <	
   0.001.	
   Means	
   (±	
   95%	
   confidence	
   intervals)	
   are	
  
shown	
  in	
  all	
  panels.	
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survival	
   data	
   until	
   20	
   days	
   post-­‐infection	
   confirms	
   an	
   overall	
   lower	
  

susceptibility	
   upon	
   viral	
   infection	
   of	
   flies	
   with	
   wMel	
   variants	
   of	
   clade	
   V	
  

compared	
  with	
   flies	
  carrying	
  clade	
  III	
  variants	
  (Figure	
  3.2.2B,	
  mixed	
  effect	
  

Cox	
  model,	
  wMel	
   clade	
   effect,	
   χ21	
   =	
   25.817,	
  p	
   <	
   0.001,	
   see	
   also	
   analysis	
   of	
  

Figure	
  S3B,	
  below).	
  

	
  

We	
   also	
   analyzed	
   the	
   reproductive	
   output	
   of	
   flies	
  with	
   the	
   different	
  

wMel	
  variants	
  (from	
  the	
  same	
  reciprocal	
  crosses),	
   five	
   to	
  seven	
  days	
  post-­‐

infection	
  with	
  DCV	
   (Figure	
   3.2.2C).	
   Flies	
  with	
   clade	
   III	
   variants	
   had	
   fewer	
  

progeny	
   than	
   flies	
   carrying	
   clade	
   V	
   variants	
   (linear	
   mixed	
   model	
   (LMM),	
  

wMel	
  clade	
  effect,	
  χ21	
  =	
  39.217,	
  p	
  <	
  0.001).	
  This	
  difference	
  between	
  variants	
  

is	
   contingent	
   on	
   viral	
   infection,	
   since	
   their	
   reproductive	
   output	
   is	
   not	
  

significantly	
   different	
   in	
   the	
   absence	
   of	
   infection	
   (LMM,	
   χ21	
   =	
   2.321,	
   p	
   =	
  

0.128,	
   Figure	
   S4).	
   The	
   differences	
   between	
   flies	
   carrying	
   wMel	
   clade	
   III	
  

variants	
   and	
   flies	
   carrying	
   clade	
   V	
   based	
   on	
   reproductive	
   output	
   and	
  

survival	
   at	
   five	
   to	
   seven	
   days	
   post-­‐infection	
   could	
   explain	
   the	
   relative	
  

fitness	
  of	
  0.723	
  (0.651-­‐0.823)	
  calculated	
  from	
  the	
  above	
  estimated	
  selection	
  

coefficient	
  (w	
  =	
  1-­‐s).	
  

Mitochondria	
   are	
   co-­‐inherited	
   with	
   Wolbachia.	
   Therefore,	
   the	
  

phenotypic	
  differences	
  we	
  observed	
  between	
   flies	
   carrying	
  different	
  wMel	
  

variants	
   could,	
   hypothetically,	
   be	
   due	
   to	
   phenotypic	
   differences	
   of	
   their	
  

associated	
  mitochondria	
  variants.	
  If	
  this	
  were	
  the	
  case,	
  selection	
  could	
  have	
  

acted	
  on	
  the	
  mitochondria	
  and	
  indirectly	
  affected	
  frequencies	
  of	
  Wolbachia	
  

variants.	
   To	
   test	
   for	
   the	
   contribution	
   of	
   mitochondria	
   to	
   the	
   phenotypic	
  

differences	
   observed,	
   we	
   repeated	
   these	
   assays	
   with	
   the	
   same	
   isofemale	
  

lines	
   and	
   matching	
   isofemale	
   lines	
   from	
   which	
   wMel	
   was	
   removed	
   by	
  

tetracycline	
   treatment.	
   We	
   found	
   a	
   significant	
   interaction	
   between	
  

wMel/mitochondria	
   clade	
   (cytotype)	
   and	
   Wolbachia	
   presence,	
   both	
   in	
  

survival	
  5,	
  6	
  or	
  7	
  days	
  after	
  infection	
  and	
  in	
  overall	
  survival	
  (Figure	
  S3A	
  and	
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Figure	
  S3B	
  –	
  clade	
  by	
  presence	
  of	
  Wolbachia,	
  GLMM	
  and	
  Mixed	
  effect	
  Cox	
  

model,	
   p	
   <	
   0.001).	
   Importantly,	
   in	
   both	
   models,	
   there	
   is	
   a	
   significant	
  

difference	
  in	
  survival	
  between	
  flies	
  carrying	
  wMel	
  clade	
  V	
  or	
  wMel	
  clade	
  III,	
  

but	
   not	
   between	
   flies	
   of	
   the	
   same	
   cytotypes	
  without	
  Wolbachia	
   (pairwise	
  

comparisons	
   between	
   clades	
   in	
   Mixed	
   effect	
   Cox	
   Model,	
   |z|	
   =	
   5.739,	
   p	
   <	
  

0.001	
   and	
   |z|	
   =	
   0.868,	
   p	
   =	
   0.385,	
   for	
   flies	
   with	
   and	
   without	
  Wolbachia,	
  

respectively	
  and	
  in	
  pairwise	
  comparisons	
  between	
  clades	
  using	
  GLMM	
  at	
  5,	
  

6	
  or	
  7	
  days	
  post-­‐infection	
  |z|	
  >	
  3.794,	
  p	
  <	
  0.001	
  and	
  |z|	
  <	
  1.678,	
  p	
  >	
  0.093,	
  

for	
   flies	
  with	
  and	
  without	
  Wolbachia,	
   respectively).	
  Analysis	
  of	
  differential	
  

reproductive	
  output	
  had	
  similar	
  results.	
  There	
  was	
  a	
  significant	
  interaction	
  

between	
   cytotype	
   and	
   Wolbachia	
   presence	
   (Figure	
   S3C,	
   LMM,	
   clade	
   by	
  

presence	
   of	
   Wolbachia,	
   χ21	
   =	
   4.2,	
   p	
   =	
   0.040).	
   Pairwise	
   comparisons	
   of	
  

reproductive	
  output	
  between	
  cytotypes	
  with	
  Wolbachia	
  show	
  a	
   significant	
  

difference	
  (t	
  =	
  4.27,	
  p	
  <	
  0.001)	
  but	
  not	
  between	
  cytotypes	
  in	
  the	
  absence	
  of	
  

Wolbachia	
   (t	
  =	
  1.2,	
  p	
  =	
  0.087).	
  Overall,	
   these	
  data	
   indicate	
   that	
   there	
   is	
  no	
  

significant	
   difference	
   in	
   survival	
   or	
   reproductive	
   output,	
   upon	
   viral	
  

infection,	
  between	
  flies	
  only	
  carrying	
  different	
  mitochondria.	
  Therefore,	
  the	
  

phenotypic	
   differences	
   we	
   observe	
   are	
   due	
   to	
   differences	
   between	
  wMel	
  

variants	
  and	
  not	
  between	
  mitochondria	
  variants.	
  

Finally,	
  we	
  tested	
  if	
  lower	
  fitness	
  upon	
  viral	
  infection	
  of	
  flies	
  carrying	
  

wMel	
   clade	
   III	
   variants	
   was	
   associated	
   with	
   higher	
   DCV	
   load	
   as	
   different	
  

wMel	
   variants	
   have	
   been	
   shown	
   to	
   confer	
   differential	
   resistance	
   to	
   DCV	
  

infection	
  [14]	
  (Figure	
  S5A).	
  Flies	
  carrying	
  these	
  variants	
  had	
  5.4	
  fold	
  higher	
  

levels	
  of	
  DCV	
  compared	
  with	
  flies	
  carrying	
  clade	
  V	
  variants	
  (log-­‐LMM,	
  wMel	
  

variant	
   effect,	
   χ21	
   =	
   11.479,	
  p	
   <	
   0.001).	
   The	
   lower	
   resistance	
   to	
   viruses	
   of	
  

flies	
  carrying	
  Clade	
  III	
  variants,	
  compare	
  to	
  Clade	
  V,	
  may	
  explain	
  their	
  lower	
  

survival	
   and	
   fertility	
   upon	
   infection.	
   Flies	
  with	
   Clade	
   III	
   variants	
   also	
   had	
  

lower	
  Wolbachia	
  levels	
  when	
  compared	
  with	
  flies	
  carrying	
  clade	
  V	
  variants	
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(Figure	
  S5B,	
  LMM,	
  χ21	
  =	
  16.292,	
  p	
  <	
  0.001).	
  This	
  may	
  explain	
  lower	
  antiviral	
  

resistance	
  of	
  these	
  variants,	
  in	
  line	
  with	
  previous	
  findings	
  [14,15,32,33].	
  

	
  

Discussion	
  

Our	
   data	
   show	
   that	
   (a)	
   the	
   frequency	
   of	
   Wolbachia	
   variants	
  

specifically	
  changed	
  when	
  Drosophila	
  populations	
  evolve	
  in	
  the	
  presence	
  of	
  

viruses,	
  (b)	
  this	
  exposure	
  to	
  DCV	
  lead	
  to	
   fixation	
  of	
  clade	
  V	
  wMel	
  variants,	
  

and	
   (c)	
   genetically	
   identical	
   individuals	
   are	
   more	
   protected	
   against	
   DCV	
  

infection	
   and	
   display	
   lower	
   viral	
   loads	
   when	
   they	
   harbor	
   these	
   Clade	
   V	
  

variants,	
   relative	
   to	
   when	
   they	
   harbor	
   other	
   variants	
   still	
   present	
   in	
   the	
  

Control	
   (and	
   Ancestral)	
   population.	
   Moreover,	
   the	
   selection	
   coefficient	
  

inferred	
   from	
   the	
   evolutionary	
   dynamics	
   of	
   clade	
   V	
   in	
   DCV-­‐exposed	
  

populations	
   could	
   be	
   explained	
   by	
   the	
   fitness	
   advantage	
   of	
   clade	
   V	
   over	
  

clade	
  III	
  wMel	
  variants	
  in	
  isofemale	
  lines	
  subjected	
  to	
  DCV	
  infection.	
  These	
  

results	
  demonstrate	
  that	
  host	
  infection	
  by	
  parasites	
  can	
  be	
  a	
  selective	
  force	
  

leading	
   to	
   genetic	
   changes	
   in	
   the	
   endosymbiont	
   population	
   such	
   that	
   the	
  

most	
  protective	
  variants	
  become	
  fixed.	
  In	
  turn,	
  this	
  evolution	
  can	
  contribute	
  

to	
  host	
  adaptation	
  to	
  pathogens.	
  

We	
   have	
   previously	
   identified	
   two	
   regions	
   in	
   the	
   D.	
   melanogaster	
  

genome	
  that	
  mediate	
  this	
  population	
  adaptation	
  to	
  DCV	
  infection	
  [25].	
  Here	
  

we	
  show	
  that	
  this	
  adaptation	
  also	
  leads	
  to	
  change	
  in	
  wMel	
  genetic	
  diversity.	
  

There	
   may	
   be	
   interactions	
   between	
   selection	
   on	
   the	
   genomes	
   of	
   the	
  

symbiont	
  and	
  the	
  host,	
  which	
  we	
  did	
  not	
  test	
  here.	
  We	
  have	
  demonstrated	
  

before	
   that	
   the	
  Virus-­‐selected	
   population	
   had	
   a	
   higher	
   survival	
   upon	
  DCV	
  

infection	
  than	
  the	
  Control	
  populations	
  even	
  when	
  Wolbachia	
  was	
  removed	
  

from	
  these	
  populations	
  [25].	
  This	
  indicates	
  that,	
  overall,	
  the	
  selected	
  alleles	
  

confer	
   an	
   advantage	
   in	
   the	
   presence	
   of	
   viruses	
   independently	
   on	
   the	
  

presence	
  of	
  Wolbachia.	
  However,	
  it	
  was	
  recently	
  shown	
  that	
  the	
  strength	
  of	
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selection	
   on	
   host	
   genetic	
   variation	
   is	
   decreased	
   in	
   the	
   presence	
   of	
   these	
  

protective	
  symbionts	
  [34].	
  Therefore,	
  the	
  presence	
  or	
  absence	
  of	
  Wolbachia	
  

interacts	
  with	
  the	
  selection	
  at	
  the	
  host	
  level.	
  However,	
  this	
  does	
  not	
  address	
  

interactions	
  between	
  the	
  genetic	
  selection	
  at	
  the	
  level	
  of	
  the	
  symbiont	
  and	
  

the	
  host.	
  We	
  show	
  differences	
  between	
   the	
  wMel	
  variants	
  using	
   isofemale	
  

lines	
   established	
   from	
   the	
   Control	
   populations,	
   and	
   therefore	
   not	
   evolved	
  

under	
   Virus	
   challenge.	
   This	
   indicates	
   that	
   the	
   virus	
   susceptibility	
  

phenotypes	
  associated	
  with	
  the	
  wMel	
  variants	
  are	
  independent	
  of	
  selection	
  

at	
   the	
   level	
   of	
   the	
   host	
   genome.	
   Moreover,	
   our	
   assays	
   compare	
   the	
  

phenotypes	
   of	
   the	
   progeny	
   of	
   several	
   independent	
   reciprocal	
   crosses	
  

between	
   lines	
   carrying	
   different	
   wMel	
   variants.	
   This	
   setup	
   controls	
   for	
  

differences	
  in	
  host	
  genetic	
  background.	
  It	
  will	
  be	
  interesting	
  in	
  the	
  future	
  to	
  

investigate	
  how	
  genetic	
  variation	
  in	
  the	
  host	
  impacts	
  on	
  the	
  phenotypes	
  of	
  

Wolbachia	
  variants,	
  and	
  vice-­‐versa.	
  

Other	
   wMel	
   variants	
   were	
   shown	
   to	
   differ	
   in	
   survival	
   upon	
   viral	
  

infection	
   [14].	
   wMel	
   variants	
   from	
   clade	
   VI	
   confer	
   more	
   protection	
   to	
  

viruses	
  than	
  variants	
  from	
  clade	
  III	
  or	
  clade	
  VIII	
  [14].	
  Here	
  clade	
  V	
  variants	
  

are	
  more	
   protective	
   than	
   clade	
   III	
   variants	
   (and	
   clade	
   I	
   variants	
   are	
   also	
  

counter-­‐selected	
   in	
   the	
  Virus-­‐selected	
  populations).	
   These	
   results	
   indicate	
  

that	
  clade	
  V	
  and	
  VI	
  are	
  more	
  protective	
  against	
  viral	
  infections	
  and	
  clade	
  I,	
  

III	
   and	
  VIII,	
   less	
   protective.	
  However,	
   it	
  will	
   be	
   important	
   in	
   the	
   future	
   to	
  

make	
   a	
   direct	
   comparison	
   of	
   the	
   antiviral	
   protection	
   conferred	
   by	
   these	
  

different	
  variants	
  and	
  understand	
  their	
  dynamics	
  in	
  natural	
  populations.	
  

Previous	
   work	
   showed	
   that	
   variants	
   that	
   differ	
   in	
   protection	
   to	
  

viruses	
   also	
   differed	
   in	
   the	
   cost	
   to	
   the	
   host	
   in	
   the	
   absence	
   of	
   infection,	
  

indicating	
   a	
   trade-­‐off	
   between	
   the	
   two	
   traits	
   [14,15].	
   This	
   led	
   to	
   the	
  

suggestion	
  that	
  the	
  frequencies	
  of	
  different	
  variants	
  in	
  natural	
  populations	
  

might	
  depend	
  on	
  the	
  prevalence	
  of	
  viruses	
  [4].	
  Here	
  we	
  demonstrate	
  that	
  an	
  

increase	
   in	
  viral	
  burden	
  does	
   lead	
  to	
  changes	
   in	
  wMel	
  variant	
   frequencies.	
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Moreover,	
   the	
   selection	
   coefficient	
   for	
   specific	
  wMel	
   variants	
   can	
   be	
   very	
  

strong	
   and	
   promote	
   their	
   rapid	
   fixation.	
   wMel	
   variants	
   are	
   strictly	
  

maternally	
   transmitted	
   and	
   show	
   no	
   sign	
   of	
   recombination	
   [13,29,30].	
  

Therefore,	
   as	
   in	
   these	
   conditions	
   specific	
   haplotypes	
   are	
   fixed,	
   the	
   overall	
  

genetic	
   diversity	
   of	
  wMel	
   is	
   strongly	
   reduced	
   (since	
  mitochondria	
   are	
   co-­‐

inherited	
   with	
  Wolbachia	
   this	
   selection	
   may	
   also	
   impact	
   on	
   their	
   genetic	
  

diversity).	
  

Viruses	
   seem	
   to	
   be	
   strong	
   natural	
   selective	
   pressures,	
   as	
  

demonstrated	
   by	
   the	
   fast	
   evolutionary	
   rates	
   and	
   signatures	
   of	
  positive	
  

selection	
  in	
  D.	
  melanogaster	
  genes	
  involved	
  in	
  antiviral	
  resistance	
  [35].	
  And	
  

Wolbachia	
  can	
  protect	
  hosts	
  against	
  several	
  positive	
  sense	
  single-­‐stranded	
  

RNA	
   viruses	
   [3,4,23,24],	
   including	
   DCV,	
   a	
   natural	
   pathogen	
   of	
   D.	
  

melanogaster	
   [36-­‐39].	
   However,	
   approximately	
   25	
   different	
   viruses	
   have	
  

been	
   found	
   to	
   infect	
   natural	
   populations	
   of	
   D.	
   melanogaster	
   [38,40,41].	
  

Although	
  most	
  of	
   them	
  are	
  positive	
  sense	
  single-­‐stranded	
  RNA	
  viruses	
  we	
  

do	
   not	
   know	
   which	
   represent	
   the	
   biggest	
   burden	
   to	
   natural	
   populations.	
  	
  

Moreover,	
  the	
  effect	
  of	
  Wolbachia	
  against	
  most	
  of	
  these	
  viruses	
  is	
  unknown,	
  

although	
  it	
  protects	
  against	
  the	
  few	
  that	
  were	
  tested	
  (DCV,	
  Cricket	
  Paralysis	
  

virus,	
  and	
  Nora	
  virus	
  [3,4].	
  Different	
  wMel	
  variants	
  also	
  have	
  different	
  costs	
  

in	
  the	
  absence	
  of	
  infection	
  and	
  this	
  is	
  most	
  probably	
  an	
  important	
  factor	
  in	
  

the	
   dynamics	
   of	
   wMel	
   in	
   natural	
   populations	
   [14].	
   Our	
   particular	
  

experimental	
   evolution	
   setup,	
  with	
   all	
   the	
   individuals	
   being	
   infected	
  with	
  

DCV	
   at	
   every	
   generation	
   before	
   reproduction,	
   demonstrates	
   that	
   wMel	
  

selection	
  upon	
  viral	
  infection	
  is	
  possible.	
  In	
  which	
  conditions	
  and	
  to	
  which	
  

degree	
  this	
  occurs	
  in	
  natural	
  populations	
  remains	
  to	
  be	
  determined.	
  

We	
  can	
  explain	
  the	
  strong	
  selection	
  coefficient	
  for	
  clade	
  V	
  over	
  clade	
  

III	
   wMel	
   variants	
   with	
   the	
   differences	
   in	
   the	
   protection	
   to	
   viruses	
   they	
  

confer	
   to	
   their	
   hosts.	
   Previous	
   analyses	
   of	
   virus-­‐infected	
   host	
   carrying	
  

different	
   wMel	
   variants	
   or	
  Wolbachia	
   strains	
   have	
   shown	
   differences	
   in	
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viral	
   titers	
   and	
   survival	
   [14,15,23,32,33,42].	
   Here	
  we	
   also	
   show	
   that	
   flies	
  

carrying	
  clade	
  V	
  variants	
  have	
   lower	
  viral	
   titers	
  and	
  higher	
  survival	
  when	
  

compared	
   to	
   flies	
   carrying	
   clade	
   III	
   variants.	
   This	
   higher	
   survival	
   most	
  

probably	
   contributes	
   to	
   the	
   selection	
   of	
   clade	
   V	
   variants.	
   However,	
   the	
  

much	
   higher	
   fertility	
   upon	
   viral	
   infection,	
   of	
   flies	
   carrying	
   clade	
   V	
  wMel	
  

variants	
   may	
   be	
   the	
   main	
   fitness	
   difference	
   that	
   determines	
   the	
   strong	
  

selection	
   coefficient.	
   This	
   fact	
   suggests	
   that	
   in	
   natural	
   populations	
   this	
  

parameter	
  might	
  be	
  more	
   important	
   for	
   the	
  protective	
  effect	
  of	
  Wolbachia	
  

against	
   viruses	
   and	
   the	
   differential	
   selection	
   of	
   wMel	
   variants,	
   than	
   the	
  

effect	
  on	
  host	
  survival.	
  

Here,	
   using	
   experimental	
   evolution,	
   we	
   provide	
   direct	
   proof	
   that	
  

endosymbiont	
   and	
   host	
   can	
   form	
   an	
   evolutionary	
   unit	
   with	
   adaptation	
  

relying	
   on	
   the	
   evolution	
   of	
   both	
   genomes.	
   It	
   is	
   straightforward	
   to	
  

extrapolate	
   our	
   results	
   with	
   maternally	
   transmitted	
   Wolbachia	
   to	
  

interactions	
  involving	
  other	
  defensive	
  endosymbionts	
  such	
  as	
  Spiroplasma,	
  

Regiella,	
   and	
   Hamiltonella	
   [6,7,16].	
   The	
   tight	
   association	
   between	
  

endosymbionts	
   and	
   their	
   hosts	
   make	
   it	
   probable	
   that	
   it	
   is	
   common	
   for	
  

selection	
   at	
   the	
   host	
   phenotypic	
   level	
   to	
   impact	
   symbiont	
   population	
  

genetics.	
   It	
  will	
   be	
   interesting	
   in	
   the	
   future	
   to	
   assess	
   to	
  which	
  degree	
   this	
  

phenomenon	
   occurs	
   in	
   interactions	
   between	
   hosts	
   and	
   microbes	
   with	
  

different	
  modes	
  of	
  transmission.	
  One	
  obvious	
  example	
  is	
  the	
  gut	
  microbiota	
  

of	
  mammals,	
  which	
  can	
  protect	
  the	
  host	
  against	
  gut	
  pathogens	
  [8]and	
  show	
  

some	
   degree	
   of	
   vertical	
   transmission	
   [43].	
   As	
   research	
   on	
   microbiota-­‐

induced	
   phenotypes	
   and	
   potential	
   co-­‐evolution	
   with	
   hosts	
   increases	
   a	
  

central	
   question	
   arises	
   on	
   how	
   selection	
   on	
   the	
   microbiota-­‐induced	
  

phenotypes	
  impacts	
  the	
  population	
  genetics	
  of	
  the	
  microbes.	
  

	
  

Materials	
  and	
  methods	
  

Foundation,	
  maintenance,	
  and	
  selection	
  of	
  populations	
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We	
   used	
   an	
   outbred	
   population	
   of	
   D.	
   melanogaster	
   established	
   in	
  

2006	
   from	
  160	
   fertilized	
   females,	
   as	
   described	
   in	
   [25,26].	
   The	
   population	
  

was	
   kept	
   in	
   laboratory	
   conditions	
   for	
   more	
   than	
   50	
   non-­‐overlapping	
  

generations	
  at	
  high	
  census.	
  Before	
  the	
  initiation	
  of	
  experimental	
  evolution,	
  

this	
   population	
   was	
   serially	
   expanded	
   for	
   two	
   generations	
   to	
   allow	
   the	
  

establishment	
  of	
  36	
  new	
  populations	
  of	
  which	
  12	
  were	
  used	
   in	
   this	
  work.	
  

All	
   individual	
   founders	
  were	
   naturally	
   infected	
  with	
  Wolbachia	
  wMel	
   and	
  

the	
   initial	
   populations	
   were	
   100%	
   infected	
   with	
   Wolbachia	
   (checked	
  

individually	
  by	
  PCR	
  with	
  wsp	
  primers,	
  as	
  described	
  in	
  [44]).	
  

Flies	
   were	
   kept	
   in	
   laboratory	
   cages	
   at	
   constant	
   temperature	
   (25°C)	
  

and	
  humidity	
   (70%)	
   in	
  a	
   light-­‐darkness	
  cycle	
   (12h:12h).	
  Flies	
  were	
  raised	
  

in	
  standard	
  cornmeal-­‐agar	
  medium.	
  Each	
  generation	
  took	
  three	
  weeks	
  and	
  

egg	
  density	
  per	
  food	
  cup	
  was	
  controlled.	
  

Virus-­‐Selected	
   populations	
   were	
   infected	
   every	
   generation	
   by	
  

pricking	
  flies	
  in	
  the	
  thorax	
  with	
  DCV	
  (2	
  x	
  107	
  median	
  tissue	
  culture	
  infective	
  

dose	
   (TCID50/mL))	
   [25].	
   Drosophila	
   C	
   virus	
   was	
   grown	
   and	
   titrated	
   as	
  

described	
   in	
   [3].	
   This	
   dose	
   caused	
   in	
   the	
   initial	
   population	
   an	
   average	
  

mortality	
  of	
  66%	
  10	
  days	
  after	
  infection.	
  Three-­‐hundred	
  and	
  ten	
  males	
  and	
  

310	
   females	
   were	
   infected	
   with	
   DCV	
   at	
   every	
   generation.	
   Surviving	
  

individuals	
   mated	
   randomly	
   in	
   population	
   cages	
   and	
   eggs	
   were	
   collected	
  

five	
   to	
  seven	
  days	
  post-­‐infection.	
  This	
   selection	
  protocol	
  proceeded	
   for	
  20	
  

generations	
  before	
  Pool-­‐Seq	
  analysis.	
  

Control	
   populations	
   were	
   pricked	
   at	
   every	
   generation	
   with	
   sterile	
  

solution.	
   These	
   populations	
   were	
   controlled	
   to	
   600	
   adults	
   at	
   every	
  

generation.	
  

Bacteria-­‐Selected	
   populations	
   infection	
   and	
   selection	
   protocol	
   at	
  

every	
  generation	
  was	
  the	
  same	
  as	
   for	
  the	
  Virus-­‐Selected	
  populations.	
  Flies	
  

were	
   infected	
   by	
   pricking	
   with	
   Pseudomonas	
   entomophila	
   at	
   a	
   dose	
   that	
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causes	
   an	
   average	
   mortality	
   of	
   66%	
   in	
   the	
   initial	
   populations	
   (OD600	
   =	
  

0.01)	
  [26].	
  	
  

	
  

Whole-­‐Genome	
  Sequencing	
  of	
  Populations	
  (Pool-­‐seq)	
  

DNA	
  extraction,	
  library	
  preparation	
  and	
  whole	
  genome	
  sequencing	
  of	
  

pools	
   of	
   individuals	
   was	
   described	
   in	
   [25].	
   Briefly,	
   12	
   populations	
   were	
  

sequenced	
   (four	
  per	
   regime):	
  Ancestral	
   (generation	
  0),	
  Control	
   and	
  Virus-­‐

Selected	
   populations,	
   the	
   latter	
   two	
   at	
   generation	
   20.	
   Genomic	
   DNA	
   was	
  

extracted	
   from	
   a	
   homogenate	
   pool	
   of	
   200	
   individuals	
   of	
   each	
   population	
  

using	
   a	
   high-­‐salt	
   extraction	
   protocol.	
   Genomic	
   DNA	
   was	
   sheared	
   using	
   a	
  

Covaris	
   S2	
   device	
   (Covaris,	
   Inc.)	
   and	
   paired-­‐end	
   100bp	
   libraries	
   were	
  

prepared	
   using	
   the	
   TruSeq	
   v2	
   DNA	
   Sample	
   Prep	
   Lit	
   (Illumina).	
   Libraries	
  

were	
  sequenced	
  on	
  a	
  HiSeq	
  2000	
  (Illumina).	
  

Raw	
   reads	
   were	
   trimmed	
   using	
   Trimmomatic	
   [45]	
   (leading	
   and	
  

trailing	
   bases	
   clipped	
   if	
   quality	
   <	
   20,	
   3’	
   clipped	
   if	
   average	
   quality	
   of	
   a	
  

window	
   (4	
   bp)	
   dropped	
   below	
   20,	
   minimum	
   read	
   length	
   =	
   50)	
   and	
   then	
  

realigned	
   to	
   the	
   reference	
  Wolbachia	
   genome	
   (NC_002978.6	
   [46])	
   using	
  

bwa	
  0.6.2	
  [47],	
  with	
  the	
  following	
  parameters:	
  maximum	
  differences	
  =	
  1%,	
  

maximum	
  number	
  of	
  gaps	
  =	
  2,	
  maximum	
  gap	
  or	
  deletion	
  size	
  =	
  12,	
  seeding	
  

disabled.	
   Alignments	
   were	
   converted	
   to	
   the	
   sam/bam	
   format	
   using	
  

samtools	
   [48]	
   and	
   sorted,	
   filtered	
   for	
   quality,	
   proper	
   pairs	
   and	
   duplicate	
  

reads	
  using	
  bamtools	
  [49].	
  Afterwards,	
  SNPs	
  were	
  called	
  simultaneously	
  in	
  

all	
  populations	
  using	
  freebayes	
  (v	
  9.9.2)	
  [50],	
  in	
  positions	
  with	
  a	
  minimum	
  

count	
   of	
   the	
   alternate	
   allele	
   of	
   2	
   and	
   a	
   minimum	
   global	
   alternate	
   allele	
  

frequency	
  of	
  2%.	
  Only	
  biallelic	
  SNPs	
  were	
  considered.	
  

Effects	
   of	
   the	
   polymorphisms	
   on	
   putative	
   coding	
   sequences	
   were	
  

predicted	
   using	
   SnpEff	
   (v	
   4.11)	
   [51],	
   based	
   on	
   the	
   ENSEMBL	
  

GCA_000008025.1.26	
  genome	
  annotation.	
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Determination	
  of	
  frequencies	
  of	
  clade	
  V	
  wMel	
  variants	
  

We	
   analysed	
   the	
   frequency	
   of	
   clade	
   V	
   wMel	
   variants	
   by	
   testing	
  

individual	
   flies	
   in	
  Ancestral,	
   Virus-­‐Selected	
   (at	
   generations	
   5,	
   10,	
   and	
  20),	
  

Control	
   (at	
   generation	
   20),	
   and	
   Bacteria-­‐Selected	
   (evolved	
   against	
  

Pseudomonas	
  entomophila,	
  at	
  generation	
  20)	
  populations.	
  

We	
   extracted	
   DNA	
   from	
   96	
   individual	
   female	
   flies	
   of	
   each	
   replicate	
  

population	
   following	
   the	
   protocol	
   in	
   (http://www.drosdel.org.uk/	
  

molecular_methods.php#prep)	
   [52].	
   Briefly,	
   single	
   flies	
   were	
   squashed	
   in	
  

100	
  mM	
  Tris-­‐EDTA-­‐NaCl	
  buffer	
  (pH	
  7.7),	
  0.5%	
  SDS	
  and	
  incubated	
  at	
  65	
  ºC	
  

for	
  30	
  minutes.	
  After	
  protein	
  and	
  RNA	
  precipitation	
  with	
  6M	
  LiCl/	
  5M	
  KAc,	
  

DNA	
   was	
   precipitated	
   using	
   ice-­‐cold	
   isopropanol	
   followed	
   by	
   ethanol	
  

cleaning.	
   PCR	
   amplification	
   of	
   the	
   genomic	
   region	
   surrounding	
   position	
  

805,011	
   was	
   performed	
   using	
   the	
   primers	
   805011F	
   (5’-­‐

AGTCGGGAGCATGAGGGAAAAGT-­‐3’)	
   and	
   805011R	
   (5’-­‐

TTTCAGCATCAGTCGCCTCCGC-­‐3’).	
   The	
   polymorphism	
   was	
   detected	
   by	
  

differential	
  cleavage	
  of	
  amplified	
  product	
  with	
  the	
  enzyme	
  BtsCI.	
  Digestion	
  

was	
  performed	
  at	
  50	
  °C	
  for	
  60	
  minutes	
  and	
  the	
  digestion	
  product	
  visualized	
  

in	
   an	
   agarose	
   gel.	
   The	
   polymorphism	
   at	
   this	
   position	
   distinguishes	
  wMel	
  

variants	
   of	
   clades	
   I,	
   II,	
   III	
   and	
   IV	
   from	
   variants	
   of	
   clades	
   V	
   and	
   VI.	
   In	
   our	
  

populations	
  this	
  SNP	
  allows	
  distinguishing	
  clade	
  V	
  variants	
  from	
  clade	
  I/III	
  

variants.	
  

	
  

Establishment	
  of	
  isofemale	
  lines	
  carrying	
  wMel	
  of	
  clades	
  III	
  and	
  V	
  

Ninety-­‐six	
   isofemale	
   lines	
   were	
   founded	
   from	
   Control	
   populations.	
  

The	
  Pool-­‐Seq	
  data	
  show	
  that	
  these	
  populations	
  only	
  had	
  wMel	
  variants	
  from	
  

clades	
  III	
  and	
  V.	
  

Each	
  line	
  was	
  tested	
  for	
  three	
  different	
  wMel	
  SNPs.	
  Position	
  805,011	
  

was	
   tested	
   as	
   above.	
   The	
   SNPs	
   at	
   positions	
   655,839	
   and	
   1,027,577	
  

distinguish	
   clades	
   I,	
   II	
   and	
   III	
   from	
   clades	
   IV,	
   V,	
   VI	
   and	
   VIII.	
   PCR	
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amplification	
   of	
   the	
   genomic	
   regions	
   surrounding	
   these	
   positions	
   were	
  

performed	
   using	
   the	
   primers	
   655839F	
   (5’-­‐AGCAGCTCTAGCAATCGCAGCA-­‐

3’),	
   655839R	
   (5’-­‐GGCGTTTTAGGGGTGTGGTTGGT-­‐3’),	
   1027577F	
   (5’-­‐

TCCTGCATCAGTCCTGCCACCA-­‐3’),	
   and	
   1027577R	
   (5’-­‐

GGCAGCACTGTAGGCTTGACCA-­‐3’).	
  The	
  PCR	
  products	
  were	
  digested	
  at	
  37	
  °C	
  

for	
  60	
  minutes	
  using	
  the	
  restriction	
  enzymes	
  MscI	
  and	
  HindIII	
  for	
  positions	
  

655,839	
  and	
  1,027,577,	
  respectively.	
  The	
  results	
  of	
  the	
  three	
  enzymes	
  were	
  

congruent	
  allowing	
  us	
   to	
   identify	
   isofemale	
   lines	
  carrying	
  clade	
  V	
  or	
  clade	
  

III	
  wMel	
  variants.	
  

We	
  also	
  tested	
  for	
  the	
  insertion	
  IS5-­‐WD1310	
  by	
  PCR,	
  as	
  described	
  in	
  

[12].	
   This	
   insertion	
   is	
   present	
   in	
   clade	
  VI	
   variants,	
   absent	
   in	
   clade	
   III	
   and	
  

VIII	
   variants,	
   but	
   unknown	
   for	
   variants	
   of	
   other	
   clades,	
   including	
   clade	
   V	
  

[12,14].	
   All	
   flies	
   were	
   negative	
   for	
   this	
   insertion.	
   After	
   this	
   analysis	
   we	
  

selected	
  eleven	
  independent	
  isofemale	
  lines	
  carrying	
  clade	
  V	
  wMel	
  variants	
  

and	
   eleven	
   independent	
   isofemale	
   lines	
   carrying	
   clade	
   III	
  wMel	
   variants.	
  

Isofemale	
   lines	
   were	
   kept	
   in	
   vials	
   in	
   similar	
   conditions	
   to	
   the	
   D.	
  

melanogaster	
  populations.	
  

	
  

Generation	
   of	
   flies	
   carrying	
   different	
   wMel	
   variants	
   for	
   phenotypic	
  

characterization	
  	
  

Eleven	
   independent	
   pairs	
   of	
   isofemale	
   lines	
   with	
   wMel	
   variants	
   of	
  

clades	
  III	
  and	
  V	
  were	
  crossed	
  in	
  a	
  reciprocal	
  scheme	
  (female	
  clade	
  V	
  x	
  male	
  

clade	
  III	
  and	
  female	
  clade	
  III	
  x	
  male	
  clade	
  V).	
  The	
   female	
  progeny	
  of	
   these	
  

two	
   crosses	
   have	
   an	
   equivalent	
   genetic	
   background	
   but	
   different	
   wMel	
  

variants	
   (which	
   is	
  maternally	
   transmitted).	
  This	
   female	
  progeny	
  was	
  used	
  

for	
  the	
  phenotypic	
  characterization	
  and	
  each	
  reciprocal	
  pair	
  was	
  considered	
  

a	
  random	
  effect	
  in	
  the	
  statistical	
  analysis	
  (“cross	
  genotype”,	
  see	
  below).	
  

Reproductive	
   time-­‐window	
   and	
   general	
   husbandry	
   conditions	
   of	
  

these	
  crosses	
  were	
  the	
  same	
  as	
  for	
  the	
  experimental	
  evolution	
  protocol.	
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Establishment	
   of	
   isofemale	
   lines	
   and	
   generation	
   of	
   flies	
   for	
   the	
  

analysis	
  of	
  mitochondrial	
  contribution	
  to	
  different	
  phenotypes	
  

To	
  analyze	
  the	
  contribution	
  of	
  mitochondria	
  associated	
  with	
  different	
  

wMel	
   clades	
   to	
   the	
   fitness	
   related	
   phenotypes	
   we	
   established	
  Wolbachia-­‐

free	
  lines	
  derived	
  from	
  the	
  above	
  selected	
  isofemale	
  lines	
  carrying	
  different	
  

wMel	
  variants.	
  

We	
  treated	
  ten	
  clade	
  III	
  isofemale	
  lines	
  and	
  ten	
  clade	
  V	
  isofemale	
  lines	
  

with	
  tetracycline	
  (as	
  in	
  [14]).	
  Lines	
  were	
  raised	
  in	
  fly	
  food	
  with	
  0.05mg/mL	
  

of	
   tetracycline	
  hydrochloride	
   (Sigma)	
   for	
   two	
   generations.	
  After	
   antibiotic	
  

treatment	
   each	
   treated	
   line	
   had	
   their	
   microbiota	
   reconstituted	
   with	
   the	
  

microbiota	
  associated	
  with	
  their	
  original	
  line.	
  150μL	
  of	
  a	
  bacterial	
  inoculum	
  

of	
   each	
   of	
   the	
   original	
   lines	
   was	
   added	
   to	
   each	
   tetracycline-­‐treated	
   lines.	
  

Each	
   inoculum	
  was	
   constituted	
   of	
   5mL	
   of	
   sterile	
   water	
  mixed	
  with	
   2g	
   of	
  

food	
   from	
  a	
  10	
  days	
   old	
   vial	
   of	
   the	
   original	
   stock,	
   filtered	
   to	
   remove	
   eggs	
  

and	
  larvae.	
  

All	
   stocks	
   were	
   confirmed	
   to	
   be	
   free	
   of	
   Wolbachia	
   by	
   PCR	
   using	
  

primers	
   specific	
   for	
   the	
   Wolbachia	
   gene	
   wsp	
   (81F	
   (5’-­‐TGGTCCAA-­‐	
  

TAAGTGATGAAGAAAC-­‐3’)	
  and	
  691R	
  (5’-­‐AAAAATTAAACGCTACTCCA-­‐3’))	
  as	
  

in	
   [3].	
   Flies	
   were	
   raised	
   without	
   antibiotics	
   for	
   two	
   generations	
   before	
  

assays.	
  

To	
   compare	
   the	
  phenotype	
  of	
  different	
   cytotypes	
   in	
   the	
  presence	
  or	
  

absence	
   of	
  Wolbachia	
   we	
   setup	
   reciprocal	
   crosses	
   between	
   lines	
   carrying	
  

different	
   wMel	
   variants	
   and	
   reciprocal	
   crosses	
   between	
   their	
   matching	
  

isofemales	
  lines	
  after	
  tetracycline	
  treatment.	
  Only	
  ten	
  reciprocal	
  crosses	
  of	
  

each	
   kind	
   were	
   performed	
   in	
   this	
   assay.	
   The	
   phenotypic	
   assays	
   were	
  

performed	
  on	
  the	
  progeny	
  of	
  these	
  crosses.	
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Fitness	
  assays	
  

For	
   the	
   survival	
   assays,	
   100	
   females	
   (3-­‐6	
   days	
   old)	
   from	
   each	
  

reciprocal	
   cross,	
   infected	
  with	
  DCV,	
  were	
  placed	
   in	
  vials	
   (10	
  vials	
  with	
  10	
  

individuals	
  each),	
  at	
  25	
  °C.	
  The	
  mortality	
  was	
  monitored	
  daily	
  for	
  20	
  days.	
  	
  

For	
   the	
   progeny	
   assays,	
   20	
   couples	
   (3-­‐6	
   days	
   old)	
   from	
   each	
  

reciprocal	
   cross	
   were	
   infected	
   with	
   DCV	
   and	
   placed	
   in	
   vials	
   5	
   days	
   after	
  

infection	
  (1	
  couple	
  per	
  vial).	
  Flies	
  were	
  allowed	
  to	
  lay	
  eggs	
  for	
  two	
  days	
  and	
  

then	
   removed	
   (this	
   protocol	
  matches	
   that	
   of	
   the	
   experimental	
   evolution).	
  

The	
  progeny	
  of	
  each	
   female	
   corresponds	
   to	
   the	
  number	
  of	
  pupae	
  per	
  vial.	
  

The	
   same	
   protocol	
   was	
   used	
   for	
   progeny	
   quantification	
   with	
   females	
   not	
  

exposed	
  to	
  DCV.	
  

	
  

Wolbachia	
  levels	
  and	
  viral	
  titers	
  

For	
  the	
  quantification	
  of	
  Wolbachia	
  and	
  viral	
  titers	
  in	
  the	
  progeny	
  of	
  

the	
  reciprocal	
  crosses,	
  we	
  used	
  three	
  DCV-­‐infected	
   females	
  of	
   the	
  progeny	
  

of	
   each	
   matched	
   pair.	
   Seven	
   days	
   post-­‐infection	
   total	
   nucleic	
   acid	
   was	
  

extracted	
   using	
   MasterPure	
   Complete	
   DNA	
   and	
   RNA	
   Purification	
   Kit	
  

(Epicentre),	
  according	
  to	
  manufacturers'	
  protocol,	
  with	
  some	
  modifications.	
  

To	
   purify	
   DNA,	
   10µL	
   of	
   each	
   sample	
   was	
   treated	
   with	
   1µL	
   of	
   10mg/mL	
  

RNAse	
  A	
  (Roche).	
  To	
  purify	
  RNA,	
  samples	
  were	
  treated	
  with	
  1U	
  DNAse	
  per	
  

μg	
  of	
   total	
  nucleic	
  acid,	
   in	
  a	
   total	
  volume	
  of	
  10µL,	
  at	
  37º	
  C	
   for	
  30	
  min;	
   the	
  

reaction	
   was	
   stopped	
   by	
   adding	
   1µL	
   of	
   RQ1	
   DNAse	
   stop	
   solution,	
   and	
  

incubated	
  at	
  65	
  ºC	
  to	
  inactivate	
  the	
  DNAse.	
  RNA	
  samples	
  were	
  then	
  reverse	
  

transcribed	
   to	
   cDNA	
   using	
   M-­‐MLV	
   Reverse	
   Transcriptase	
   (Promega),	
  

according	
   to	
   manufacturers’	
   instructions.	
   DNA	
   and	
   cDNA	
   samples	
   were	
  

used	
  to	
  quantify	
  Wolbachia	
  and	
  DCV	
  levels,	
  respectively.	
  

Quantification	
  of	
  Wolbachia	
   levels	
  and	
  viral	
   titers	
  was	
  performed	
  by	
  

qPCR	
   as	
   described	
   in	
   [14].	
   For	
   each	
   reaction	
  we	
   used	
   6µL	
   of	
   iQTM	
   SYBR	
  

Green	
  supermix	
  (Bio	
  Rad),	
  0.5µL	
  of	
  each	
  primer	
  solution	
  at	
  3.6	
  μM	
  and	
  5µL	
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of	
   diluted	
   DNA.	
   Each	
   plate	
   contained	
   three	
   technical	
   replicates	
   of	
   every	
  

sample	
   for	
   each	
   set	
   of	
   primers.	
   Relative	
   amounts	
   of	
   wsp	
   and	
   DCV	
   were	
  

calculated	
  using	
  the	
  Pfaffl	
  method	
  [53]	
  and	
  Drosophila	
  Rpl32	
  as	
  a	
  reference.	
  

Levels	
  of	
  wsp	
  and	
  DCV	
  are	
  relative	
  to	
  the	
  wMel	
  clade	
  V	
  samples.	
  

	
  

Statistical	
  Analysis	
  

Allele	
  frequency	
  comparisons	
  

Allele	
   frequencies	
  were	
  compared	
  using	
  a	
  weighted	
  binomial	
  model.	
  

Let	
  νi	
  be	
  the	
  frequency	
  of	
  the	
  major	
  allele	
  in	
  population	
  i	
  of	
  a	
  given	
  selection	
  

regime:	
  

𝑣! = logit!!  (𝑋!!β + 𝜀!)	
  

Where	
  β	
   is	
   the	
  vector	
  of	
   the	
  Selection	
  regime	
   fixed	
  effect	
  and	
  Xi	
   is	
  a	
  

row	
   vector	
   relating	
   this	
   fixed	
   effect	
   to	
   population	
   i,	
  weighted	
   by	
   the	
   read	
  

depth	
   or	
   number	
   of	
   genotyped	
   individuals.	
   εi	
   is	
   the	
   residual	
   error	
   that	
  

captures	
  overdispersion	
  in	
  the	
  estimate	
  of	
  frequencies	
  in	
  each	
  population.	
  

In	
   the	
   pooled	
   sequencing	
   analysis,	
   only	
   positions	
   in	
   any	
   of	
   the	
  

populations	
   with	
   minor	
   allele	
   frequency	
   >	
   2%	
   were	
   considered,	
   and	
  

Benjamini	
   &	
   Hochberg	
   adjusted	
   p	
   values	
   (q-­‐values)	
   were	
   considered	
  

significant	
  if	
  below	
  a	
  false	
  discovery	
  rate	
  threshold	
  of	
  0.1%.	
  	
  

In	
   the	
   comparisons	
   of	
   wMel	
   variant	
   frequencies	
   between	
   selection	
  

regimes,	
  p	
  values	
  for	
  multiple	
  comparisons	
  were	
  adjusted	
  using	
  sequential	
  

Bonferroni	
  correction.	
  

In	
   generation	
   20	
   all	
   reads	
   or	
   all	
   sampled	
   individuals	
   in	
   the	
   Virus-­‐

Selected	
  populations	
  were	
  fixed	
  to	
  one	
  of	
  the	
  alleles,	
  leading	
  to	
  problems	
  of	
  

convergence	
  in	
  the	
  models.	
  To	
  correct	
  for	
  that,	
  we	
  assigned	
  one	
  read	
  or	
  one	
  

individual	
  to	
  the	
  alternative	
  allele.	
  

	
  

Estimation	
  of	
  selection	
  coefficient	
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Since	
   Wolbachia	
   is	
   maternally	
   transmitted,	
   selection	
   acts	
   as	
   in	
   a	
  

haploid	
   organism.	
   The	
   estimate	
   for	
   the	
   fitness	
   differential	
   between	
   the	
  

Wolbachia	
   clades	
   in	
   the	
   Virus-­‐Selected	
   populations	
   was	
   then	
   calculated	
  

according	
  to	
  [31]	
  (eqn	
  6.3):	
  

log
𝑝!
𝑞!

= log
𝑝!
𝑞!

+ log 𝑤 ∗ 𝑡	
  

Where	
  w	
  is	
  the	
  relative	
  fitness	
  (1-­‐s)	
  of	
  genotype	
  p	
  over	
  genotype	
  q.	
  	
  

Assuming	
   a	
   small	
   s	
   (<0.5),	
   (1+s)t	
   ~	
   est.	
   Therefore	
   we	
   assessed	
  

statistical	
  significance	
  of	
  the	
  coefficient	
  using	
  mixed	
  logistic	
  regression.	
  Let	
  

νi,t	
   be	
   the	
   frequency	
   of	
   a	
   given	
   Wolbachia	
   genotype	
   at	
   generation	
   t	
   in	
  

population	
  i,	
  	
  

𝑣!,! = logit!!(𝑠 ∗ 𝑡 + 𝜈!,! + 𝜀!,!)	
  

the	
   selection	
   coefficient	
   (s)	
   is	
   the	
   slope	
   of	
   the	
   regression	
   coefficient	
  

given	
   the	
   initial	
   frequencies	
   (νi,0),	
   εi,t	
   is	
   the	
   residual	
   error	
   that	
   captures	
  

overdispersion	
   in	
   the	
   estimate	
   of	
   frequencies	
   in	
   the	
   populations	
   at	
   each	
  

time	
  point.	
  Using	
   the	
   frequencies	
   of	
  wMel	
   variants	
   at	
   generations	
  0,	
   5,	
   10	
  

and	
   20	
   the	
   selection	
   coefficient	
   against	
  wMelI/III	
   is	
   0.263	
   (0.177-­‐0.349).	
  

This	
  relatively	
  high	
  value	
  is	
  independent	
  of	
  the	
  data	
  at	
  generation	
  20,	
  when	
  

there	
   is	
   fixation	
   of	
   clade	
   V,	
   since	
   the	
   selection	
   coefficient	
   calculated	
   with	
  

data	
  from	
  generations	
  0,	
  5,	
  and	
  10	
  is	
  0.287(0.183-­‐0.391).	
  

We	
   tested	
   presence	
   of	
  wMel	
   in	
   the	
   progeny	
   (96	
   individuals)	
   of	
   five	
  

females	
  from	
  different	
  isofemale	
  lines	
  carrying	
  clade	
  III	
  variants,	
  and	
  in	
  the	
  

progeny	
   (100	
   individuals)	
   of	
   five	
   females	
   from	
   different	
   isofemale	
   lines	
  

carrying	
   clade	
   V	
   variants.	
   All	
   individuals	
  were	
   positive	
   for	
  wMel	
   showing	
  

that	
  vertical	
  transmission	
  is	
  virtually	
  100%	
  and	
  similar	
  for	
  variants	
  of	
  both	
  

clades.	
   Therefore	
   we	
   can	
   compare	
   these	
   variants	
   fitness	
   using	
   this	
  

multigenerational	
  equation.	
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Survival	
  analysis	
  

To	
  compare	
   survival	
   at	
  days	
  5,	
  6	
  and	
  7	
  of	
   flies	
  with	
  each	
  Wolbachia	
  

variant	
   after	
   infection,	
  we	
   fitted	
   a	
   generalized	
   linear	
  mixed	
   effects	
  model.	
  

Let	
  νi,j	
  be	
  the	
  proportion	
  of	
  surviving	
  flies	
   in	
  vial	
   i	
  of	
   individuals	
  of	
  a	
  given	
  

wMel	
  variant,	
  resulting	
  from	
  cross	
  j,	
  at	
  5,	
  6	
  or	
  7	
  d.p.i.:	
  

𝑣!,! = logit!!  (𝑋!!β + 𝑐! + 𝜀!,!)	
  

Where	
   β	
   is	
   the	
   vector	
   of	
   fixed	
   effects	
   of	
  wMel	
   variant,	
  Xi	
   is	
   the	
   row	
  

vector	
  relating	
  the	
  fixed	
  effects	
  of	
  variant	
  with	
  vial,	
  cj	
  is	
  the	
  random	
  effect	
  of	
  

fly	
  cross	
  genotype	
  and	
  εi,j	
  is	
  the	
  residual	
  error	
  that	
  captures	
  overdispersion	
  

for	
  each	
  vial.	
  

We	
   also	
   compared	
   the	
   full	
   survival	
   dynamics,	
   until	
   20	
   days	
   post-­‐

infection,	
  using	
  a	
  mixed	
  effects	
  Cox	
  model.	
  This	
  model	
   accounted	
   for	
  both	
  

parental	
   cross	
   and	
   between-­‐vial	
   variation	
   in	
   survival	
   rates.	
   The	
   hazard	
   of	
  

the	
  ith	
  individual	
  of	
  a	
  given	
  wMel	
  strain,	
  resulting	
  from	
  cross	
  j	
  in	
  vial	
  k	
  was	
  

modeled	
  as:	
  

𝐻!,!,! 𝑡 = 𝐻! 𝑡 𝑒!!!!!!!!!,!,! 	
  

Where	
   H0	
   is	
   the	
   baseline	
   hazard	
   at	
   time	
   t,	
   β	
   is	
   the	
   vector	
   of	
   fixed	
  

effects	
   of	
   wMel	
   variant,	
   Xi	
   is	
   the	
   row	
   vector	
   relating	
   the	
   fixed	
   effects	
   of	
  

variant	
  with	
  the	
  individual	
  fly,	
  cj	
  is	
  the	
  random	
  effect	
  of	
  cross	
  genotype	
  and	
  

εi,j,k	
  is	
  the	
  random	
  effect	
  of	
  vial.	
  

In	
  both	
  analyses,	
   the	
  effect	
  of	
   the	
  wMel	
  variant	
  was	
  compared	
  using	
  

likelihood-­‐ratio	
  tests,	
  with	
  a	
  model	
  without	
  the	
  fixed	
  effect	
  term	
  as	
  the	
  null	
  

model.	
  

To	
  analyze	
  the	
  effect	
  of	
  the	
  mitochondria	
  variants	
  in	
  the	
  survival	
  upon	
  

viral	
   infection	
   equivalent	
  models	
  were	
   used	
   taking	
   into	
   account	
   the	
   fixed	
  

effect	
  of	
  presence	
  or	
  absence	
  of	
  Wolbachia,	
  and	
  its	
  interaction	
  with	
  the	
  fixed	
  

effect	
  variant.	
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Reproduction	
  tests	
  

To	
  compare	
  reproductive	
  output	
  of	
  flies	
  with	
  different	
  wMel	
  variants	
  

after	
   infection,	
  we	
   fitted	
   a	
   linear	
  mixed	
  model,	
  where	
   νi,j	
   is	
   the	
  number	
  of	
  

pupae	
  after	
  a	
  48h	
  oviposition	
  period	
  by	
  female	
  i	
  resulting	
  from	
  cross	
  j,	
  with	
  

a	
  particular	
  wMel	
  variant.	
  

𝑣!,! = X!β + 𝑐! + 𝜀!,! 	
  

As	
  above,	
  β	
  is	
  the	
  vector	
  of	
  fixed	
  effects	
  of	
  wMel	
  variant,	
  Xi	
  is	
  the	
  row	
  

vector	
  relating	
  the	
  fixed	
  effects	
  of	
  wMel	
  variant	
  with	
  female	
  i,	
  cj	
  is	
  a	
  random	
  

variable	
  representing	
  the	
  deviation	
  of	
  the	
  cross	
  genotype	
  (reciprocal	
  cross	
  

pair)	
   from	
   the	
   overall	
   mean	
   and	
   εi,j	
   is	
   the	
   random	
   term	
   that	
   captures	
  

heterogeneity	
  between	
  different	
  females	
  of	
  the	
  same	
  cross	
  genotype.	
  

The	
   effect	
   of	
   the	
   fixed	
   factor	
   was	
   compared	
   using	
   likelihood-­‐ratio	
  

tests.	
  

To	
  analyze	
  the	
  effect	
  of	
  the	
  mitochondria	
  variants	
  in	
  the	
  reproductive	
  

output	
   upon	
   viral	
   infection,	
   a	
   similar	
  model	
  was	
   used	
   taking	
   into	
   account	
  

the	
  fixed	
  effect	
  of	
  presence	
  or	
  absence	
  of	
  Wolbachia,	
  and	
  the	
  interaction	
  of	
  

this	
  with	
  the	
  fixed	
  effect	
  variant.	
  

In	
   the	
   second	
   experiment	
   (designed	
   to	
   test	
   for	
   the	
   effect	
   of	
  

mitochondria)	
  there	
  was	
  a	
  high	
  number	
  of	
  females	
  that	
  did	
  not	
  reproduce.	
  

Therefore,	
  we	
  also	
  analyzed	
  these	
  data	
  using	
  a	
  hurdle	
  model	
  for	
  count	
  data	
  

in	
  which	
  two	
  equations	
  were	
  used.	
  One	
  to	
  compare	
  the	
  number	
  of	
  zero	
  vs	
  

non-­‐zero	
  counts	
  between	
  the	
  groups	
  with	
  a	
  binomial	
  model,	
  and	
  another	
  to	
  

analyze	
   the	
   non-­‐zero	
   counts,	
   assuming	
   that	
   these	
   follow	
   a	
   zero-­‐truncated	
  

negative	
   binomial	
   distribution.	
   This	
   analysis	
   gave	
   a	
   similar	
   result	
   to	
   the	
  

linear	
   mixed	
   model	
   used	
   above.	
   In	
   the	
   non-­‐zero	
   counts	
   data	
   there	
   is	
   an	
  

interaction	
   between	
   cytotype	
   and	
   Wolbachia	
   presence	
   (χ21	
   =	
   9.59,	
   p	
   =	
  

0.002).	
  There	
  is	
  a	
  significant	
  difference	
  in	
  reproductive	
  output	
  between	
  flies	
  

carrying	
  wMel	
  clade	
  V	
  or	
  wMel	
  clade	
  III,	
  but	
  not	
  between	
  flies	
  of	
  the	
  same	
  

cytotypes	
   without	
   Wolbachia	
   (pairwise	
   comparisons	
   between	
   clades	
   in	
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generalized	
  linear	
  mixed	
  model,	
  t	
  =	
  5.23,	
  p	
  <	
  0.001	
  and	
  t	
  =	
  1.71,	
  p	
  =	
  0.087,	
  

for	
  flies	
  with	
  and	
  without	
  Wolbachia,	
  respectively).	
  

	
  

Wolbachia	
  and	
  DCV	
  titer	
  quantification	
  

To	
   compare	
   Wolbachia	
   or	
   DCV	
   titers	
   after	
   infection	
   in	
   flies	
   with	
  

different	
   wMel	
   variants,	
   we	
   fitted	
   a	
   linear	
   mixed	
   model	
   similar	
   to	
   the	
  

equation	
  described	
  above,	
  with	
  νi,j,	
  being	
  the	
  log(wsp)	
  or	
  log(DCV)	
  levels.	
  

	
  

All	
   statistical	
   analyses	
   were	
   done	
   in	
   R	
   (version	
   3.1.2)	
   [54].	
   Linear	
  

mixed	
   models	
   were	
   fitted	
   using	
   the	
   lmer	
   function	
   and	
   generalized	
   linear	
  

mixed	
  models	
  with	
  the	
  glmer	
   function,	
  both	
   in	
   the	
  “lme4”	
  package.	
  Hurdle	
  

models	
   were	
   done	
   with	
   the	
   glmmADMB	
   function	
   of	
   the	
   “glmmADMB”	
  

package.	
  Multiple	
  comparisons	
  were	
  done	
  using	
  the	
  lsmeans	
  function	
  in	
  the	
  

“lsmeans”	
  package.	
  Survival	
  data	
  were	
  compared	
  using	
  the	
  coxme	
  function	
  

in	
  “coxme”	
  package.	
  

	
  

Acession	
  numbers	
  

Trimmed	
   fastq	
   and	
   assembled	
   bam	
   files	
   are	
   available	
   via	
   the	
  

European	
   Nucleotide	
   Archive	
   (http://www.ebi.ac.uk/ena/about/search_	
  

and_browse),	
  as	
  project	
  PRJEB8815,	
  with	
  reads	
  accession	
  nos.	
  ERS684186-­‐	
  

ERS684197	
  and	
  ERS764859	
  –	
  ERS764870,	
  respectively.	
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Abstract	
  

The	
   presence	
   of	
   endosymbionts	
   in	
   individuals	
   of	
   host	
   populations	
  

can	
   drastically	
   condition	
   the	
   evolution	
   of	
   both	
   species.	
   In	
   Drosophila,	
  

Wolbachia	
  has	
  been	
  shown	
  to	
  confer	
  protection	
  to	
  RNA	
  virus	
  infection	
  in	
  a	
  

selectable	
   strain-­‐dependent	
   manner.	
   This	
   supports	
   the	
   concept	
   that	
   host	
  

and	
  symbiont	
  may	
  form	
  an	
  evolutionary	
  unit	
  under	
  selection	
  and	
  raises	
  the	
  

question	
  of	
  whether	
  the	
  symbiont	
  is	
  strictly	
  necessary	
  for	
  host	
  adaptation.	
  

Using	
   our	
   previously	
   adapted	
   populations	
   from	
   which	
   Wolbachia	
   was	
  

removed,	
   and	
   after	
   an	
   initial	
   severe	
   decay	
   in	
   survival	
   to	
   DCV	
   infection,	
  

experimental	
   evolution	
   populations	
   exposed	
   to	
   DCV	
   recovered	
   survival	
  

frequencies	
   comparable	
   to	
   those	
   attained	
   previously	
   in	
   the	
   presence	
   of	
  

Wolbachia.	
   Whole-­‐genome	
   sequencing	
   upon	
   20	
   generations	
   of	
   selection	
  

revealed	
   that	
   the	
   major	
   genes	
   involved	
   in	
   the	
   first	
   selection	
   experiment,	
  

pastrel	
   and	
   Ubc-­‐E2H,	
   were	
   kept	
   under	
   selection	
   in	
   the	
   second	
   round	
   of	
  

Wolbachia-­‐free	
   adaptation	
   with	
   their	
   frequencies	
   increasing	
   significantly.	
  

However,	
   the	
  genomic	
  profile	
  obtained	
   in	
   the	
   two	
   rounds	
  of	
   adaptation	
   is	
  

not	
   the	
   same,	
   showing	
   that	
   the	
   physiological	
   basis	
   for	
   protection	
   against	
  

DCV	
   is	
   not	
   strictly	
   equivalent	
   with	
   or	
   without	
  Wolbachia.	
   Indeed,	
   other	
  

genes	
   located	
   on	
   the	
   two	
   highly	
   differentiated	
   loci	
   can	
   also	
   play	
   smaller	
  

roles	
   in	
   adaptation	
   without	
  Wolbachia.	
   These	
   findings	
   demonstrate	
   how	
  

few	
   genes,	
   balanced	
  with	
   the	
   presence/absence	
   dynamics	
   of	
   a	
   protective-­‐

endosymbiont,	
  can	
  drive	
  host	
  adaptation.	
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 Introduction	
  

Endosymbiotic	
   relationships	
   have	
   strong	
   implications	
   in	
   the	
  

adaptation	
   processes	
   of	
   both	
   partners,	
   thus	
   constituting	
   a	
   putatively	
  

important	
   factor	
   in	
  the	
  evolution	
  of	
  species	
  [1–5].	
   In	
  particular,	
   facultative	
  

endosymbionts	
  can	
  have	
  a	
  huge	
  impact	
  on	
  host’s	
  physiology	
  and	
  adaptation,	
  

triggered	
   by	
   a	
   vast	
   range	
   of	
   reproductive	
   manipulations	
   [6].	
   Indeed,	
   the	
  

presence	
   of	
   these	
   heritable	
   endosymbionts	
   can	
   increase	
   host	
   fitness	
  

through	
  protection	
  against	
  pathogens	
  [7–10]	
  or	
  nutritional	
  supplies	
  [11,12].	
  

These	
   effects,	
   alone	
   or	
   combined,	
   may	
   play	
   a	
   determinant	
   role	
   in	
   the	
  

invasion	
   and	
   spreading	
   of	
   facultative	
   endosymbionts	
   in	
   host	
   populations	
  

[1,3,5].	
  

	
   In	
   arthropods,	
   the	
   endosymbiont	
  Wolbachia	
   is	
   widespread,	
   albeit	
  

with	
   varying	
   incidence	
   in	
   natural	
   populations	
   [13].	
   The	
   cause	
   of	
   these	
  

frequency	
   variations	
   of	
   host	
   infection,	
   both	
   within	
   and	
   between	
  

populations,	
   is	
   still	
  unclear.	
  Yet,	
   the	
  discovery	
   that	
  Wolbachia	
  protects	
   the	
  

Drosophila	
  host	
   against	
   viral	
   infection	
   [9,14–16]	
   raises	
   the	
  possibility	
   that	
  

this	
   mechanism	
   may	
   contribute	
   to	
   this	
   pattern	
   of	
   ecological	
   and	
  

evolutionary	
  heterogeneity.	
  	
  

Drosophila	
   melanogaster	
   is	
   infected	
   with	
   one	
   Wolbachia	
   strain,	
  

wMel,	
   for	
  which	
  several	
  variants	
  have	
  been	
  described	
  [17].	
  These	
  variants	
  

can	
  be	
  clustered	
  in	
  two	
  major	
  monophyletic	
  groups:	
  wMel-­‐like	
  and	
  wMelCS-­‐

like,	
  which	
  may	
  be	
  distinguished	
  through	
  variation	
  in	
  8	
  indels	
  and	
  108	
  SNPs	
  

[18].	
   Interestingly,	
   the	
   two	
   Wolbachia	
   clades	
   confer	
   different	
   levels	
   of	
  

protection	
   against	
   DCV	
   and	
   FHV	
   infection,	
   with	
   wMelCS-­‐like	
   showing	
   a	
  

stronger	
   effect,	
   directly	
   correlating	
   with	
  Wolbachia	
   load	
   inside	
   the	
   host	
  

(18)(Subchapter	
  3.2).	
  	
  

Studies	
  have	
  demonstrated	
  that	
  the	
  increase	
  in	
  host	
  fitness	
  favours	
  

endosymbiont	
  spreading	
  [19–21].	
  Also,	
  endosymbiont	
  variants	
  of	
  the	
  same	
  

strain	
   can	
   fluctuate	
   in	
   frequency	
   inside	
   populations	
   throughout	
   time	
   or	
  



	
   249	
  

during	
  evolution	
  experiments	
  [22,23].	
  Yet,	
  thus	
  far	
  no	
  study	
  contrasted	
  the	
  

consequences	
  to	
  an	
  under-­‐selection	
  and	
  pre-­‐adapted	
  host	
  population	
  after	
  

protective-­‐endosymbiont	
  removal.	
  	
  

In	
   our	
   previous	
  work,	
   we	
   selected	
   4	
   replicates	
   of	
  D.	
  melanogaster	
  

outbred	
   populations	
   against	
   DCV	
   and	
   treated	
   another	
   4	
   replicates	
   with	
   a	
  

systemic	
  mock-­‐infection,	
   as	
   control.	
   After	
   20	
   generations	
   of	
   selection,	
   we	
  

observed,	
   in	
   populations	
   selected	
   against	
   DCV,	
   an	
   increase	
   in	
   survival	
   10	
  

days	
  after	
  infection	
  from	
  33%	
  to	
  almost	
  80%.	
  We	
  showed	
  by	
  whole-­‐genome	
  

sequencing	
  of	
  these	
  populations	
  that	
  i)	
  Drosophila	
  adaptation	
  to	
  DCV	
  relied	
  

on	
   two	
   major	
   loci	
   (containing	
   three	
   functionally-­‐validated	
   genes:	
   pastrel,	
  

CG8492	
   and	
   Ubc-­‐E2H)	
   with	
   different	
   cross-­‐resistance	
   properties	
   [24]	
  

(Subchapter	
  2.5)	
  and	
   ii)	
   the	
  most	
  protective	
  Wolbachia	
  substrain,	
  wMelCS,	
  

was	
  fixed	
  by	
  selection	
  (Subchapter	
  3.2).	
  

Here,	
   and	
   after	
   35	
   generations	
   of	
   selection	
   (and	
   survival	
   after	
  

infection	
  up	
  to	
  90%	
  at	
  day	
  10),	
  we	
  founded	
  4	
  new	
  derived-­‐replicates	
  of	
  each	
  

evolved	
  population	
  (VirSys)	
  and	
  respective	
  control	
  (ContSys).	
  We	
  removed	
  

Wolbachia	
   infection	
   from	
   both	
   new	
   selection	
   regimes	
   (VirSys-­‐tet	
   and	
  

ContSys-­‐tet,	
  respectively)	
  and	
  kept	
  the	
  respective	
  viral	
  infection	
  treatment.	
  

We	
   found	
   that	
   these	
   pre-­‐adapted	
   outbred	
   populations	
   of	
   Drosophila	
   can	
  

increase	
  their	
  immunocompetence	
  against	
  DCV	
  without	
  Wolbachia	
  to	
  levels	
  

comparable	
   to	
   those	
   achieved	
   in	
   the	
   presence	
   of	
   the	
   symbiont.	
   Re-­‐

sequencing	
   of	
   those	
   Wolbachia-­‐free	
   populations	
   after	
   20	
   generations	
  

indicated	
   that	
   the	
  new	
  protective	
  phenotype	
  was	
  based	
  on	
   the	
   increase	
  of	
  

frequency	
  of	
   the	
  viral-­‐protective	
  alleles	
   in	
   the	
  major	
  genes	
  revealed	
   in	
   the	
  

previously	
  adaptive	
  process:	
  pastrel	
  and	
  Ubc-­‐E2H.	
  Moreover,	
  other	
  relevant	
  

gene(s)	
  located	
  in	
  the	
  differentiated	
  peaks	
  may	
  also	
  have	
  a	
  role	
  in	
  this	
  novel	
  

adaptation.	
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Results	
  

We	
   have	
   performed	
   experimental	
   evolution	
   of	
   a	
   DCV-­‐adapted	
  

outbred	
   population	
   of	
   Drosophila	
   melanogaster.	
   Previously,	
   for	
   34	
  

generations,	
   four	
   population	
   replicates	
   were	
   selected	
   in	
   each	
   generation	
  

with	
  DCV	
  systemic	
  infection	
  (VirSys)	
  and	
  four	
  other	
  replicates	
  were	
  used	
  as	
  

control,	
   pricked	
   with	
   a	
   buffer	
   solution	
   (ContSys).	
   In	
   generation	
   35,	
   those	
  

populations	
   were	
   further	
   replicated,	
   resulting	
   in	
   8	
   new	
   populations,	
   4	
  

adapted	
   and	
   4	
   controls.	
   For	
   5	
   generations	
   (from	
   35	
   to	
   39),	
   these	
   novel	
  

populations	
   were	
   exposed	
   first,	
   for	
   2	
   generations,	
   to	
   a	
   tetracycline	
  

treatment	
   to	
   remove	
   Wolbachia	
   infection.	
   We	
   further	
   waited	
   additional	
  

three	
   generations	
   to	
   allow	
  mitochondrial	
   recovery	
   of	
   treated	
   populations,	
  

as	
  well	
   as	
   to	
   performed	
  microbiota	
   standardization	
   between	
   infected	
   and	
  

non-­‐infected	
   populations.	
   At	
   generation	
   40,	
   we	
   started	
   a	
   new	
   set	
   of	
  

experimental	
   evolution,	
   thereafter	
   considered	
   as	
   generation	
   0	
   to	
   these	
  

Wolbachia-­‐free	
  populations,	
  referred	
  to	
  as	
  VirSys-­‐tet	
  and	
  ContSys-­‐tet.	
  	
  

To	
   perform	
   this	
   new	
   set	
   of	
   experimental	
   evolution,	
   the	
   same	
  

protocol	
  of	
  selection	
  was	
  performed	
  [24],	
  where	
  DCV	
  infection	
  was	
  imposed	
  

at	
   every	
   generation	
   using	
   the	
   same	
   (not	
   coevolved)	
   ancestral	
   virus	
   strain	
  

and	
  survival	
  measured	
  at	
  days	
  6	
  and	
  10	
  after	
  infection.	
  

At	
   generation	
   0,	
   resistance	
   of	
   new	
   populations	
   dropped	
  

significantly.	
   In	
   females,	
   survival	
  decreased	
   from	
  92,8%	
  (VirSys)	
   to	
  29,4%	
  

(VirSys-­‐tet)	
  and	
  from	
  42,6	
  (ContSys)	
  to	
  7,0%	
  (ContSys-­‐tet);	
   in	
  males,	
   from	
  

83,3%	
   (VirSys)	
   to	
   22,0%	
   (VirSys-­‐tet)	
   and	
   from	
   22,0%	
   (ContSys)	
   to	
   8,3%	
  

(ContSys-­‐tet)	
  (Figure	
  3.2.1).	
  

When	
  exposed	
  to	
  DCV,	
  VirSys-­‐tet	
  populations	
  showed	
  a	
  progressive	
  

increase	
   in	
   survival	
   when	
   compared	
   to	
   individuals	
   from	
   control	
   lines	
  

throughout	
  the	
  ensuing	
  20	
  generations	
  (p	
  <	
  0.0001).	
  Changes	
  in	
  survival	
  in	
  

the	
   VirSys-­‐tet	
   selection	
   regime	
   were	
   consistent	
   among	
   replicate	
  

populations.	
   In	
   females,	
   the	
   increase	
   of	
   survival	
   started	
   early	
   in	
   the	
   new	
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selective	
  process,	
  both	
  at	
  day	
  6	
  and	
  day	
  10	
   (Figure	
  3.2.1	
  A	
  and	
  B,	
   left).	
   In	
  

males,	
   the	
   difference	
   in	
   survival	
   was	
   absent	
   in	
   the	
   early	
   generations	
   and	
  

increased	
   with	
   time,	
   and	
   showed	
   a	
   significant	
   interaction	
   between	
  

generation	
   and	
   selection	
   regime	
   (p	
   <	
   0.0001).	
   The	
   response	
   became	
  

significantly	
   different	
   at	
   generation	
   11	
   (day	
   6)	
   and	
   at	
   generation	
   18	
   (day	
  

10)	
  (Figure	
  3.2.1	
  A	
  and	
  B,	
  right).	
  At	
  day	
  6	
  (panel	
  A),	
  both	
  males	
  and	
  females	
  

of	
  VirSys-­‐tet	
  populations	
  responded	
  very	
  closely	
  to	
  VirSys	
  populations	
  after	
  

Figure	
   3.3.1	
   –	
   Evolution	
   of	
   increased	
   resistance	
   to	
   DCV	
   in	
  
Wolbachia-­‐free	
   population.	
   Experimental	
   evolution	
   trajectories	
   over	
  
20	
   generations	
   (after	
   previous	
   40)	
   of	
  Wolbachia-­‐positive	
   populations	
  
VirSys	
  (VS)	
  and	
  ContSys	
  (CS);	
  and	
  Wolbachia-­‐free	
  populations	
  VirSys-­‐tet	
  
(VStet)	
   and	
   ContSys-­‐tet	
   (CStet)	
   at	
   day	
   6	
   (A)	
   and	
   day	
   10	
   (B).	
   Circles	
  
represent	
   populations	
   exposed	
   to	
   the	
   virus.	
   Squares	
   represent	
   control	
  
lines.	
   Solid	
   lines	
   represent	
   populations	
  Wolbachia-­‐positive	
   and	
   dotted	
  
lines	
   Wolbachia-­‐free.	
   Vertical	
   bars	
   correspond	
   to	
   the	
   SEM	
   survival	
  
among	
  the	
  four	
  replicates	
  populations.	
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20	
  generations.	
  On	
  the	
  other	
  hand,	
  at	
  day	
  10,	
  while	
  females	
  also	
  presented	
  a	
  

similar	
   response,	
   a	
   profound	
   difference	
   between	
   males	
   with	
   or	
   without	
  

Wolbachia	
  was	
  evident.	
  	
  

	
   	
  Throughout	
   this	
   new	
   selection,	
   VirSys	
   and	
  ContSys	
   kept	
   the	
   same	
  

response	
   profile,	
   where	
   VirSys	
   continued	
   with	
   a	
   very	
   high	
   resistance	
  

whereas	
  ContSys	
  kept	
  the	
  same	
  survival	
   levels	
  when	
  challenged	
  with	
  DCV,	
  

running	
   around	
   the	
   values	
   defined	
   as	
   the	
   baseline	
   before	
   the	
   start	
   of	
   the	
  

first	
  adaptation	
  experiment	
  (2/3	
  of	
  mortality	
   in	
  average	
  among	
  males	
  and	
  

females).	
  

To	
   uncover	
   the	
   genetic	
   basis	
   responsible	
   for	
   the	
   increased	
  

resistance	
  of	
  Drosophila	
  Wolbachia-­‐free	
  populations	
  evolving	
  in	
  presence	
  of	
  

DCV,	
  we	
  performed	
  genome-­‐wide	
  sequencing	
  of	
  DNA	
  pools	
  (Pool-­‐Seq)	
  of	
  all	
  

replicates	
   of	
   both	
   treatments,	
   VirSys-­‐tet	
   and	
  ContSys-­‐tet,	
   at	
   generations	
   0	
  

and	
  20	
  (Figure	
  3.3.2).	
  

Using	
   a	
   chromosome-­‐wide	
   cutoff	
   (see	
   M&M),	
   we	
   observed	
  

consistent	
  significant	
  changes	
  in	
  allele	
  frequencies	
  over	
  a	
  region	
  that	
  spans	
  

∼500	
  kb	
  on	
   the	
  X	
  chromosome	
  (X)	
   (most	
  5′	
  SNP,	
  X:	
  7763190	
  and	
  most	
  3′	
  

SNP,	
  X:8269370)	
  and	
  across	
  a	
  4	
  Mb	
  region	
  on	
  the	
  3L	
  chromosome	
  (Figure	
  

3.3.2C).	
   The	
   most	
   significantly	
   differentiated	
   SNPs	
   in	
   the	
   X	
   region	
  

corresponded	
   to	
   position	
   X:7862410	
   and	
   mapped	
   to	
   3	
   different	
   genes,	
  

CG1409,	
   Ir7b	
   and	
   dec-­‐1.	
   Initial	
   and	
   final	
   frequencies	
   of	
   the	
   most	
  

significantly	
   differentiated	
   SNPs	
   were	
   0.558	
   and	
   0.9	
   for	
   X:7862410	
  

(CG1409/Ir7b/dec-­‐1).	
   Presenting	
   virtually	
   the	
   same	
   probability	
   of	
  

differentiation,	
  the	
  4th	
  highest	
  differentiated	
  SNP	
  is	
  on	
  the	
  Ubc-­‐E2H	
  gene	
  (X:	
  

8090522),	
  which	
  increased	
  in	
  frequency	
  from	
  0.667	
  to	
  0.917.	
  

When	
   comparing	
   panel	
   C	
   with	
   B,	
   we	
   could	
   observe	
   that	
   the	
  most	
  

significantly	
   differentiated	
   SNPs	
   in	
   3L	
   were	
   located	
   in	
   pastrel,	
   where	
   the	
  

protective	
   allele	
   (commonly	
   characterized	
   by	
   the	
   SNP	
   3L:7350895)	
  

increased	
  in	
  frequency,	
  from	
  a	
  initial	
  0.733	
  to	
  a	
  final	
  0.875.	
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As	
   shown	
   in	
   panels	
   A	
   e	
   D,	
   we	
   could	
   see	
   chromosomal	
   profile	
  

modifications	
   between	
   initial	
   and	
   final	
   populations	
   of	
   the	
   same	
   treatment	
  

(ContSys-­‐tet	
  and	
  VirSys-­‐tet,	
  respectively).	
  Small	
  significant	
  alterations	
  were	
  

registered,	
  being	
  the	
  majority	
  similar	
  in	
  both	
  treatments	
  in	
  chromosome	
  3L,	
  

3R	
  and	
  X.	
  

Figure	
   3.3.2	
   –	
   Differentiation	
   between	
   Wolbachia-­‐free	
   selection	
  
regimes.	
  -­‐log10	
  values	
  of	
  the	
  CMH	
  statistic	
   for	
  every	
  polymorphic	
  SNP,	
  
across	
   the	
   five	
  major	
   chromosomal	
   arms	
   through	
  pairwise	
   comparison	
  
of	
  allele	
  frequencies	
  between	
  (A)	
  ContSys-­‐tet	
  populations	
  at	
  generation	
  
0	
  and	
  20,	
  (B)	
  ContSys-­‐tet	
  and	
  VirSys-­‐tet	
  populations	
  at	
  generation	
  0,	
  (C)	
  
ContSys-­‐tet	
   and	
   VirSys-­‐tet	
   populations	
   at	
   generation	
   40,	
   and	
   (D)	
  
between	
   VirSys-­‐tet	
   populations	
   at	
   generation	
   0	
   and	
   20.	
   The	
   solid	
   and	
  
dotted	
  lines	
  represent	
  the	
  99.95%	
  quantile	
  of	
  the	
  P	
  values	
  in	
  the	
  controls	
  
comparison	
  at	
  genome-­‐wide	
  and	
  chromosome-­‐wide	
  levels,	
  respectively.	
  

A 

B 

C

D

ContSys-tet Gen 0 
vs 

ContSys-tet Gen 20 

ContSys-tet Gen 0 
vs 

VirSys-tet Gen 0 

ContSys-tet Gen 20 
vs 

VirSys-tet Gen 20 

VirSys-tet Gen 0 
vs 

VirSys-tet Gen 20 
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Discussion	
  

In	
   this	
   work,	
   we	
   have	
   shown	
   that	
   a	
   D.	
   melanogaster	
   outbred	
  

population	
   can	
   achieve	
   survival	
   levels	
   upon	
   DCV	
   infection	
   comparable	
   to	
  

those	
  reached	
  with	
  the	
  contribution	
  of	
  Wolbachia	
  after	
  the	
  removal	
  of	
  this	
  

protective-­‐endosymbiont.	
   Using	
   Pool-­‐Seq,	
   we	
   found	
   SNPs	
   associated	
   with	
  

this	
  process.	
  We	
  revealed	
   the	
  previously	
  described	
  genes	
  pastrel	
   and	
  Ubc-­‐

E2H	
   as	
   the	
   most	
   promising	
   players	
   driving	
   this	
   second	
   turn	
   of	
   anti-­‐viral	
  

adaptation.	
  Moreover,	
  it	
  is	
  possibly	
  that	
  this	
  second	
  adaptation	
  involved	
  the	
  

selection	
   of	
   alleles	
   that	
  were	
   not	
   required,	
   totally	
   or	
   partially,	
   in	
   the	
   first	
  

adaptation.	
  

As	
   expected,	
   treatment	
   with	
   tetracycline	
   (and	
   consequent	
  

elimination	
  of	
  Wolbachia)	
  strongly	
  reduced	
  survival	
  upon	
  DCV	
  infection	
  in	
  

both	
   adapted	
   and	
   control	
   populations.	
   The	
   average	
   survival	
   of	
  males	
   and	
  

females	
  at	
  day	
  10	
  dropped	
  71.8%	
   in	
  VirSys-­‐tet	
  and	
  76.25%	
  in	
  ContSys-­‐tet	
  

populations.	
  However,	
  the	
  pre-­‐adapted	
  population	
  VirSys-­‐tet	
  kept	
  a	
  higher	
  

survival	
   in	
   absolute	
   values	
   (Figure	
   3.3.1,	
   generation	
   0),	
   reflecting	
   the	
  

changes	
   in	
   frequency	
   of	
   host’s	
   protector	
   alleles	
   selected	
   in	
   the	
   first	
  

adaptation	
   [24]	
   (Subchapter	
   2.5).	
   This	
   result	
   reiterates	
   in	
   our	
   adapted	
  

outbred	
  populations,	
  the	
  described	
  strong	
  antiviral	
  protection	
  conferred	
  by	
  

Wolbachia.	
  	
  

Moreover,	
   an	
   important	
   general	
   feature	
   to	
   take	
   into	
  account	
  when	
  

comparing	
  antiviral	
  protection	
  provided	
  by	
  Wolbachia	
  is	
  a	
  difference	
  in	
  the	
  

degree	
   conferred	
   by	
   different	
   strains	
   [18].	
   As	
   seen	
   in	
   Subchapter	
   3.2,	
   the	
  

most	
   protective	
   strain	
   present	
   in	
   the	
   ancestral	
   population,	
   wMelCS-­‐like	
  

(Clade	
  V)	
  was	
  fixed	
  in	
  the	
  evolved	
  populations	
  VirSys.	
  However,	
  the	
  strain-­‐

factor,	
  although	
  important,	
   is	
  not	
  a	
  key	
  point	
   in	
  this	
  circumstance.	
  As	
  both	
  

populations	
   VirSys	
   and	
   ContSys	
   only	
   differed	
   between	
   100%	
   and	
   85%	
   at	
  

the	
   time	
  of	
   treatment	
  with	
   tetracycline,	
   the	
   strain-­‐factor	
  did	
  not	
   influence	
  

significantly	
   the	
   decrease	
   of	
   DCV-­‐protection	
   in	
   both	
   Wolbachia-­‐free	
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populations.	
   Consequently,	
   this	
   effect	
   was	
   diluted	
   in	
   the	
   striking	
   viral-­‐

susceptibility	
  phenotype	
  that	
  resulted	
  from	
  the	
  absence	
  of	
  Wolbachia	
  itself.	
  

After	
  this	
  reduction	
   in	
  anti-­‐viral	
  protection,	
  we	
  raised	
  the	
  question	
  

of	
  whether	
  the	
  population	
  with	
  its	
  current	
  genetic	
  pool	
  and	
  in	
  the	
  absence	
  

of	
   the	
   protective	
   endosymbiont	
   would	
   adapt	
   to	
   this	
   challenge.	
   If	
   so,	
   how	
  

long	
  it	
  would	
  take	
  to	
  start	
  and	
  how	
  far	
  could	
  it	
  go?	
  

As	
   shown	
   in	
   Figure	
   3.3.1,	
   the	
   same	
   selective	
   pressure	
   triggered	
   a	
  

new	
  adaptive	
  process,	
  impacting	
  almost	
  immediately	
  survival	
  in	
  females.	
  In	
  

males,	
   the	
  difference	
   is	
   significant	
   from	
  generation	
  11	
  onwards	
   (when	
  we	
  

consider	
   day	
   6,	
   which	
   is	
   the	
   reproductive	
   period)	
   and	
   at	
   generation	
   18	
  

(considering	
   day	
   10,	
   end	
   of	
   survival	
   assessment).	
   The	
   difference	
   in	
  

response	
   between	
   females	
   and	
   males	
   may	
   reflect	
   the	
   role	
   of	
   age	
   on	
  

reproductive	
   dynamics,	
   or	
   distinct	
   sex-­‐dependent	
   consequences	
   of	
   viral	
  

infection	
   itself	
   (for	
   example,	
   the	
   difference	
   in	
   size	
   and/or	
   in	
   nutrition	
  

between	
  sexes).	
  At	
  generation	
  20,	
  VirSys-­‐tet	
  males	
  were	
  close	
  to	
  the	
  VirSys	
  

response	
   at	
   day	
   6	
   but	
   remained	
   different	
   from	
   day	
   10,	
   showing	
   that	
  

whatever	
  feature	
  was	
  selected,	
  it	
  was	
  sufficient	
  to	
  delay	
  death	
  until	
  after	
  the	
  

age	
   of	
   reproduction	
   but	
   not	
   conferring	
   a	
   longer-­‐term	
   protection,	
   as	
  

previously	
  provided	
  by	
  Wolbachia	
  presence.	
   In	
   the	
   case	
  of	
   females,	
   it	
  was	
  

expected	
  that	
  survival	
  at	
  day	
  10	
  also	
  increased	
  because	
  we	
  had	
  established	
  

that	
   infected	
   females	
   that	
  die	
  before	
  day	
  10	
  have	
  not	
   laid	
  eggs	
  during	
   the	
  

reproductive	
   window	
   of	
   our	
   protocol	
   (day	
   5-­‐7),	
   thus	
   having	
   the	
   same	
  

fitness	
  in	
  this	
  period.	
  

	
   It	
   is	
  also	
  essential	
   to	
  reflect	
  on	
   the	
  consequences	
  of	
   two	
  scenarios:	
  

adapting	
   against	
   virus	
   in	
   one	
   population	
   without	
   Wolbachia	
   from	
   the	
  

beginning	
   of	
   the	
   selective	
   pressure	
   or,	
   as	
   done	
   here,	
   removing	
  Wolbachia	
  

after	
   the	
   population	
   is	
   already	
   well	
   adapted.	
   These	
   are	
   two	
   different	
  

questions,	
  perhaps	
  with	
  different	
  and	
  potentially	
  complementary	
  answers.	
  

However,	
  there	
  is	
  one	
  specific	
  question	
  that	
  can	
  only	
  be	
  addressed	
  with	
  our	
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protocol:	
   which	
   antiviral	
   alleles	
   are	
   not	
   recruited	
   for	
   antiviral	
   response	
  

because	
  of	
  the	
  presence	
  of	
  Wolbachia?	
  	
  

	
   Comparing	
  whole	
   genome	
   sequences	
   from	
   the	
   initial	
   (0)	
   and	
   final	
  

(20)	
  generations	
  shows	
  that	
  the	
  biggest	
  difference	
  between	
  ContSys-­‐tet	
  and	
  

VirSys-­‐tet	
   resides	
   in	
   the	
  high	
  peak	
  of	
  differentiated	
  SNPs	
  on	
   the	
  3L	
  and	
  X	
  

chromosomes.	
  Both	
  are	
   located	
  on	
   the	
  previously	
   reported	
   loci.	
  This	
  peak	
  

spanned	
  500kb	
  with	
   its	
  highest	
  point	
  at	
  position	
  X:7862410.	
  This	
  SNP	
  (as	
  

well	
  as	
  the	
  3rd	
  highest	
  differentiated	
  SNP,	
  X:7862409)	
  was	
  downstream	
  of	
  3	
  

different	
   genes,	
   CG1409,	
   Ir7b	
   and	
   dec-­‐1,	
   genes	
   not	
   previously	
   directly	
  

related	
  with	
  immune	
  functions.	
  Also	
  in	
  the	
  top	
  of	
  the	
  peak,	
  with	
  almost	
  the	
  

same	
   probability	
   of	
   differentiation,	
   the	
   4th	
   highest	
   differentiated	
   SNP	
   on	
  

Ubc-­‐E2H	
  gene,	
  was	
  previously	
  described	
  by	
  us	
  as	
  a	
  major	
  player	
  in	
  the	
  anti-­‐

DCV	
   response	
   (subchapter	
   2.5).	
   The	
   SNP	
   (X:	
   8090522)	
   increased	
   in	
  

frequency	
   from	
   0.667	
   to	
   0.917.	
   Similarly,	
   the	
   SNP	
   that	
   indicated	
   the	
   first	
  

adaptation	
  (X:7984325)	
  increased	
  its	
  frequency	
  from	
  0.658	
  at	
  generation	
  0	
  

to	
  0.858	
  at	
  generation	
  20.	
  	
  

It	
  would	
  be	
  interesting	
  to	
  investigate	
  whether	
  this	
  major	
  frequency	
  

change	
  in	
  X	
  chromosome	
  could	
  also	
  explain,	
  at	
   least	
  partially,	
  the	
  different	
  

response	
  profiles	
  between	
  males	
  and	
  females.	
  

Still,	
   other	
   changes	
   are	
   also	
   present	
   in	
   this	
   comparison.	
   First,	
   an	
  

increase	
   in	
   the	
   frequency	
   of	
   the	
   SNPs	
   mapping	
   to	
   pastrel.	
   Although	
   the	
  

previously	
  reported	
  protective	
  allele	
  of	
  pastrel	
  had	
  a	
  high	
  frequency	
  in	
  the	
  

end	
  of	
   the	
   first	
   round	
  of	
   adaptation	
   (0.733	
  vs	
  0.158	
  of	
  ContSys),	
   this	
  new	
  

sequencing	
   revealed	
   that	
   the	
   gene	
   was	
   likely	
   kept	
   under	
   selection	
   in	
   the	
  

second	
  round.	
  Pastrel	
   is	
  one	
  major	
  player	
  in	
  DCV	
  response	
  (as	
  determined	
  

both	
   through	
   GWAS	
   [25]	
   and	
   Evolve	
   and	
   Re-­‐sequence	
   approaches	
   [24])	
  

allowing	
   a	
   scenario	
   in	
   which,	
   after	
   an	
   eventual	
   decrease	
   in	
   viral	
  

immunocompetence	
  (for	
  instance	
  the	
  removal	
  of	
  Wolbachia),	
  any	
  margin	
  to	
  

increase	
  the	
  frequency	
  of	
  a	
  protective	
  allele	
  is	
  a	
  quick	
  tool	
  for	
  an	
  adaptation	
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against	
   viral	
   infection.	
   Second,	
   there	
   are	
   other	
  minor	
   differentiating	
   SNPs	
  

(as	
   is	
   the	
   case	
   of	
   SNP	
   2R:112744239)	
   that,	
   if	
   relevant,	
   had	
   no	
   time	
   to	
  

increase	
  significantly	
  in	
  frequency.	
  Therefore,	
  although	
  there	
  may	
  be	
  other	
  

promising	
   candidates	
   as	
   genes	
   with	
   an	
   anti-­‐viral	
   function,	
   they	
   are	
   not	
  

presented	
  here	
  as	
  potential	
  main	
  drives	
  of	
  this	
  second	
  round	
  of	
  Wolbachia-­‐

free	
  adaptation.	
  

When	
   looking	
   at	
   the	
   comparison	
   between	
   ContSys-­‐tet	
   (0-­‐20)	
   and	
  

VirSys-­‐tet	
  (0-­‐20),	
  we	
  could	
  also	
  observe	
  some	
  differentiation	
  peaks	
  (Figure	
  

3.2.2	
   A	
   and	
   D).	
   The	
   intersection	
   between	
   these	
   two	
   panels	
   shows	
   the	
  

changes	
  which	
  have	
  occurred	
   in	
  both	
   treatments.	
   This	
   signature	
  probably	
  

reflects	
   the	
   consequence	
   of	
   cleaning	
   with	
   tetracycline.	
   It	
   could	
   thus	
   be	
  

caused	
  by	
  adapting	
  to	
   i)	
   the	
  absence	
  of	
  Wolbachia	
   itself,	
   ii)	
   the	
  microbiota	
  

changes	
   through	
   treatment,	
   iii)	
   mitochondrial	
   destabilization	
   after	
  

tetracycline	
   or	
   iv)	
   this	
   is	
   an	
   artefact	
   of	
   the	
   telomeric	
   and	
   centromeric	
  

regions.	
   These	
   hypotheses	
   evidence	
   open	
   questions	
   regarding	
   how	
  

Wolbachia	
   influences	
   populations,	
   however	
   does	
   not	
   influence	
   the	
  

interpretation	
  of	
  our	
  main	
  comparison.	
  

The	
  sequencing	
  comparison	
  of	
  the	
  new	
  evolved	
  population	
  without	
  

Wolbachia	
   (VirSys-­‐tet	
   at	
   generation	
   20)	
  with	
   the	
   symmetrical	
  Wolbachia-­‐

infected	
  population	
  (VirSys	
  at	
  generation	
  60)	
  is	
  also	
  an	
  interesting	
  focus	
  for	
  

future	
   studies.	
   This	
   comparison	
   will	
   allow	
   clarification	
   if	
   any	
   of	
   the	
  

differentiated	
  SNPs	
  here	
  uncovered	
  also	
  changed	
   in	
  VirSys	
   though	
  the	
   last	
  

20	
  generations.	
  Although	
  it	
  is	
  expected	
  that	
  few	
  differences	
  will	
  be	
  present	
  

between	
  VirSys	
  at	
  generation	
  40	
  and	
  60	
   (indicated	
  by	
   the	
  maintenance	
  of	
  

DCV-­‐response	
   phenotype),	
   any	
   similarity	
   in	
   SNP	
   differentiation	
   would	
   be	
  

excluded	
   as	
   responsible	
   to	
   increase	
   viral	
   resistance	
   by	
   the	
   absence	
   of	
  

Wolbachia	
  itself.	
  

It	
  will	
  be	
  necessary	
  to	
  test	
  the	
  new	
  possible	
  relevant	
  candidates	
  and	
  

dissect	
   in	
   detail	
   if	
   the	
   basis	
   of	
   this	
   new	
   round	
   of	
   adaptation	
   against	
   virus	
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involved	
   more	
   genes	
   other	
   than	
   pastrel	
   and	
   Ubc-­‐E2H.	
   Clearly,	
   genes	
  

associated	
  to	
  the	
  high-­‐differentiated	
  SNPs	
  of	
  the	
  3L	
  and	
  X	
  chromosomes	
  are	
  

potential	
  players.	
  The	
  increase	
  in	
  frequency	
  of	
  some	
  new	
  SNPs	
  of	
  previously	
  

reported	
   protective	
   genes	
   could	
   also	
   help	
   to	
   explain	
   this	
   phenomenon.	
  

However,	
   interestingly,	
   the	
   protective-­‐allele	
   frequency	
   of	
   the	
   previously	
  

reported	
  anti-­‐viral	
  gene	
  CG8492	
  dropped	
   in	
   this	
  new	
  selection	
   from	
  0.642	
  

to	
   0.417,	
   no	
   longer	
   being	
   under	
   positive	
   selection.	
   Moreover,	
   novel	
  

candidates	
   also	
   emerged	
   in	
   other	
   chromosomes,	
   being	
   certainly	
   justified	
  

that	
   they	
   are	
   tested	
   for	
   anti-­‐viral	
   protection	
   in	
   the	
   presence	
   and	
   in	
   the	
  

absence	
   of	
   Wolbachia.	
   Nevertheless,	
   considering	
   the	
   residual	
   frequency	
  

change,	
   they	
   are	
   not	
   primary	
   candidates	
   to	
   explain	
   the	
   adaptation	
   in	
   our	
  

populations.	
   This	
   possibility	
   opens	
   a	
   new	
   range	
   of	
   candidates	
   for	
   genes	
  

involved	
  in	
  the	
  response	
  against	
  virus,	
  as	
  well	
  as	
  genes	
  which	
  mediated	
  the	
  

interaction	
  with	
  Wolbachia.	
  

Finally,	
  it	
  would	
  be	
  interesting	
  to	
  explore	
  if	
  there	
  are	
  genes	
  involved	
  

in	
   the	
   interaction	
   between	
   Drosophila	
   and	
  Wolbachia	
   itself.	
   In	
   the	
   other	
  

words,	
  are	
  there	
  genes	
  dependent	
  on	
  the	
  presence/absence	
  of	
  Wolbachia	
  to	
  

exert	
   their	
  antiviral	
  protective	
   function?	
  One	
  of	
   them	
  may	
  be	
   the	
  Ubc-­‐E2H	
  

itself.	
  To	
  test	
  this	
  interaction,	
  it	
  will	
  be	
  necessary	
  to	
  challenge	
  mutants	
  Ubc-­‐

E2H	
   with	
   and	
   without	
   Wolbachia	
   and	
   compare	
   the	
   response	
   of	
   each	
  

phenotype	
  as	
  well	
  as	
  test	
  both	
  alleles	
  under	
  those	
  conditions.	
  

	
  	
  

Materials	
  and	
  Methods	
  

Fly	
  Populations	
  

We	
   used	
   an	
   outbred	
   population	
   of	
   D.	
   melanogaster	
   founded,	
  

expanded	
  and	
  maintained	
  as	
  described	
  in	
  Martins	
  et	
  al.	
  (2013,	
  2014).	
  

	
  

Wolbachia-­‐free	
  populations	
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Wolbachia-­‐free	
   populations	
   VirSys-­‐tet	
   and	
   ContSys-­‐tet,	
   generated	
  

from	
  of	
  the	
  VirSys	
  and	
  ContSys,	
  respectively,	
  were	
  derived	
  at	
  generation	
  35,	
  

by	
   raising	
   the	
   progeny	
   for	
   two	
   generations	
   on	
   food	
   with	
   tetracycline	
  

(0.05mg/mL).	
   Two	
   generations	
   after	
   tetracycline	
   treatment,	
   flora	
  

standardization	
  was	
  performed	
  by	
  direct	
  contact	
  of	
  non-­‐treated	
  males	
  with	
  

the	
   food	
   of	
   treated	
   populations:	
   100	
  males	
   of	
   each	
   populational	
   replicate	
  

stayed	
  over	
  24	
  hours	
  in	
  contact	
  with	
  the	
  food	
  (inside	
  the	
  population	
  cages)	
  

that	
   posteriorly	
   received	
   the	
   first	
   generation	
   of	
   correspondent	
   treated-­‐

populations,	
  at	
  generation	
  39	
  to	
  40.	
  Each	
  replicate	
  population	
  of	
  VirSys-­‐tet	
  

was	
  systemically	
  infected	
  with	
  DCV	
  and	
  ContSys-­‐tet	
  selection	
  regimes	
  kept	
  

as	
  control.	
  

Experimental	
  Evolution	
  

Starting	
   from	
   the	
   base	
   population,	
   we	
   derived	
   12	
   lines	
   evolving	
  

under	
   3	
   different	
   regimes	
   (4	
   replicates	
   per	
   treatment).	
   In	
   the	
   VirSys	
  

treatment,	
  adult	
  flies	
  were	
  pricked	
  in	
  the	
  thoracic	
  region	
  with	
  DCV	
  [2	
  ×	
  107	
  

tissue	
   culture	
   ID50	
   (TCID50)]	
   at	
   each	
   generation.	
   A	
   second	
   treatment	
  

consisted	
  of	
  a	
  control	
  for	
  pricking,	
  in	
  which	
  the	
  needle	
  was	
  dipped	
  in	
  sterile	
  

medium	
  (ContSys).	
  Finally,	
  a	
  second	
  group	
  of	
  control	
  lines	
  consisted	
  of	
  flies	
  

kept	
  in	
  standard	
  food	
  without	
  being	
  pricked	
  (control).	
  The	
  dose	
  of	
  DCV	
  that	
  

was	
  used	
   caused	
  an	
   average	
  mortality	
   of	
   66%	
   in	
   the	
   initial	
   population	
  10	
  

days	
  after	
  infection.	
  

These	
  treatments	
  were	
  administrated	
  to	
  310	
  males	
  and	
  310	
  females	
  

(4–6	
  d	
   after	
   eclosion).	
   Selection	
   lines	
  were	
   kept	
   in	
   large	
  population	
   cages	
  

and	
  surviving	
  individuals	
  mated	
  randomly;	
  reproduction	
  took	
  place	
  at	
  days	
  

5–7	
  after	
  infection	
  by	
  providing	
  fresh	
  oviposition	
  substrate.	
  The	
  number	
  of	
  

individuals	
   in	
   the	
   control	
   populations	
   was	
   always	
   reduced	
   to	
   the	
   initial	
  

number	
  of	
  infected	
  individuals	
  (i.e.,	
  600).	
  

Egg	
   density	
   was	
   limited	
   to	
   400	
   per	
   cup,	
   a	
   density	
   determined	
  

experimentally	
  to	
  enable	
  optimal	
  larval	
  development.	
  Each	
  generation	
  cycle	
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lasted	
  3	
  weeks.	
  Before	
  the	
  beginning	
  of	
  the	
  experiment,	
  absence	
  of	
  vertical	
  

transmission	
  of	
  the	
  parasite	
  to	
  the	
  progeny	
  was	
  verified.	
  

To	
   monitor	
   survival	
   across	
   generations,	
   we	
   infected	
   at	
   each	
  

generation	
  additional	
  sample	
  males	
  and	
  female	
  flies	
  from	
  each	
  replicate	
  of	
  

each	
  treatment	
  and	
  monitored	
  their	
  survival	
  in	
  vials	
  for	
  at	
  least	
  10	
  days.	
  

	
  

Whole-­‐Genome	
  Sequencing	
  

Genomic	
  DNA	
  preparation	
  and	
  sequencing	
  were	
  done	
  as	
  in	
  Orozco-­‐

terWengel	
  et	
  al.	
  [26].	
  Briefly,	
  a	
  pool	
  of	
  200	
  individuals	
  of	
  each	
  selection	
  line	
  

was	
   homogenized	
   with	
   an	
   Ultraturrax	
   T10	
   (IKA-­‐Werke),	
   and	
   DNA	
   was	
  

extracted	
   from	
   the	
   homogenate	
   using	
   a	
   high-­‐salt	
   extraction	
   protocol.	
  

Genomic	
   DNA	
   was	
   sheared	
   using	
   a	
   Covaris	
   S2	
   device	
   (Covaris,	
   Inc.)	
   and	
  

paired-­‐end	
  libraries	
  were	
  prepared	
  using	
  the	
  TruSeq	
  v2	
  DNA	
  Sample	
  Prep	
  

Kit	
  (Illumina).	
  Libraries	
  were	
  size-­‐selected	
  for	
  a	
  mean	
  insert	
  size	
  of	
  300	
  bp	
  

on	
   agarose	
   gels	
   and	
   amplified	
  with	
   10	
  PCR	
   cycles,	
   and	
   2×	
   100-­‐bp	
  paired-­‐

end	
   reads	
   were	
   sequenced	
   on	
   a	
   HiSeq	
   2000	
   (Illumina).	
   16	
   groups	
   of	
  

populations	
  were	
  sequenced:	
   four	
   replicates	
  of	
  ContSys-­‐tet	
  and	
  VirSys-­‐tet,	
  

both	
  at	
  generation	
  0	
  and	
  20.	
  

	
  

Read	
  Quality	
  Control	
  and	
  Mapping	
  	
  

Reads	
  were	
  mapped	
  following	
  the	
  previously	
  described	
  pipeline	
  for	
  

Pool-­‐Seq	
   analysis.	
   Briefly,	
   125-­‐bp	
   paired-­‐end	
   reads	
   were	
   filtered	
   for	
   a	
  

minimum	
  average	
  base	
  quality	
  score	
  of	
  18	
  and	
  trimmed	
  using	
  PoPoolation	
  

[27].	
   Reads	
   with	
   a	
   minimum	
   length	
   ≥50	
   bp	
   were	
   then	
  mapped	
   against	
   a	
  

reference	
   containing	
   the	
   FlyBase	
   D.	
   melanogaster	
   genome	
   r6.01	
  

(http://flybase.org).	
   We	
   used	
   the	
   following	
   parameters:	
   seeding	
   of	
   the	
  

reads	
  disabled	
   (−l	
  110),	
  1%	
  missing	
  alignments	
  assuming	
  an	
  error	
   rate	
  of	
  

2%	
   (−n	
   0.01),	
   maximum	
   number	
   of	
   two	
   gap	
   openings	
   (−o	
   2)	
   and	
   a	
  

maximum	
  gap	
  extension	
  of	
  12	
  bases	
   (−e	
  12,	
  −d	
  12).	
  Paired-­‐end	
  data	
  were	
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merged	
   to	
  single	
  files	
   in	
  SAM	
  format	
  with	
   the	
   ‘sampe’	
  option	
  of	
  bwa.	
  Files	
  

were	
   converted	
   to	
  BAM	
   format	
  with	
   SAMtools	
   v1.3	
   [28]	
   and	
  filtered	
   for	
   a	
  

minimum	
  mapping	
  quality	
  of	
  20	
  and	
  properly	
  paired	
  reads.	
  BAM	
  files	
  were	
  

transformed	
   to	
   pileup	
   files	
   using	
   SAMtools.	
   We	
   identified	
   repetitive	
  

elements	
   in	
   the	
   reference	
   genome	
   using	
   RepeatMasker	
  

(http://www.repeatmasker.org)	
   and	
   removed	
   them	
   from	
   the	
   pileup	
   files	
  

using	
   PoPoolation.	
   The	
   average	
   sequence	
   coverage	
   for	
   the	
   genome	
   of	
   the	
  

analysed	
   populations	
   ranged	
   from	
   32	
   to	
   82-­‐fold.	
   In	
   subsequent	
   analyses,	
  

allele	
  counts	
  were	
  normalized	
  to	
  30	
  (to	
  allow	
  comparisons	
  with	
  previously	
  

published	
   results),	
   by	
   scaling	
   the	
   raw	
   allele	
   frequencies.	
   The	
   minimum	
  

allowed	
   coverage	
   per	
   position	
  was	
   15,	
   and	
   coverages	
   below	
   30	
  were	
   left	
  

unscaled.	
  

	
  

SNP	
  Calling	
  

Only	
  SNPs	
   that	
  met	
   the	
   following	
  quality	
   criteria	
  were	
   considered:	
  

(i)	
   occurrence	
   in	
   at	
   least	
   2	
   replicate	
  populations,	
   (ii)	
   the	
  minor	
   allele	
  was	
  

covered	
   by	
   at	
   least	
   10	
   reads	
   across	
   all	
   populations	
   analyzed,	
   and	
   (iii)	
   the	
  

maximum	
  coverage	
  did	
  not	
  exceed	
  500.	
  

	
  

Identification	
  of	
  Candidate	
  SNPs	
  

We	
  used	
  the	
  Cochran–Mantel–Haenszel	
  (CMH)	
  test,	
  as	
  implemented	
  

in	
   PoPoolation2	
   [27]	
   to	
   identify	
   SNPs	
   with	
   changes	
   in	
   allele	
   frequencies	
  

between	
   the	
   different	
   regimes	
   that	
   were	
   consistent	
   among	
   replicates	
   as	
  

described	
  in	
  Orozco-­‐terWengel	
  et	
  al.	
  [26].	
  The	
  CMH	
  test	
  is	
  used	
  to	
  test	
  2	
  x	
  2	
  

x	
   k	
   contingency	
   tables	
   (where	
   k	
   is	
   the	
  number	
  of	
   independent	
   replicates)	
  

for	
   independence	
   of	
   marginal	
   sums	
   across	
   k	
   replicates.	
   Under	
   the	
   null	
  

hypothesis,	
  odds	
  ratios	
   for	
  each	
  replicate	
  are	
  not	
  different	
   from	
  one	
  (i.e.	
   if	
  

the	
   allele	
   frequencies	
   between	
   two	
   regimes,	
   are	
   the	
   same).	
   The	
   statistic	
  

asymptotically	
   follows	
  a	
  χ2	
  distribution	
  with	
  one	
  degree	
  of	
   freedom.	
  CMH	
  



	
   262	
  

tests	
   were	
   performed	
   on	
   a	
   SNP-­‐wise	
   basis	
   for	
   the	
   comparisons	
   across	
  

groups	
  of	
  populations.	
  The	
  99.95	
  percentile	
  of	
  the	
  p-­‐value	
  of	
  this	
  statistics,	
  

both	
   at	
   chromosome-­‐wide	
   and	
   genome-­‐wide	
   levels,	
   was	
   used	
   as	
   an	
  

empirical	
  false	
  discovery	
  rate	
  for	
  calling	
  a	
  significant	
  SNP.	
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3.4.	
  Concluding	
  remarks	
  
	
  

Animals	
   live	
   in	
   close	
   association	
   with	
  microbial	
   partners	
   that	
   can	
  

shape	
   many	
   aspects	
   of	
   their	
   lives.	
   For	
   instance,	
   several	
   insects	
   carry	
  

bacteria	
   that	
  defend	
   them	
  against	
  parasites	
  and	
   infectious	
  diseases.	
  As	
  we	
  

previously	
  saw,	
  the	
  intracellular	
  bacterium	
  Wolbachia	
  protects	
  the	
  fruit	
  fly	
  

Drosophila	
   melanogaster	
   against	
   viral	
   infection.	
   Moreover,	
   natural	
  

populations	
  of	
  Drosophila	
  carry	
  different	
  variants	
  of	
  Wolbachia,	
  which	
  differ	
  

from	
  one	
  another	
  in	
  the	
  strength	
  of	
  this	
  protection.	
  	
  

In	
   this	
   Chapter,	
   using	
   experimental	
   evolution	
   and	
   Poolseq	
  

technology,	
   we	
   showed	
   that	
   a	
   population	
   of	
   Drosophila	
   systematically	
  

infected	
   with	
   viruses	
   for	
   20	
   generations	
   adapts	
   to	
   this	
   challenge	
   also	
  

through	
   changes	
   in	
   the	
  Wolbachia	
   it	
   carries.	
   The	
  Wolbachia	
   variants	
   that	
  

provide	
   higher	
   protection	
   to	
   viruses,	
   by	
   increasing	
   fly	
   survival	
   and	
  

fecundity	
   upon	
   infection,	
   are	
   strongly	
   selected.	
   This	
   work	
   shows	
   that	
  

adaptation	
   to	
   pathogens	
   can	
   be	
   achieved	
   not	
   only	
   through	
   selection	
   of	
  

resistance	
  on	
  the	
  host	
  itself	
  but	
  also	
  through	
  the	
  evolutionary	
  shaping	
  of	
  its	
  

microbial	
  community.	
  	
  

Later,	
   we	
   replicated	
   both	
   evolved	
   and	
   control	
   populations	
   and	
  

eliminated	
  Wolbachia	
  infection	
  by	
  performing	
  a	
  tetracycline	
  treatment.	
  We	
  

kept	
   evolved	
  Wolbachia-­‐free	
   populations	
   under	
   viral	
   selection	
   during	
   20	
  

generations.	
   Although	
   immunocompetence	
   dropped	
   significantly	
   after	
  

having	
   removed	
  Wolbachia	
   infection,	
  we	
   find	
   that	
   those	
  populations	
  were	
  

able	
   engage	
   in	
   a	
   new	
   adaptive	
   process	
   and	
   increase	
   again	
   the	
   resistance	
  

against	
  viral	
   infection.	
  The	
  dynamics	
  of	
  adaptation	
  were	
  different	
  between	
  

males	
  and	
  females,	
  as	
  well	
  as	
  the	
  survival	
  profile	
  in	
  each	
  generation.	
  When	
  

we	
   compared	
   the	
   genomes	
  of	
   initial	
   and	
   final	
  Wolbachia-­‐free	
  populations,	
  

we	
   find	
   that	
   main	
   clusters	
   of	
   differentiation	
   (where	
   allelic	
   frequency	
  

changes	
   significantly)	
   were	
   located	
   at	
   the	
   same	
   regions	
   of	
   the	
   3L	
   and	
   X	
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chromosome,	
  previously	
  reported	
  to	
  include	
  the	
  genes	
  pastrel	
  and	
  Ubc-­‐E2H,	
  

two	
   of	
   the	
   major	
   responsible	
   genes	
   for	
   viral	
   protection.	
   The	
   increase	
   of	
  

protective-­‐allele	
   frequency	
   in	
   both	
   genes	
   clearly	
   suggests	
   these	
   variations	
  

as	
   the	
   drivers	
   that	
   compensate	
   for	
   the	
   loss	
   of	
   protection	
   triggered	
   by	
   the	
  

removal	
   of	
  Wolbachia.	
   However,	
   apart	
   from	
   pastrel	
   and	
   Ubc-­‐E2H,	
   other	
  

genes	
   are	
   now	
   also	
   candidates	
   to	
   participate	
   in	
   this	
   new	
   adaptation.	
  

Additionally,	
  one	
  of	
  the	
  DNA	
  regions	
  responding	
  to	
  selection	
  is	
  located	
  at	
  X	
  

chromosome,	
   which	
   may	
   justify	
   the	
   disparities	
   in	
   the	
   dynamics	
   of	
  

adaptation	
  between	
  sexes.	
  

In	
   this	
   Chapter,	
   we	
   showed	
   the	
   great	
   influence	
   that	
   different	
  

haplotypes	
   of	
   protective-­‐endosymbionts	
   can	
   have	
   on	
   hosts	
   subjected	
   to	
  

selective	
   pressure.	
   Likewise,	
   we	
   also	
   demonstrated	
   that	
   the	
   adaptive	
  

processes	
   of	
   hosts	
   can	
   drastically	
   change	
   and	
   outline	
   the	
   genetic	
   pool	
   of	
  

endosymbiont	
   populations.	
   When	
   Wolbachia	
   was	
   removed	
   from	
  

populations,	
   we	
   could	
   unveil	
   new	
   roads	
   taken	
   by	
   hosts	
   to	
   respond	
   and	
  

increase	
  their	
  resistance	
  against	
  viral	
  infection.	
  Altogether,	
  we	
  believe	
  that	
  

our	
  results	
  help	
   to	
  understand	
   the	
  real	
   influence	
  of	
  hosts	
  and	
  microbes	
   in	
  

the	
  evolution	
  of	
  each	
  other.	
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4.1.	
  Prologue	
  
	
  

In	
   the	
   previous	
   Chapter,	
   we	
   demonstrated	
   the	
   relevance	
   of	
  

endosymbionts	
   in	
   the	
   adaptation	
   processes	
   of	
   the	
   host	
   and	
   vice-­‐versa,	
  

specifically	
  showing	
  that	
  Wolbachia	
  drives	
  and	
  is	
  driven	
  by	
  host	
  evolution.	
  	
  

These	
   endosymbionts	
   are	
   normally	
   maintained	
   by	
   vertical	
  

transmission.	
   However,	
   for	
   many	
   years,	
   it	
   has	
   been	
   acknowledged	
   that	
  

horizontal	
   transmission	
   must	
   also	
   occur.	
   In	
   recent	
   years,	
   evidence	
   has	
  

accumulated	
   showing,	
   in	
   insects	
   mostly,	
   that	
   horizontal	
   transfer	
   of	
  

secondary	
   endosymbionts	
   is	
   pervasive	
   and	
   may	
   entail	
   significant	
  

morphological,	
  physiological	
  and	
  ecological	
  consequences	
  to	
  the	
  novel	
  host.	
  

Strikingly,	
   this	
   phenomenon	
   could	
   even	
   aid	
   speciation,	
   not	
   only	
   in	
  

unicellular	
   organisms,	
   but	
   also	
   in	
   a	
   wide	
   variety	
   of	
   metazoans,	
   namely	
  

arthropods.	
  	
  

Many	
   recent	
   revisions	
   in	
   the	
   literature	
   have	
   focused	
   on	
   specific	
  

evidence	
   for	
   these	
   processes	
   in	
   aphids	
   or	
   specific	
  Drosophila	
   species	
   and	
  

their	
   respective	
   endosymbiotic	
   partners.	
   However,	
   this	
   old	
   idea,	
   although	
  

revisited,	
   had	
   not	
   been	
   itself	
   the	
   focus	
   of	
   systematic	
   coverage	
   of	
   the	
  

experimental	
  data	
  under	
  a	
  unifying	
  conceptual	
  framework.	
  Thus,	
  it	
  was	
  one	
  

of	
   our	
   objectives	
   to	
   revisit	
   and	
   systematize	
   the	
   available	
   information,	
  

putting	
   together	
   a	
   coherent	
   and	
   testable	
   path	
   for	
   a	
   mechanistic	
  

understanding	
  of	
  this	
  phenomenon.	
  

Moreover,	
   in	
   arthropods,	
   many	
   intracellular	
   bacteria	
   can	
   be	
  

established	
   and	
   perpetuated,	
   colonizing	
   the	
   germline	
   in	
   the	
   course	
   of	
  

embryogenesis.	
   Later	
   in	
   this	
   chapter,	
   we	
   will	
   address	
   what	
   may	
   be	
   the	
  

evolutionary	
   meaning	
   a	
   large	
   number	
   of	
   endosymbionts	
   being	
   located	
   in	
  

numerous	
   somatic	
   tissues,	
   namely	
  malpighian	
   tubules.	
   A	
   key	
   finding	
   that	
  

provides	
   hints	
   to	
   answer	
   this	
   question	
   is	
   the	
   capacity	
   of	
   the	
   facultative	
  

endosymbiont	
  Wolbachia	
  to	
  colonize	
  the	
  germline	
  in	
  female	
  flies,	
  transiting	
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from	
  the	
  haemolymph.	
  In	
  the	
  literature	
  there	
  is	
  several	
  indirect	
  evidence	
  to	
  

support	
   the	
   theoretical	
   potential	
   of	
   somatic	
   Wolbachia	
   to	
   be	
   vertically	
  

transmitted	
  by	
  accessing	
  the	
  reproductive	
  system.	
  Thus,	
  in	
  this	
  Chapter,	
  we	
  

will	
   also	
   explore	
   and	
   highlight	
   the	
   phenotypic	
   evidence	
   and	
   possible	
  

evolutionary	
   consequences	
   of	
   the	
   presence	
   of	
   endosymbionts	
   in	
   somatic	
  

tissues	
   of	
   hosts,	
   namely	
   the	
   relationship	
   between	
   Wolbachia	
   and	
  

Drosophila.	
  	
  

	
   Finally,	
   our	
   objective	
   in	
   this	
   work	
   was	
   also	
   to	
   approach,	
   in	
   a	
  

practical	
   way,	
   the	
   question	
   on	
   horizontal	
   transfer	
   of	
   the	
   endosymbiont	
  

Wolbachia,	
   namely	
   by	
   identifying	
   and	
   dissecting	
   the	
  mechanisms	
   through	
  

which	
  this	
  (and	
  other)	
  symbionts	
  breach	
  the	
  species	
  barrier.	
  To	
  this	
  aim,	
  we	
  

tested	
   cannibalism	
   as	
   a	
   candidate	
   mechanism	
   to	
   link	
   a	
   transient	
   new	
  

infection	
   with	
   the	
   stabilization	
   of	
   vertical	
   transmission	
   in	
   a	
   novel	
   host,	
  

intra-­‐	
  or	
  interspecifically.	
  	
  

We	
  believe	
   that	
   this	
   approach,	
   revisiting	
   and	
  generating	
  both	
  data	
  

and	
   ideas,	
   contribute	
   to	
   a	
   new	
   perspective	
   on	
   the	
   mechanisms	
   and	
  

consequences	
  of	
  horizontal	
  transmission	
  of	
  endosymbionts.	
  Furthermore,	
  a	
  

deeper	
  understanding	
  of	
  these	
  processes	
  is	
  of	
  the	
  essence	
  in	
  coming	
  to	
  a	
  full	
  

understanding	
   of	
   the	
   role	
   that	
   symbionts	
   may	
   have	
   in	
   population	
  

diversification	
  and	
  speciation.	
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Abstract	
  

Many	
  symbiotic	
  bacteria	
  complete	
   their	
   life	
  cycle	
   inside	
  eukaryotic	
  

cells.	
   In	
   arthropods,	
   facultative	
   endobacteria	
   such	
   as	
   Wolbachia	
   and	
  

Spiroplasma,	
  influence	
  enormously	
  the	
  ecology	
  and	
  evolution	
  of	
  their	
  hosts.	
  

In	
  the	
  last	
  decades,	
  the	
  idea	
  that	
  endosymbiotic	
  coevolution	
  can	
  lead	
  to	
  host	
  

speciation	
   has	
   been	
   proposed	
   and,	
   in	
   some	
   instances,	
   verified.	
   However,	
  

although	
  usually	
  transmitted	
  vertically,	
  these	
  bacteria	
  can	
  also	
  change	
  host	
  

through	
   horizontal	
   transmission.	
   After	
   this	
   transfer	
   and	
   in	
   a	
   virtually	
  

instantaneous	
   fashion,	
  endobacteria	
  can	
  alter	
   the	
   fitness	
  of	
   their	
  new	
  host	
  

by	
   modifying	
   its	
   response	
   to	
   the	
   environment	
   and/or	
   manipulating	
   its	
  

reproduction.	
   In	
   this	
   light,	
   horizontally	
   transmitted	
   endosymbionts	
   could	
  

direct	
  the	
  evolutionary	
  path	
  taken	
  by	
  their	
  new	
  hosts.	
  Here,	
  we	
  argue	
  that	
  

from	
  this	
  evidence	
  emerges	
  a	
  five-­‐step	
  scenario	
  for	
  the	
  appearance	
  of	
  novel	
  

host	
  lineage,	
  in	
  a	
  systematic	
  and	
  testable	
  manner.	
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Endosymbiosis	
  in	
  a	
  symbiotic	
  world	
  

	
   Symbiosis	
  is	
  the	
  generic	
  terminology	
  to	
  classify	
  close,	
  and	
  in	
  general	
  

long-­‐term	
   biological	
   interactions	
   between	
   organisms	
   of	
   different	
   species,	
  

conferring	
   a	
   benefit	
   or	
   disadvantage	
   to	
   at	
   least	
   one	
   of	
   them	
   [1].	
   Many	
  

symbiotic	
  relationships	
  have	
  been	
  reported,	
  revealing	
  dynamic	
  interactions	
  

pivotal	
  to	
  the	
  evolution	
  of	
  species	
  and	
  their	
  ecology	
  [2,	
  3].	
  Both	
  within	
  and	
  

between	
   Kingdoms,	
   permanent	
   or	
   sporadic	
   associations	
   can	
   be	
   found	
  

linking	
   organisms	
   of	
   different	
   species	
   in	
   a	
   range	
   of	
   habitats	
   and	
  

environments	
   [4,	
   5].	
   Unlike	
   ectosymbionts,	
   which	
   establish	
   themselves	
   in	
  

the	
  host’s	
  body	
   surface,	
   endosymbionts	
  are	
   lodged	
   in	
   the	
  host’s	
   tissues	
  or	
  

organs,	
   intra	
   or	
   extracellularly	
   [2].	
   These	
   associations	
   persist	
   across	
  

generations	
   by	
   vertical	
   transmission	
   (maternal	
   and/or	
   paternal)	
   which	
   is	
  

directly	
   inherited	
   (like	
   endobacteria	
   in	
   fungi	
   [6]	
   and	
   a	
   number	
   of	
  

endosymbionts	
  in	
  invertebrates	
  [7])	
  or	
  by	
  horizontal	
  indirect	
  transmission,	
  

where	
   associations	
   are	
   formed	
   de	
   novo	
   (as	
   mycorrhization	
   and	
   root	
  

nodulation	
  [8]).	
  Yet,	
  endosymbiosis	
  can	
  be	
  obligate	
  or	
  facultative	
  (for	
  one	
  or	
  

both	
   partners),	
   according	
   to	
   the	
   necessity	
   for	
   presence	
   of	
   the	
   symbiotic	
  

partner	
  to	
  the	
  completion	
  of	
  the	
  host’s	
  life	
  cycle	
  completion	
  [4].	
  	
  

Here,	
  we	
  will	
  focus	
  on	
  intracellular	
  symbiotic	
  relationships	
  between	
  

different	
   multicellular	
   hosts	
   and	
   facultative	
   endobacteria,	
   which	
   can	
   be	
  

horizontally	
  transmitted	
  to	
  individuals	
  of	
  other	
  populations	
  or	
  species.	
  	
  We	
  

will	
   look	
   in	
   detail,	
   mostly	
   in	
   insects,	
   at	
   the	
   potential	
   of	
   endosymbiosis	
   of	
  

facultative	
   intracellular	
   bacteria	
   to	
   enable	
   sudden	
   phenotypic	
   change	
   in	
  

novel	
   multicellular	
   hosts	
   [9]	
   as	
   well	
   as	
   to	
   potentially	
   facilitate	
   rapid	
  

speciation	
  processes	
  through	
  reproductive	
  manipulations	
  of	
  the	
  host	
  [10].	
  	
  

Below,	
   we	
   will	
   systematize	
   a	
   large	
   yet	
   disperse	
   body	
   of	
   evidence,	
  

which	
  in	
  principle	
  supports	
  a	
  five-­‐step	
  scenario	
  where	
  the	
  establishment	
  of	
  

new	
   endosymbioses	
   can	
   lead	
   to	
   the	
   emergence	
   of	
   new	
   host	
   (incipient)	
  

species.	
  We	
  will	
   review	
   the	
   literature	
  and	
  show	
  that	
   i)	
  endosymbiosis	
   is	
  a	
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common	
   phenomenon,	
   ii)	
   the	
   presence	
   of	
   the	
   endosymbiont	
   in	
   the	
   host	
  

frequently	
  affects	
   its	
   fitness;	
   iii)	
  horizontal	
   transmission	
  of	
  endosymbionts	
  

is	
   likely;	
   iv)	
   vertical	
   transmission	
  may	
   ensue	
   and	
   thus	
   leading	
   to	
   a	
   stable	
  

phenotype;	
   and	
   v)	
   the	
   presence	
   of	
   endobacteria	
   in	
   the	
   new	
   host	
   induces	
  

significant	
  phenotypic	
  change	
  with	
  fitness	
  consequences	
  that	
  may	
  promote	
  

directional	
   or	
   disruptive	
   selection.	
   We	
   will	
   organize	
   and	
   link	
   evidence,	
  

which	
   support	
   this	
   five-­‐step	
   scenario	
   and	
   argue	
   that	
   the	
   establishment	
   of	
  

endosymbioses	
  may	
  culminate	
  in	
  fast	
  speciation	
  events.	
  

	
  

1-­‐	
   Widespread	
   coevolution	
   between	
   endosymbionts	
   and	
  

multicellular	
  hosts	
  

When	
   looking	
   at	
   the	
   three	
   most	
   well-­‐defined	
   Kingdoms	
   of	
   the	
  

Eukarya	
   Domain,	
   we	
   can	
   relate	
   them	
   directly	
   to	
   the	
   establishment	
   of	
  

bacterial	
   endosymbiosis	
   [11,	
   12].	
   Organelles	
   that	
   have	
   co-­‐evolved	
  

intracellularly	
   until	
   becoming	
   mutually	
   obligate	
   from	
   free-­‐living	
  

prokaryotes,	
   ensure	
   the	
   main	
   oxidative	
   metabolism	
   of	
   Fungi,	
   Plants	
   and	
  

Animals	
  [13,	
  14].	
  

In	
   addition	
   to	
   the	
   bacterial	
   endosymbionts	
   which	
   gave	
   rise	
   to	
  

organelles	
  of	
  eukaryotic	
  cells,	
  endosymbiotic	
  relationships	
  can	
  be	
  found	
  in	
  

all	
  kingdoms	
  of	
  the	
  Eukarya	
  Domain	
  (in	
  higher	
  or	
  lower	
  frequency)	
  and	
  it	
  is	
  

likely	
   that	
  many	
   are	
   yet	
   to	
   be	
   discovered,	
   together	
   with	
   the	
   full-­‐range	
   of	
  

phenotypic	
  changes	
  they	
  may	
  cause	
  [4,	
  15,	
  16].	
  In	
  Fungi,	
  we	
  can	
  find	
  many	
  

symbiotic	
  relationships	
  with	
  intracellular	
  bacteria	
  [5].	
  The	
  majority	
  of	
  them	
  

include	
   species	
   of	
   the	
   Phylum	
   Glomeromycota,	
   which	
   is	
   composed	
   of	
  

arbuscular	
  mycorrhizal	
  fungi	
  [17]	
  and	
  Geosiphon	
  [18].	
  In	
  other	
  Phyla,	
  there	
  

are	
   at	
   least	
   two	
   other	
   associations	
   described:	
   the	
   basidiomycete	
   Laccaria	
  

bicolor	
   [19]	
   and	
  Rhizopus	
  microsporus	
   of	
   the	
   Phylum	
   Zygomicota	
   [20].	
   In	
  

Plants,	
   most	
   relationships	
   established	
   with	
   bacteria	
   occur	
   via	
   nodulation.	
  

The	
  bacteria	
  Frankia	
  and	
  Rhizobia	
  are	
  the	
  most	
  recurrent	
  ones,	
  establishing	
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themselves	
   in	
   the	
   root	
   and	
   forming	
   nodules,	
   mutualistically	
   exchanging	
  

	
  

Figure	
  4.2.1	
  –	
  Symbiotic	
  relationships	
  and	
  the	
  potential	
  emergence	
  
of	
   a	
   novel	
   host	
   lineage.	
  When	
   two	
  organisms	
   of	
   different	
   species	
   are	
  
stably	
   related	
   in	
   nature,	
   we	
   are	
   in	
   the	
   presence	
   of	
   a	
   symbiotic	
  
relationship.	
   These	
   can	
   exist	
   in	
   several	
   combinatorial	
   outputs	
   between	
  
the	
  interacting	
  agents,	
  with	
  or	
  without	
  permanent	
  physical	
  interactions.	
  
Both	
   ectosymbiosis	
   and	
   extracellular	
   endosymbiosis	
   are	
   indirectly	
  
maintained	
   by	
   intraspecific	
   horizontal	
   transmission,	
   where	
   symbiosis	
  
occurs	
   de	
   novo	
   in	
   future	
   generations	
   through	
   intimate	
   environmental	
  
contacts.	
   In	
   intracellular	
   endosymbiosis	
   we	
   have	
   maternal	
   and/or	
  
paternal	
   vertical	
   transmission	
   of	
   obligate	
   endosymbionts,	
   which	
   are	
  
necessary	
   partners	
   for	
   the	
   host’s	
   development	
   and	
   reproduction.	
  Here,	
  
the	
   partners	
   have	
   strong	
   co-­‐evolution	
   and	
   the	
   endosymbionts’	
  
diversification	
  is	
  consistent	
  with	
  the	
  diversification	
  of	
  host	
  populations.	
  
Facultative	
   endosymbionts,	
   despite	
   being	
   transmitted	
   by	
   vertical	
  
transmission,	
   present	
   occasional	
   horizontal	
   transmission	
   within	
   and	
  
between	
   host	
   species.	
   This	
   horizontal	
   transmission	
   of	
   intracellular	
  
endosymbionts	
   to	
   a	
   new	
   host	
   may	
   create	
   an	
   organism	
   bearing	
   an	
  
immediate	
   novelty,	
   which	
   is	
   now	
   subjected	
   to	
   new	
   environmental	
  
selective	
  pressures	
  and	
  may	
  strive	
  in	
  a	
  new	
  lineage.	
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themselves	
   in	
   the	
   root	
   and	
   forming	
   nodules,	
   mutualistically	
   exchanging	
  

nutrients	
   with	
   plants	
   [21].	
   Moreover,	
   several	
   bacteria	
   species	
   are	
  

responsible	
   for	
   follicular	
   nodulation	
   in	
   plants	
   of	
   the	
   Myrsinaceae	
   and	
  

Rubiaceae	
  families,	
  a	
  type	
  of	
  association	
  less	
  frequent	
  and	
  less	
  studied	
  than	
  

those	
  of	
  the	
  root	
  [22].	
  In	
  animals,	
  many	
  of	
  the	
  endosymbiotic	
  relationships	
  

involve	
   bacteria	
   as	
   illustrated	
   by	
   the	
   enormous	
   abundance	
   of	
   reported	
  

associations	
   between	
   endobacteria	
   and	
   invertebrates	
   [23].	
   Within	
   this	
  

group,	
   the	
   most	
   studied	
   are	
   the	
   endosymbionts	
   of	
   arthropods,	
   mainly	
  

insects.	
  	
  

	
   Some	
  endobacteria	
  are	
  presented	
  as	
  obligate	
  for	
  the	
  host,	
  resulting	
  

from	
   close	
   co-­‐evolution	
   with	
   the	
   host	
   species	
   and,	
   thereafter,	
   a	
  

corresponding	
   diversification	
   [24].	
   Usually,	
   these	
   endosymbionts,	
   also	
  

called	
  primary	
  endosymbionts,	
  lodge	
  in	
  a	
  bacteriome	
  and	
  produce	
  essential	
  

nutrients	
   for	
   the	
   host	
   [25].	
   On	
   the	
   other	
   hand,	
   facultative	
   (or	
   secondary)	
  

endobacteria	
  are	
  found	
  in	
  several	
  cells	
  of	
  various	
  host	
  tissues,	
  being	
  able	
  to	
  

infect	
  organisms	
  that	
  already	
  have	
  obligate	
  endobacteria	
  [7].	
  In	
  addition	
  to	
  

being	
   transmitted	
   vertically,	
   and	
   unlike	
   obligate	
   endosymbionts	
   that	
   are	
  

entirely	
   dependent	
   on	
   the	
   host	
   for	
   perpetuation,	
   facultative	
   bacteria	
   are	
  

also	
  occasionally	
  transmitted	
  horizontally	
  within	
  and	
  between	
  host	
  species	
  

and	
   typically	
   show	
  a	
   short	
   evolutionary	
  history	
  with	
   the	
   current	
  host	
   (for	
  

review	
   see	
   [7]).	
  We	
   argue	
   that	
   this	
   horizontal	
   transmission	
   phenomenon	
  

can	
  bring	
  new	
  hosts	
   into	
  a	
  process	
  of	
  rapid	
  speciation	
  with	
  high	
   impact	
   in	
  

the	
  evolution	
  of	
  host	
  species	
  (Figure	
  4.2.1).	
  

	
  

2	
   -­‐	
   Fitness	
   consequences	
   of	
   the	
   presence	
   of	
   facultative	
  

endosymbionts	
  

The	
  many	
   bacteria	
   that	
   complete	
   their	
   life	
   cycle	
  within	
   eukaryotic	
  

cells	
  constitute	
  a	
  fully	
  polyphyletic	
  group	
  that	
  exerts	
  a	
  wide	
  range	
  of	
  effects	
  

on	
  their	
  hosts	
  [15].	
  One	
  of	
  the	
  most	
  extreme	
  consequences	
  of	
  this	
  symbiotic	
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interaction	
   is	
   the	
   manipulation	
   of	
   the	
   host’s	
   reproduction,	
   an	
   important	
  

factor	
   in	
   several	
   evolutionary	
   processes,	
   namely	
   in	
   ecologic	
   specialization	
  

and	
  speciation	
  [26,	
  27].	
  	
  

The	
   intracellular	
   bacterium	
   Wolbachia	
   is	
   the	
   most	
   pandemic	
  

symbiont	
   in	
   arthropods	
   and	
   is	
   predominantly	
   transmitted	
   through	
   the	
  

female	
   germline.	
  Wolbachia	
   exhibits	
   an	
   extraordinary	
   ability	
   to	
   alter	
   the	
  

host’s	
   reproduction	
   to	
   selectively	
   favour	
   infected	
   females,	
   thus	
   facilitating	
  

its	
   maternal	
   transmission.	
   Wolbachia	
   causes	
   four	
   distinct	
   reproductive	
  

phenotypes	
   in	
   a	
   range	
   of	
   arthropod	
   orders:	
   feminization,	
   where	
   genetic	
  

males	
   develop	
   as	
   females	
   through	
  Wolbachia’s	
   interference	
   with	
   the	
   sex-­‐

determination	
   pathway;	
   parthenogenesis,	
   where	
   males	
   are	
   no	
   longer	
  

required	
   for	
   reproduction	
   through	
   disruption	
   the	
   host’s	
   cell	
   cycle	
   by	
   the	
  

bacterium;	
   male	
   killing,	
   where	
   infected	
   males	
   are	
   eliminated	
   to	
   the	
  

advantage	
   of	
   surviving	
   Wolbachia-­‐infected	
   female	
   siblings;	
   cytoplasmic	
  

incompatibility	
   (CI),	
   that	
   reduces	
   or	
   prevents	
   infected	
   males	
   from	
  

producing	
   viable	
   zygotes	
  with	
   females	
  with	
   the	
   same	
   infection	
   status	
   (for	
  

review	
   see	
   [28]).	
   CI	
   manipulation,	
   the	
   most	
   frequently	
   found	
  Wolbachia-­‐

induced	
  phenotype,	
   creates	
   an	
   incompatibility	
   between	
   sperm	
  and	
   egg	
  by	
  

alteration	
  of	
  the	
  pronuclear	
  envelope	
  breakdown	
  speed,	
  resulting	
  in	
  loss	
  of	
  

sperm	
   chromosomes	
   following	
   fertilization	
   [29].	
   In	
   Aedes	
   albopictus	
  

mosquitos,	
   Wolbachia-­‐infected	
   females	
   are	
   at	
   a	
   reproductive	
   advantage	
  

relative	
   to	
   uninfected	
   females	
   due	
   to	
   both	
   CI	
   and	
   a	
   fitness	
   increase	
  

(longevity,	
   fecundity	
   and	
   egg	
   hatch)	
   associated	
   with	
  Wolbachia	
   infection	
  

[30].	
   In	
   D.	
   mauritiana	
   infection	
   with	
   Wolbachia	
   increases	
   fecundity	
  

substantially	
   through	
   a	
  boost	
   of	
   cell	
   division	
   and	
  decrease	
  of	
   apoptosis	
   of	
  

germline	
   stem	
   cells	
   [31].	
   In	
   others	
   bacterial	
   groups,	
   the	
   helical	
   gram-­‐

positive	
  bacterium	
  Spiroplasma	
  or	
  the	
  bacterium	
  Cardinium	
  can	
  also	
  confer	
  

a	
   variety	
   of	
   fitness	
   effects	
   and	
   induce	
   host	
   phenotypic	
   alterations	
   by	
  

reproductive	
  manipulation	
  [26,	
  32].	
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Facultative	
   endosymbionts	
   can	
   also	
   influence	
   their	
   hosts’	
   defences	
  

against	
  natural	
  enemies	
  [33,	
  34]	
  and	
  specialization	
  to	
  different	
  plant	
  species	
  

(for	
   review	
   see	
   [35]).	
   In	
   the	
   pea	
   aphid,	
   Acyrthosiphon	
   pisum,	
   the	
  

endosymbiotic	
   association	
   with	
   facultative	
   bacteria	
   confers	
   resistance	
   to	
  

attack	
   by	
   the	
   parasitoid	
   wasp,	
   Aphidius	
   ervi,	
   causing	
   high	
   mortality	
   of	
  

developing	
  parasitoid	
   larvae	
   [36].	
   Subsequently,	
   it	
  was	
   shown	
   that	
   one	
   of	
  

the	
   common	
   facultative	
   symbionts	
   of	
   A.	
   pisum,	
   the	
   bacterium	
   Regiella	
  

insecticola,	
   has	
   a	
   major	
   effect	
   on	
   the	
   resistance	
   of	
   the	
   host	
   to	
   a	
   fungal	
  

pathogen	
   and	
   lowers	
   its	
   rate	
   of	
   transmission	
   [37].	
   Recently,	
   some	
   studies	
  

have	
   demonstrated	
   that	
   the	
   presence	
   of	
  Wolbachia	
   can	
   also	
   increase	
   the	
  

fitness	
   of	
   the	
   host.	
   In	
   Drosophila	
   melanogaster,	
   infection	
   with	
  Wolbachia	
  

increases	
   resistance	
   to	
   RNA	
   viruses	
   such	
   as	
  Drosophila	
   C	
   virus,	
   a	
   natural	
  

pathogen	
   of	
   Drosophila	
   [38,	
   39].	
   Furthermore,	
   it	
   was	
   shown	
   that	
  

Spiroplasma	
  protects	
  Drosophila	
  neotestacea	
  against	
  the	
  sterilizing	
  effects	
  of	
  

a	
   parasitic	
   nematode,	
   underscoring	
   the	
   potential	
   impact	
   of	
   facultative	
  

endosymbioses	
   in	
   the	
   ecological	
   distribution	
   and	
   population	
   dynamics	
   of	
  

the	
  host	
  species	
  [40,	
  41].	
  These	
  data	
  support	
  the	
  notion	
  that	
  the	
  response	
  of	
  

a	
   host	
   to	
   environmental	
   conditions	
   also	
   depends	
   on	
   its	
   resident	
  

endobacteria.	
  

	
  

3	
   -­‐	
   Secondary	
   endobacteria	
   are	
   horizontally	
   transmitted	
  

between	
  hosts	
  

As	
   stated	
   above,	
   facultative	
   endobacteria	
   are	
   mostly	
   vertically	
  

transmitted	
   to	
   the	
   progeny.	
   However,	
   since	
   in	
   many	
   cases	
   there	
   is	
   no	
  

concordance	
   between	
   the	
   phylogeny	
   of	
   bacteria	
   and	
   their	
   hosts,	
   there	
   is	
  

indication	
   of	
   horizontal	
   transmission	
   [42–45].	
   It	
   is	
   conceivable	
   that	
   in	
   an	
  

environment	
   inhabited	
   by	
   organisms	
   infected	
   and	
   non-­‐infected	
   with	
  

bacteria,	
   given	
   enough	
   time,	
   high	
   densities	
   and	
   reiterated	
   contacts,	
   the	
  

probability	
   of	
   horizontal	
   transmission	
   of	
   symbionts	
   is	
   not	
   negligible	
   [46,	
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47].	
   Moreover,	
   several	
   studies	
   have	
   demonstrated	
   that	
   some	
   microbial	
  

symbionts	
  retain	
  a	
  generalized	
  ability	
  to	
  infect	
  multiple	
  hosts	
  [48–51].	
  

In	
  Drosophila,	
   the	
  only	
  heritable	
  endosymbionts	
  described	
   thus	
   far	
  

are	
  Wolbachia	
   and	
   Spiroplasma	
   [52].	
   Recently,	
   a	
   phylogenetic	
   analysis	
   of	
  

Spiroplasma	
   from	
   several	
   Drosophila	
   species	
   revealed	
   at	
   least	
   five	
  

independent	
   introductions	
   of	
   four	
   phylogenetically	
   distinct	
   Spiroplasma	
  

haplotypes,	
   indicating	
   imperfect	
   vertical	
   transmission	
   in	
   host	
   populations	
  

and	
   likely	
   horizontal	
   transmission	
   [53].	
   Likewise,	
   Wolbachia	
   molecular	
  

phylogenies	
   are	
   not	
   concordant	
   with	
   those	
   of	
   their	
   hosts,	
   supporting	
  

occasional	
  events	
  of	
  horizontal	
  transmission	
  [25,	
  54,	
  55].	
  Additionally,	
  it	
  has	
  

been	
  demonstrated	
  that	
  Wolbachia	
  is	
  able	
  to	
  establish	
  itself	
  as	
  a	
  stable	
  and	
  

vertically	
   transmitted	
   infection	
   upon	
   transfer	
   into	
   the	
   hemolymph	
   of	
  

uninfected	
  D.	
  melanogaster	
  females	
  [56].	
  

Parasitoid	
  insects	
  constitute	
  a	
  prime	
  candidate	
  for	
  acting	
  as	
  vectors	
  

of	
   Wolbachia	
   horizontal	
   transmission.	
   Some	
   studies	
   revealed	
   extensive	
  

similarities	
   between	
   the	
  Wolbachia	
   strains	
   found	
   in	
   parasitoids	
   and	
   their	
  

hosts	
  [42],	
  strongly	
  supporting	
  the	
  hypothesis	
  of	
  natural	
  Wolbachia	
  transfer	
  

into	
   other	
   species.	
   Another	
   putative	
   vector	
   for	
   horizontal	
   transmission	
   of	
  

endosymbionts	
   are	
   parasitic	
   mites.	
   Indeed,	
   ectoparasitic	
   mites	
   have	
   been	
  

shown	
   to	
   transfer	
   Spiroplasma	
   poulsonni	
   from	
   infected	
   D.	
   nebulosa	
   to	
   D.	
  

willistoni	
  whose	
   females	
  will,	
   subsequently,	
   transmit	
   the	
   infection	
   to	
   their	
  

offspring	
   [57].	
   Thus,	
   endosymbiotic	
   facultative	
   bacteria	
   show	
   a	
   clear	
  

propensity	
   to	
   establish	
   promiscuous	
   relationships	
   with	
   various	
   intra	
   and	
  

interspecific	
  hosts.	
  

	
  

4	
   –	
   Endosymbiont-­‐associated	
   traits	
   are	
   transferred	
   to	
   the	
   new	
  

host	
  and	
  maintained	
  by	
  bacterial	
  vertical	
  transmission	
  

As	
  we	
  have	
  seen,	
  even	
  though	
  we	
  currently	
  do	
  not	
  fully	
  understand	
  

the	
   ecological	
   mechanisms	
   for	
   horizontal	
   transmission	
   of	
   facultative	
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endosymbionts,	
   there	
   is	
   ample	
   evidence	
   that	
   it	
   occurs.	
   In	
   this	
   section,	
  we	
  

will	
   provide	
   evidence	
   that	
   these	
   endosymbionts	
   may	
   bring	
   instant	
  

metabolic	
  or	
  internal	
  morphological	
  novelty	
  to	
  their	
  novel	
  host,	
  usually	
  the	
  

same	
  phenotypic	
  alteration	
   that	
  was	
   induced	
   in	
   the	
  previous	
  host	
   [50,	
  58,	
  

59].	
  Additionally,	
   the	
  endobacteria	
  which	
  change	
  host	
   species,	
  undergoing	
  

strong	
  selection	
  for	
  their	
  permanence	
  in	
  the	
  new	
  host	
  [60],	
  can	
  ensure	
  the	
  

evolutionary	
  sustainability	
  by	
  maintenance	
  or	
  acquisition	
  of	
  stable	
  vertical	
  

transmission	
   [61,	
  62].	
  Multiple	
   independent	
   lines	
  of	
  evidence	
  support	
   this	
  

scenario.	
  

Three	
   species	
   of	
   vertically	
   transmitted	
  Gammaproteobacteria	
   from	
  

different	
   aphid	
   host	
   species	
   can	
   infect,	
   spread	
   and	
   induce	
   variation	
   in	
  

fitness	
  of	
  the	
  host,	
  when	
  microinjected	
  into	
  a	
  new	
  aphid	
  host	
  (the	
  pea	
  aphid	
  

Acyrthosiphon	
  pisum),	
   as	
  well	
   as	
   sustain	
   stable	
   vertical	
   transmission	
   to	
   its	
  

offspring	
   [63].	
   Recent	
   data	
   reinforce	
   the	
   potential	
   of	
   facultative	
  

endosymbioses	
   in	
  modifying	
   the	
   aphid	
   phenotype.	
   Leonardo	
   and	
  Mondor	
  

have	
   shown	
   that	
   the	
   endosymbiont	
   Regiella	
   insecticola	
   can	
   manipulate	
  

polyphenic	
  development	
  by	
  changing	
  the	
  number	
  of	
  winged	
  vs	
  non-­‐winged	
  

individuals	
  under	
  crowding,	
  as	
  well	
  as	
   the	
   time	
  of	
   sexual	
  maturation	
   [64].	
  

More	
   recently,	
   an	
   interspecific	
   transfection	
  of	
   this	
  endosymbiont	
   from	
   the	
  

pea	
  aphid	
  to	
  the	
  vetch	
  aphid	
  Megoura	
  crassicauda,	
  has	
  proven	
  sufficient	
  to	
  

confer	
   the	
   ability	
   to	
   utilize	
   clover	
   as	
   a	
   host	
   plant	
   [65].	
   In	
   yet	
   another	
  

example	
   with	
   the	
   pea	
   aphid,	
   it	
   has	
   been	
   shown	
   that	
   the	
   presence	
   of	
   an	
  

endosymbiont	
  of	
  the	
  genus	
  Rickettsiella	
   is	
  sufficient	
  to	
  change	
  body	
  colour	
  

and	
  may	
  affect	
  host	
  fitness	
  by	
  influencing	
  interactions	
  with	
  both	
  predators	
  

and	
  other	
  endosymbionts	
  [66].	
  

Further,	
  when	
  male-­‐killing	
  Spiroplasma	
  from	
  coccinellid	
  beetles	
  was	
  

artificially	
   injected	
   into	
  a	
  series	
  of	
  naive	
  arthropod	
  species,	
   this	
  bacterium	
  

colonized	
   host	
   tissues	
   and	
   was	
   vertically	
   transmitted	
   in	
   all	
   cases	
   tested.	
  

Moreover,	
   both	
   the	
   bacteria's	
   efficiency	
   of	
   transmission	
   and	
   its	
   ability	
   to	
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distort	
   offspring	
   sex	
   ratios	
   in	
   novel	
   hosts	
   were	
   unaffected	
   in	
   the	
   case	
   of	
  

transfers	
   to	
   the	
  native	
  genus	
  and	
  reduced	
  or	
   incomplete	
   in	
  more	
  distantly	
  

related	
  species	
  [67].	
  

In	
  Wolbachia,	
   in	
   yet	
   another	
   case	
   of	
   putative	
   reiterated	
   horizontal	
  

transmission,	
   it	
   was	
   shown	
   that	
   a	
   male-­‐killing	
   Wolbachia	
   strain	
   has	
  

consistent	
   phenotypic	
   effects	
   in	
  Drosophila	
  borealis	
   and	
   its	
   closely	
   related	
  

species	
   [68].	
   In	
   other	
   examples,	
   as	
   in	
   the	
   butterfly	
  Hypolimnas	
  bolina,	
   the	
  

male	
  killing	
  effect	
  of	
  Wolbachia	
  presence	
   is	
  suppressed	
  without	
  significant	
  

reduction	
   in	
   bacterial	
   load.	
   In	
   this	
   case,	
   Wolbachia	
   induces	
   CI	
   in	
   the	
  

surviving	
   males	
   [69].	
   Similarly,	
   the	
   wCauA	
   strain	
   of	
   Wolbachia,	
   which	
  

induces	
   CI	
   in	
   the	
   lepidopteran	
   Cadra	
   cautella,	
   causes	
   male	
   killing	
   upon	
  

transfer	
   to	
   Ephestia	
   kuhniella	
   [70,	
   71].	
   Another	
   example	
   comes	
   from	
   the	
  

interaction	
   between	
   Wolbachia	
   and	
   Trichogramma	
   where	
   uninfected	
  

immature	
   wasps	
   that	
   acquired	
   Wolbachia	
   while	
   inside	
   the	
   host	
   egg	
  

displayed	
   a	
   parthenogenetic	
   phenotype	
   [50].	
   These	
   examples	
   suggest	
  

plasticity	
   in	
   the	
   deployment	
   of	
   Wolbachia´s	
   large	
   arsenal	
   of	
   host	
  

reproduction	
   manipulation	
   strategies	
   upon	
   horizontal	
   transfer,	
   and	
  

consequently	
  in	
  its	
  adaptation	
  to	
  novel	
  hosts.	
  

In	
   summary,	
   evidence	
   is	
   abundant	
   for	
   the	
   stabilization	
   of	
   de	
   novo	
  

endosymbionts	
  through	
  vertical	
  transmission	
  upon	
  seemingly	
  rare	
  episodes	
  

of	
  horizontal	
  transfer.	
  Furthermore,	
  in	
  many	
  of	
  these	
  instances	
  such	
  newly	
  

established	
   relationships	
   will	
   have	
   instantaneous	
   phenotypic	
   effects	
   with	
  

impact	
   in	
   the	
   fitness	
   of	
   the	
   host,	
   thus	
   having	
   the	
   potential	
   to	
   drive	
  

evolutionary	
  change.	
  

	
  

5	
  -­‐	
  Host	
  speciation	
  and	
  endosymbiont-­‐induced	
  novelties	
  

As	
   seen	
   above,	
   when	
   the	
   genetic	
   system	
   of	
   a	
   bacterial	
   species	
   is	
  

combined	
   with	
   that	
   of	
   another	
   (arthropod)	
   species	
   through	
   horizontal	
  

transmission,	
   the	
   new	
   symbiotic	
   partnership	
   may	
   create	
   novel	
   forms	
   of	
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coping	
  with	
   selective	
   pressures	
   in	
   the	
   environment.	
   In	
   particular,	
  when	
   a	
  

mechanism	
  of	
  reproductive	
  manipulation	
  is	
  brought	
  by	
  endobacteria	
  from	
  a	
  

former	
   host,	
   the	
   endosymbiont	
  may	
   trigger	
   a	
   rapid	
   speciation	
   in	
   the	
   new	
  

host	
  [72,	
  73].	
  	
  

The	
  presence	
  of	
  Wolbachia	
  in	
  two	
  closely	
  related	
  species	
  of	
  parasitic	
  

wasps	
   severely	
   reduces	
   the	
   frequency	
   of	
   hybrid	
   offspring	
   through	
  

bidirectional	
  CI	
  in	
  interspecific	
  crosses,	
  and	
  preceded	
  the	
  evolution	
  of	
  other	
  

postmating	
  reproductive	
  barriers	
   [74].	
   In	
  addition,	
  bidirectional	
  CI	
   in	
  host	
  

populations	
  may:	
  i)	
  substantially	
  reduce	
  gene	
  flow	
  [75];	
  ii)	
  reinforce	
  genetic	
  

divergence	
  by	
   association	
  between	
  nuclear	
   alleles	
   and	
   respective	
  microbe	
  

infection	
  state	
  [76];	
  iii)	
  increase	
  behavioural	
  isolation	
  from	
  the	
  Wolbachia-­‐

infected	
  species	
  and/or	
   lead	
   to	
  behavioural	
   isolation	
  between	
  populations	
  

of	
   the	
   uninfected	
   species	
   [77].	
   Yet,	
   other	
   mechanisms	
   may	
   contribute	
   to	
  

gene	
   flow	
   reduction	
   between	
   infected	
   and	
   uninfected	
   individuals	
   such	
   as	
  

assortative	
   mating	
   and	
   oviposition	
   site	
   preference	
   [78].	
   Also	
   incipient	
  

isolation	
   is	
   observed	
   between	
   the	
   sister	
   species	
   Drosophila	
   recens	
   and	
  

Drosophila	
  subquinaria,	
   via	
   the	
   combined	
  action	
  of	
  CI,	
   prezygotic	
   isolation	
  

and	
  hybrid	
  sterility	
  [79,	
  80].	
  Taken	
  together,	
  these	
  results	
  support	
  the	
  view	
  

that	
   facultative	
   endosymbionts	
  may,	
   directly	
   and	
   indirectly,	
   contribute	
   to	
  

reproductive	
   isolation	
   and	
   promote	
   speciation	
   of	
   their	
   hosts	
   (for	
   review,	
  

see	
  [26,	
  73,	
  81,	
  82]).	
  

	
  

Closing	
  the	
  circle:	
  from	
  a	
  different	
  organism	
  to	
  a	
  new	
  lineage	
  	
  

In	
   intracellular	
   bacteria,	
   the	
  mechanism	
  of	
   vertical	
   transmission	
   is	
  

essential	
   to	
   the	
  unity	
  of	
   the	
  symbiotic	
  complex	
  and	
   for	
   the	
  co-­‐evolution	
  of	
  

increased	
   benefits	
   for	
   both	
   species	
   (which	
   ultimately	
   may	
   transform	
   the	
  

bacterium	
   into	
   an	
   organelle).	
   Prior	
   to	
   this,	
   ecological	
   interactions	
   may	
  

foster	
  the	
  transfer	
  of	
  these	
  bacteria	
  between	
  hosts,	
  within	
  or	
  across	
  species.	
  

This	
   horizontal	
   transmission	
   creates	
   points	
   of	
   contact	
   between	
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evolutionary	
   paths	
   and	
   produces	
   new	
   synergistic	
   combinations	
   of	
  

phenotypic	
  variation	
  between	
  organisms	
  (morphological	
  and/or	
  metabolic)	
  

with	
  direct	
   fitness	
   impacts	
  and	
  adaptive	
  potential.	
   Indeed,	
   it	
   is	
   reasonable	
  

to	
  assume	
  that,	
  as	
  in	
  many	
  of	
  the	
  examples	
  presented	
  above,	
  in	
  some	
  cases	
  

the	
   mere	
   presence	
   of	
   the	
   endosymbiont	
   will	
   contribute	
   to	
   reproductive	
  

isolation	
   and	
   promote	
   speciation	
   of	
   its	
   host.	
   In	
   these	
   circumstances,	
   this	
  

cyclic	
  chain	
  of	
  bacterial	
  transmission	
  would	
  contribute	
  to	
  catalyze	
  evolution	
  

by	
   creating	
   organisms	
  with	
   new	
  phenotypes,	
  which	
  would	
   be	
   founders	
   of	
  

new	
  lineages	
  (Figure	
  4.2.2).	
  	
  

A	
   recent	
   report	
   has	
   confirmed	
   that	
   endosymbionts	
   can	
   combine	
  

developmental	
   modifications	
   and	
   reproductive	
   manipulations,	
   which	
  

translate	
   into	
   high	
   fitness	
   gains.	
   In	
   a	
   six-­‐year	
   period	
   in	
   nature	
   and	
   in	
   few	
  

generations	
   in	
   the	
   lab,	
   Rickettsia	
   bacteria	
   were	
   able	
   to	
   increase	
   their	
  

prevalence	
  from	
  a	
  small	
  percentage	
  of	
  individuals	
  to	
  a	
  rampant	
  infection	
  in	
  

B.	
  tabaci	
  populations	
  (sweet	
  potato	
  whiteflies)	
  [83].	
  Although	
  the	
  selective	
  

pressure	
   that	
   causes	
   this	
   difference	
   in	
   fitness	
   is	
   unknown,	
   this	
   report	
  

illustrates	
   that	
   an	
   endosymbiotic	
   partner	
   (and	
   its	
   associated	
   benefits)	
  

present	
  in	
  low	
  frequencies	
  can	
  sweep	
  through	
  the	
  population	
  and,	
  in	
  some	
  

cases,	
   potentially	
   create	
   reproductive	
   isolation	
  within	
  or	
  between	
   species.	
  

This	
   recent	
   data	
   reinforces	
   the	
   possibility	
   of	
   trying	
   to	
   recreate	
   rapid	
  

selection	
   followed	
   by	
   isolation	
   in	
   the	
   laboratory,	
   putting	
   our	
   five-­‐step	
  

scenario	
  into	
  a	
  direct	
  test.	
  

Moreover,	
  much	
   can	
   be	
   learned	
   on	
   the	
   ecological	
   consequences	
   of	
  

the	
   rapid	
   emergence	
   of	
   novel	
   lineages:	
   for	
   example,	
   on	
   the	
   evolution	
   of	
  

plant	
   lineages	
   with	
   the	
   appearance	
   of	
   new	
   pollinator	
   species;	
   on	
   rapid	
  

changes	
  in	
  the	
  food	
  chain	
  in	
  a	
  particular	
  habitat;	
  or	
  on	
  the	
  dissemination	
  of	
  

new	
   strategies	
   such	
   as	
   evolutionary	
   induction	
   of	
   parthenogenesis	
   in	
   new	
  

species.	
  Nonetheless,	
   and	
  despite	
   the	
   fact	
   that	
   each	
  of	
   the	
   steps	
  necessary	
  

for	
   the	
   formation	
   of	
   new	
   lineages	
   can	
   happen	
   quickly,	
   the	
  minimum	
   time	
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required	
   to	
  complete	
   this	
   sequential	
   scenario	
   is	
  not	
  known.	
  Thus,	
   the	
   real	
  

impact	
  this	
  mechanism	
  has	
  in	
  driving	
  evolutionary	
  change	
  and	
  speciation	
  in	
  

nature	
   remains	
   to	
   be	
   determined.	
   An	
   unexplored	
   way	
   to	
   approach	
   this	
  

Figure	
   4.2.2	
   –	
   Five-­‐step	
   scenario	
   for	
   the	
   fast	
   emergence	
   of	
   new	
  
lineages.	
  (1)	
  A	
  population	
  of	
  species	
  X	
  contains	
  infected	
  and	
  uninfected	
  
individuals	
  that	
  inherit	
  bacterial	
  endosymbionts	
  (BE)	
  of	
  the	
  Y	
  species	
  by	
  
vertical	
   transmission	
   (sexual	
   -­‐	
  maternal	
   and/or	
   paternal	
   -­‐	
   or	
   asexual).	
  
(2)	
   The	
   presence	
   of	
   BE	
   can	
   bring	
   reproductive	
   modifications	
   and/or	
  
metabolic	
   advantages	
   to	
   the	
   host.	
   (3)	
   Ecological	
   interactions	
   (for	
  
example	
  predation,	
  cannibalism	
  or	
  parasitic	
  vectors,	
   such	
  as	
  wasps	
  and	
  
mites)	
   may	
   facilitate	
   the	
   horizontal	
   transmission	
   of	
   the	
   BE	
   to	
   a	
   new	
  
species.	
  (4)	
  The	
  endosymbiont	
  will	
  impact	
  the	
  phenotype	
  and	
  fitness	
  of	
  
its	
  new	
  host	
  and,	
  if	
  this	
  transmission	
  takes	
  place	
  during	
  the	
  reproductive	
  
age	
   of	
   the	
   host,	
   there	
   may	
   be	
   stable	
   vertical	
   transmission	
   to	
   the	
   next	
  
generation.	
   (5)	
   Through	
   a	
   mechanism	
   of	
   sexual	
   manipulation	
   (or	
  
others),	
   which	
   may	
   have	
   co-­‐evolved	
   with	
   the	
   previous	
   host,	
   BE	
   may	
  
induce	
   reproductive	
   modifications	
   on	
   its	
   new	
   host,	
   leading	
   to	
   rapid	
  
speciation.	
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question	
   is	
   looking	
   at	
   a	
   vast	
   range	
   of	
   endosymbionts	
   that	
   have	
   no	
  

phylogenetic	
   concordance	
  with	
   their	
   hosts	
   and	
  map	
   onto	
   the	
   phylogenies	
  

the	
  events	
  of	
  horizontal	
  transmission.	
  Thus,	
  it	
  could	
  be	
  possible	
  to	
  compare	
  

the	
  speciation	
  rates	
   throughout	
   the	
  evolution	
  of	
   the	
  hosts’	
   lineages	
  before	
  

and	
  after	
  the	
  transmission	
  of	
  endosymbionts.	
  

Our	
   current	
   state	
   of	
   knowledge	
   on	
   some	
   of	
   the	
   underlying	
  

mechanisms	
   of	
   reproductive	
   manipulation,	
   developmental	
   change	
   and	
  

behavioural	
  modulation	
  by	
  facultative	
  endosymbionts	
  is	
  paving	
  the	
  way	
  to	
  

approach	
   putative	
   processes	
   of	
   rapid	
   speciation	
   in	
   the	
   laboratory	
   upon	
  

endosymbiont	
   horizontal	
   transmission.	
  We	
   argue	
   that	
   the	
   time	
   is	
   right	
   to	
  

test	
   experimentally	
   the	
   real	
   potential	
   of	
   the	
   role	
   of	
   facultative	
  

endosymbionts	
   in	
   speciation	
   through	
   the	
   controlled	
   manipulation	
   of	
  

partners	
  and	
  their	
  relationships	
  in	
  customized	
  novel	
  endosymbioses.	
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Abstract	
  

Facultative	
   endosymbionts,	
   such	
   as	
   Wolbachia,	
   perpetuate	
   by	
  

vertical	
   transmission	
   mostly	
   through	
   colonization	
   of	
   the	
   germline	
   during	
  

embryogenesis.	
   The	
   remaining	
   Wolbachia	
   inside	
   the	
   embryo	
   are	
  

internalized	
   in	
   progenitor	
   cells	
   of	
   the	
   somatic	
   tissue.	
   This	
   perpetuation	
  

strategy	
   triggers	
   a	
   cyclic	
   bacterial	
   bottleneck	
   across	
   host	
   generations.	
  

However,	
  throughout	
  the	
  host's	
  life	
  history	
  (Drosophila,	
  for	
  example),	
  some	
  

somatic	
  tissues	
  such	
  as	
  the	
  malpighian	
  tubules	
  (MTs)	
  show	
  large	
  numbers	
  

of	
  Wolbachia.	
  It	
  is	
  assumed	
  that	
  Wolbachia	
  present	
  in	
  the	
  progenitor	
  cells	
  of	
  

the	
  MTs	
  are	
  confined	
  to	
  this	
  somatic	
  tissue,	
  implicitly	
  considering	
  MTs	
  as	
  an	
  

evolutionary	
   dead-­‐end	
   for	
   these	
   bacteria.	
   Nevertheless,	
   the	
   fact	
   that	
  

bacteria	
  can	
  survive	
  and	
  proliferate	
  inside	
  MTs	
  suggests	
  a	
  different	
  fate	
  as	
  

they	
   may	
   access	
   the	
   host's	
   reproductive	
   system	
   and	
   persist	
   in	
   the	
   host	
  

population	
   through	
   vertical	
   transmission.	
   Indeed,	
   based	
   on	
   the	
   particular	
  

physiological	
   and	
   developmental	
   characteristics	
   of	
   MT,	
   as	
   well	
   as	
   of	
  

Wolbachia,	
   we	
   argue	
   the	
   bacteria	
   present	
   in	
   the	
   MTs	
   may	
   constitute	
   a	
  

secondary	
  pool	
  of	
  vertically	
   transmitted	
  bacteria.	
  Moreover,	
  somatic	
  pools	
  

of	
   Wolbachia	
   capable	
   of	
   reaching	
   the	
   gonads	
   and	
   insure	
   vertical	
  

transmission	
  may	
  also	
  provide	
  an	
  interesting	
  element	
  to	
  the	
  elucidation	
  of	
  

horizontal	
  transmission	
  mechanisms.	
  Finally,	
  we	
  also	
  speculate	
  that	
  somatic	
  

pools	
   of	
  Wolbachia	
   may	
   play	
   an	
   important	
   role	
   in	
   host	
   fitness,	
   namely	
  

during	
   viral	
   infections.	
   In	
   brief,	
   we	
   argue	
   that	
   the	
   somatic	
   pools	
   of	
  

Wolbachia,	
  with	
  special	
  emphasis	
  on	
   the	
  MT	
  subset,	
  deserve	
  experimental	
  

attention	
   as	
   putative	
   players	
   in	
   the	
   physiology	
   and	
   evolution	
   of	
   both	
  

bacteria	
  and	
  hosts.	
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   In	
   arthropods,	
   many	
   intracellular	
   bacteria,	
   either	
   obligatory	
   or	
  

facultative	
   for	
   host	
   viability,	
   can	
   be	
   established	
   and	
   perpetuated	
   [1,	
   2].	
  

Among	
   these,	
   facultative	
   endobacteria	
   such	
   as	
   Wolbachia	
   colonize	
   the	
  

germline	
   in	
   the	
   course	
   of	
   embryogenesis	
   insuring	
   their	
   vertical	
  

transmission	
   [3,	
   4].	
   Importantly,	
   Wolbachia	
   can	
   directly	
   manipulate	
   the	
  

host's	
  reproduction	
  in	
  ways	
  that	
  favour	
  its	
  own	
  rate	
  of	
  transmission	
  [5–7].	
  

Nonetheless,	
   there	
   are	
   also	
   large	
   amounts	
   of	
   endobacteria	
   in	
   numerous	
  

somatic	
   tissues	
   [8–12].	
   Yet,	
   this	
   aspect	
   of	
  Wolbachia-­‐host	
   interactions	
  has	
  

been	
  repeatedly	
  overlooked.	
  Here,	
  using	
  the	
  available	
  disperse	
  data	
  on	
  this	
  

interaction	
   between	
  Wolbachia	
   and	
   its	
   hosts	
   (particularly	
  Drosophila),	
  we	
  

speculate	
   on	
   the	
   physiological	
   and	
   evolutionary	
   roles	
   these	
   bacterial	
  

populations	
  may	
  have,	
  with	
  particular	
  emphasis	
  on	
  the	
  bacteria	
  present	
  in	
  

the	
  malpighian	
  tubules	
  (MTs).	
  

MTs	
   have	
   been	
  mostly	
   studied	
   developmentally	
   and	
   for	
   their	
   vital	
  

physiological	
   roles	
   in	
   the	
   maintenance	
   of	
   homeostasis	
   (including	
  

osmoregulation,	
   detoxification	
   and	
   ion	
   transport)	
   [13,	
   14].	
   Yet,	
   and	
   of	
  

particular	
  relevance	
  to	
  our	
  hypothesis,	
  the	
  MT	
  (Figure	
  4.3.1,	
  left	
  panel)	
  has	
  

been	
   described	
   repeatedly	
   as	
   a	
   site	
   for	
   somatic	
   intracellular	
   storage	
   of	
  

endosymbionts	
  [11,	
  16–21].	
  Also,	
  in	
  the	
  Drosophila	
  holometabolous	
  context	
  

and	
   unlike	
   most	
   tissues,	
   MTs	
   are	
   peculiar	
   in	
   that	
   they	
   maintain	
   their	
  

integrity	
  throughout	
  metamorphosis	
  [14,	
  22].	
  Below,	
  we	
  will	
  expand	
  further	
  

these	
   considerations	
   and	
   discuss	
   adaptive	
   scenarios	
   for	
   both	
   symbiotic	
  

partners.	
  

It	
   is	
   consensual	
   that	
   across	
   host	
   generations	
   there	
   is	
   a	
   cyclic	
  

bacterial	
   bottleneck	
   whereby	
   only	
   endobacteria	
   located	
   in	
   the	
   germinal	
  

tissue	
  will	
   contribute	
   to	
   the	
   next	
   generation	
   [23,	
   24].	
   That	
   is,	
   it	
   has	
   been	
  

assumed	
   that	
   only	
  Wolbachia	
   established	
   in	
   the	
   germline	
   progenitor	
   cell	
  

niches	
  will	
  colonize	
  the	
  progeny	
  in	
  the	
  course	
  of	
  embryogenesis.	
  Under	
  this	
  

assumption,	
  it	
  stands	
  to	
  reason	
  that	
  bacteria	
  in	
  the	
  MTs	
  would	
  be	
  confined	
  



	
   301	
  

to	
   this	
  somatic	
   tissue	
   throughout	
   the	
   life	
  of	
   the	
   fly.	
  As	
  a	
  consequence,	
  and	
  

despite	
  the	
  large	
  numbers	
  of	
  Wolbachia	
  in	
  the	
  MTs	
  [11]	
  possibly	
  caused	
  by	
  

the	
   abundance	
   of	
   resources	
   in	
   this	
   tissue,	
   current	
   views	
   have	
   implicitly	
  

considered	
  MTs	
  as	
  an	
  evolutionary	
  dead-­‐end	
  for	
  its	
  resident	
  endosymbiotic	
  

bacteria.	
  

It	
   is	
   known	
   that	
   the	
   introduction	
   of	
  Wolbachia	
   into	
   an	
   uninfected	
  

female	
   can	
   cause	
  de	
  novo	
   colonization	
  of	
   the	
  ovaries	
   [18,	
   25].	
   In	
   line	
  with	
  

these	
  observations,	
   although	
   in	
  an	
   in	
  vitro	
   setting,	
   it	
  has	
  been	
   shown	
   that	
  

Wolbachia	
   can	
   endure	
   prolonged	
   periods	
   in	
   an	
   extracellular	
   environment	
  

whilst	
  maintaining	
  its	
  capacity	
  to	
  penetrate	
  novel	
  cellular	
  hosts	
  [26].	
  More	
  

importantly,	
  and	
  despite	
  the	
  few	
  Wolbachia	
  present	
  in	
  the	
  hemolymph	
  [11],	
  

an	
   uninfected	
   germarium	
   introduced	
   into	
   the	
   abdomen	
   of	
   a	
  Wolbachia-­‐

infected	
   female	
   adult	
   will	
   be	
   colonized	
   by	
   bacteria	
   present	
   in	
   the	
   body	
  

cavity	
  [25].	
  This	
  means	
  that	
  there	
  are	
  Wolbachia	
  pools,	
  of	
  unknown	
  origin,	
  

outside	
  of	
  the	
  reproductive	
  tissues	
  and	
  that	
  they	
  can	
  constitute	
  the	
  source	
  

of	
  germline	
  infection	
  and	
  vertical	
  transmission.	
  Despite	
  the	
  putative	
  action	
  

of	
   the	
   immune	
   system	
   through	
   hemocytes	
   and	
   antimicrobial	
   peptide	
  

(AMPs)	
   activity	
   [27]	
   decreasing	
   the	
  Wolbachia	
   circulating	
   pool,	
   we	
   may	
  

expect	
   a	
   steady	
   release	
   rate	
   of	
  Wolbachia	
   into	
   the	
   hemolymph	
   (after,	
   e.g.,	
  

somatic	
  cell	
  death	
  or	
  active	
  exit	
  of	
  bacteria).	
  Indeed,	
  MTs	
  have	
  been	
  shown	
  

to	
   contain	
   stem	
  cell	
  niches	
  which	
  endure	
  high	
   turnover	
   rates	
   [28]	
   in	
   tune	
  

with	
   a	
   potential	
   to	
   provide	
   significant	
   numbers	
   of	
   free	
   Wolbachia	
   by	
  

frequent	
  cell	
  death.	
  The	
  fact	
  that	
  Wolbachia	
  can	
  be	
  housed	
  in	
  high	
  numbers	
  

within	
  the	
  MTs	
  of	
  larvae	
  and	
  throughout	
  adult	
  life	
  (Figure	
  4.3.1,	
  right	
  panel)	
  

opens	
   the	
   possibility	
   that	
   these	
   bacteria	
  may	
   have	
   the	
   potential	
   to	
   access	
  

the	
  reproductive	
  system	
  and	
  be	
  vertically	
  transmitted.	
  

Also,	
   as	
   previously	
   mentioned,	
   Drosophila	
   MTs	
   maintain	
   their	
  

integrity	
   through	
   metamorphosis	
   [29].	
   Moreover,	
   this	
   (at	
   least	
   partial)	
  

integrity	
   maintenance	
   of	
   MTs	
   throughout	
   the	
   entire	
   insect	
   life	
   cycle	
   has	
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been	
   established	
   in	
   several	
   Holometabola,	
   namely	
   dipterans	
   [14],	
  

coleopterans	
   [30]	
   and	
   lepidopterans	
   [31].	
   Thus,	
   this	
   seemingly	
   general	
  

feature	
   would	
   allow	
   the	
   bacteria	
   lodged	
   intracellularly	
   in	
   the	
  MT	
   cells	
   to	
  

transit	
  from	
  the	
  embryo	
  stage	
  to	
  adulthood,	
  avoiding	
  the	
  immune	
  response	
  

of	
  Drosophila,	
  both	
  phagocytosis	
  and	
  AMPs.	
  In	
  this	
  light,	
  MTs	
  can	
  represent	
  

an	
   important	
   somatic	
   source	
   for	
  Wolbachia	
   that	
  will	
   secondarily	
   colonize	
  

the	
  gonads	
  and	
  germline	
  after	
  embryogenesis.	
  

Taken	
  together	
  the	
  facts	
  listed	
  above	
  lead	
  us	
  to	
  hypothesize	
  that	
  in	
  

addition	
   to	
   Wolbachia	
   originating	
   from	
   germline	
   colonization	
   during	
  

oogenesis,	
   a	
   part	
   of	
   the	
   bacteria	
   incorporated	
   into	
   the	
   germarium	
   may	
  

derive	
   from	
   MTs	
   and	
   other	
   somatic	
   tissues,	
   disputing	
   the	
   notion	
   that	
  

somatic	
   Wolbachia	
   face	
   an	
   evolutionary	
   dead-­‐end.	
   This	
   hypothesis	
   is	
  

reminiscent	
  of	
  mechanisms	
  present	
   in	
  other	
  arthropod	
  hosts	
  of	
  obligatory	
  

endobacteria,	
   where	
   certain	
   somatic	
   cell	
   types	
   or	
   organs	
   (bacteriocytes)	
  

have	
   evolved	
   to	
   act	
   as	
   intermediary	
   safe	
   havens	
   for	
   a	
   later	
   passage	
   of	
  

Figure	
   4.3.1	
   –	
   Wolbachia	
   in	
   Malpighian	
   Tubules	
   (MTs).	
   Left,	
   a	
  
schematic	
   representation	
   of	
   MTs	
   in	
   Drosophila.	
   Right,	
   under	
  
magnification,	
   fluorescence	
   image	
   of	
   MTs	
   showing	
   high	
   numbers	
   of	
  
intracellular	
   Wolbachia	
   (green	
   dots)	
   relative	
   to	
   uninfected	
   flies	
   (not	
  
shown).	
  Wolbachia	
   labelling	
  was	
   performed	
  using	
  BacLight,	
   a	
   bacterial	
  
viability	
  dye	
  (as	
  in	
  [15]).	
  The	
  flies	
  used	
  have	
  been	
  tested	
  and	
  certified	
  as	
  
Spiroplasma	
  free	
  (as	
  in	
  [44].	
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bacteria	
   into	
   the	
   germinal	
   tissue	
   [1,	
   32].	
   This	
   point	
   of	
   view	
  was	
   recently	
  

explored	
   in	
   the	
   relationship	
   between	
   the	
   bedbug	
   Cimex	
   lectularius	
   and	
  

Wolbachia	
   [33].	
   Extending	
   this	
   reasoning,	
   it	
   follows	
   that	
   the	
   effective	
  

population	
  size	
  of	
  these	
  bacteria	
  increases	
  significantly	
  thereby	
  augmenting	
  

the	
   chance	
   that	
   more	
   bacteria	
   (with	
   a	
   putative	
   adaptive	
   value)	
   will	
   be	
  

represented	
  in	
  the	
  host's	
  next	
  generation.	
  

Finally,	
   our	
   hypothesis	
   that	
   somatic	
   tissues,	
   particularly	
   the	
   MTs,	
  

may	
   have	
   a	
   non-­‐negligible	
   contribution	
   to	
   the	
   vertically	
   transmitted	
  

Wolbachia,	
   may	
   also	
   provide	
   an	
   interesting	
   element	
   to	
   the	
   elucidation	
   of	
  

horizontal	
   transmission	
  mechanisms.	
   It	
   is	
  well	
   established	
   that	
  Wolbachia	
  

has	
   been	
   transmitted	
   horizontally	
   multiple	
   times	
   throughout	
   arthropod	
  

evolution	
  [34,	
  35]	
  but	
   its	
  underlying	
  mechanisms	
  remain	
  mostly	
  unknown	
  

[1].	
   Yet,	
   it	
   is	
   likely	
   that,	
   whatever	
   mechanism(s)	
   may	
   mediate	
   horizontal	
  

transmission,	
  parasitoid	
  wasp	
  infection,	
  mite	
  parasitism	
  or	
  cannibalism,	
  for	
  

example,	
   a	
   step	
   that	
   does	
  not	
   involve	
   the	
   germline	
  must	
   occur.	
   Indeed,	
   in	
  

most	
   instances	
   eggs	
   and	
   germline	
   are	
   virtually	
   inaccessible,	
   and	
   it	
   is	
  

primarily	
  between	
  adults	
  and/or	
   larvae	
   that	
   interspecific	
   interactions	
   that	
  

foster	
  Wolbachia	
   transfer	
   may	
   occur	
   [36,	
   37].	
   In	
   this	
   context,	
   MTs	
   come	
  

across	
   as	
   a	
   privileged	
   niche	
   for	
   bacterial	
   growth	
   and	
   persistence.	
   Each	
  

tubule	
   has	
   one	
   extremity	
   directly	
   connected	
   to	
   the	
   digestive	
   system	
  

(between	
  the	
  intersection	
  of	
  the	
  midgut	
  with	
  the	
  hindgut),	
  while	
  the	
  other	
  

end	
  is	
  closed	
  and	
  in	
  contact	
  with	
  the	
  hemolymph	
  (Figure	
  4.3.1,	
   left	
  panel).	
  

The	
   digestive	
   system,	
   in	
   turn,	
   is	
   an	
   important	
   host-­‐environment	
   interface	
  

and	
   a	
   recurring	
   entry	
   for	
   microorganisms	
   that	
   are	
   transported	
   passively	
  

through	
   the	
   gut	
   after	
   ingestion	
   [38].	
   Thus,	
   after	
   an	
   eventual	
  Wolbachia	
  

ingestion	
  by	
  a	
  non-­‐infected	
  individual,	
  larvae	
  or	
  adult,	
  the	
  bacteria	
  will	
  have	
  

access	
  not	
  only	
  to	
  the	
  digestive	
  system	
  but	
  also	
  to	
  the	
   interior	
  of	
   the	
  MTs.	
  

To	
   perform	
   the	
   functions	
   of	
  maintaining	
   physiological	
   homeostasis	
   of	
   the	
  

organism,	
   the	
  4	
  MTs	
  of	
  Drosophila	
  are	
  extended	
  along	
  the	
  coelomic	
  cavity,	
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where	
  the	
  cells	
  have	
  a	
  constant	
  activity	
  of	
  endocytosis	
  and	
  exocytosis	
   [39,	
  

40].	
  This	
  feature	
  may	
  promote	
  Wolbachia	
   internalization	
  into	
  the	
  lumen	
  of	
  

MTs.	
   Yet,	
   it	
   is	
   still	
   unknown	
   if	
   Wolbachia	
   can	
   survive	
   the	
   local	
   and	
  

autonomous	
   immune	
  response	
  of	
   the	
  gut	
  epithelium	
  and	
  MTs	
   [41,	
  42].	
  All	
  

things	
   considered,	
   it	
   is	
   reasonable	
   to	
   consider	
   that	
   somatic	
   pools	
   of	
  

Wolbachia	
  capable	
  of	
  reaching	
  the	
  gonads	
  and	
  insure	
  vertical	
  transmission	
  

can	
  play	
   a	
  pivotal	
   role	
   in	
   turning	
   an	
   improbable	
  horizontal	
   transfer	
   event	
  

into	
  a	
  stable	
  vertically	
  transmitted	
  infection.	
  

From	
   the	
   host's	
   perspective,	
   no	
   specific	
   physiological	
   role	
   for	
   this	
  

somatic	
   bacterial	
   colony,	
   or	
   others,	
   has	
   been	
   established.	
   Yet,	
   it	
   is	
  

conceivable	
   that	
   the	
   host	
   itself,	
   Drosophila	
   or	
   other,	
   can	
   provide	
   an	
  

opportunistic	
   leverage	
   for	
   Wolbachia	
   proliferation.	
   For	
   example,	
   the	
  

established	
   protection	
   against	
   stress	
   and	
   natural	
   enemies	
   provided	
   by	
  

Wolbachia	
  [43–45]	
  may	
  depend	
  on	
  a	
  minimum	
  bacterial	
  population	
  size.	
  If	
  

the	
   reproductive	
   tissue	
   cannot	
   accommodate	
   a	
   sufficient	
   number	
   of	
  

Wolbachia	
   to	
   confer	
   systemic	
   protection,	
   selection	
   would	
   favour	
   somatic	
  

niches	
  of	
  bacteria	
   [46]	
  of	
  which	
  MTs	
  stands	
  as	
  a	
  prime	
  candidate.	
   In	
   sum,	
  

the	
  large	
  number	
  of	
  Wolbachia	
  in	
  MTs	
  could	
  constitute	
  an	
  adaptive	
  feature	
  

of	
  the	
  host.	
  

Recent	
   advances	
   on	
   the	
   fitness	
   benefits	
   for	
   hosts	
   provided	
   by	
  

Wolbachia	
  raise	
  important	
  physiological	
  and	
  evolutionary	
  questions	
  on	
  the	
  

nature	
  and	
  dynamics	
  of	
  this	
  relationship	
  [44,	
  47,	
  48]	
  and	
  can	
  be	
  extended	
  to	
  

other	
  host-­‐endosymbiont	
   associations	
   [49–52].	
   Yet,	
   the	
  putative	
   role(s)	
   of	
  

the	
   somatic	
   populations	
   of	
  Wolbachia,	
   particularly	
   the	
   one	
   housed	
   in	
   the	
  

MTs	
   throughout	
   development	
   as	
   during	
   adulthood,	
   has	
   been	
   largely	
  

overlooked.	
  In	
  other	
  cases	
  and	
  species,	
  different	
  somatic	
  tissues	
  could	
  play	
  

a	
   similar	
   function	
   by	
   representing	
   a	
   preferential	
   region	
   for	
   endosymbiont	
  

proliferation,	
   thus	
   assuming	
   comparable	
   importance	
   in	
   the	
   evolutionary	
  

process.	
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The	
  hypotheses	
  here	
  presented	
  may	
  serve	
  as	
  a	
   foundation	
   for	
  new	
  

integrative	
  studies	
  towards	
  the	
  clarification	
  of	
  the	
  immediate	
  and	
  ultimate	
  

causes	
   for	
   the	
   establishment	
   of	
   endosymbiotic	
   stable	
   evolutionary	
  

strategies,	
  both	
  in	
  single	
  and	
  multiple	
  infections.	
  In	
  this	
  research	
  program,	
  

an	
   important	
   line	
   of	
   enquiry	
   consists	
   on	
   the	
   role(s)	
   played	
   by	
   somatic	
  

endosymbiont	
   pools,	
   of	
   Wolbachia	
   in	
   particular,	
   and	
   the	
   putative	
  

importance	
  of	
  the	
  MTs	
  in	
  this	
  process.	
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Abstract	
  

Wolbachia	
   are	
   intracellular	
   symbionts	
   of	
  many	
   species	
   of	
   animals,	
  

mostly	
   arthropods.	
   Vertical	
   transmission	
   of	
   Wolbachia	
   is	
   exclusively	
  

maternal	
  and	
  this	
  endobacterium	
  promotes	
  reproductive	
  manipulations	
  of	
  

its	
   hosts,	
   increasing	
   the	
   fitness	
   of	
   infected	
   females.	
   Moreover,	
  Wolbachia	
  

provides	
   its	
   hosts	
   with	
   a	
   wide	
   range	
   of	
   adaptive	
   features	
   ranging	
   from	
  

protection	
   against	
   viral	
   infections	
   to	
   dietary	
   niche	
   occupancy.	
   Therefore,	
  

Wolbachia	
   can	
   potentially	
   contribute	
   to	
   the	
   evolutionary	
   processes	
   of	
  

sexual	
  selection	
  and	
  speciation.	
  The	
  horizontal	
  transmission	
  of	
  Wolbachia	
  is	
  

strongly	
  suggested	
  by	
  the	
  non-­‐concordant	
  phylogeny	
  of	
  this	
  endosymbiont	
  

and	
  that	
  of	
  its	
  hosts.	
  However,	
  the	
  ecological	
  mechanism(s)	
  responsible	
  for	
  

endosymbiont	
   transmission	
   between	
   different	
   hosts	
   is	
   still	
   largely	
  

unknown.	
   In	
   the	
  present	
   study,	
  we	
   look	
   at	
   ingestion	
   as	
   a	
   possible	
   natural	
  

form	
   of	
   Wolbachia	
   horizontal	
   transmission.	
   To	
   this	
   aim,	
   we	
   tested	
  

cannibalism	
   between	
   infected	
   and	
   uninfected	
   Drosophila	
   hosts,	
   under	
  

different	
   conditions	
   of	
   nutrition	
   and	
   gut	
   integrity.	
   Although	
   ingestion	
  

represents	
  a	
  general	
  and	
  incontestable	
  portal	
  of	
  entry	
  for	
  microorganisms,	
  

we	
   did	
   not	
   find	
   infection	
   by	
   Wolbachia	
   in	
   the	
   progeny	
   of	
   cannibal	
  

individuals	
   fed	
   on	
   infected	
   flies.	
   Our	
   study	
   suggests	
   that	
   if	
   ingestion	
   is	
   a	
  

vehicle	
  for	
  horizontal	
  transmission	
  of	
  Wolbachia	
  in	
  nature,	
  either	
  it	
  happens	
  

very	
   rarely	
   or	
   it	
   requires	
   other	
   factors	
   or	
   conditions	
   to	
   be	
   effective.	
   We	
  

discuss	
   the	
   likeliness	
   of	
   this	
  mechanism	
  with	
   respect	
   to	
   the	
   likelihood	
   of	
  

each	
  step	
  necessary	
  for	
  horizontal	
  transmission.	
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Introduction	
  

The	
  α-­‐proteobacteria	
  of	
  the	
  Genus	
  Wolbachia	
  live	
  intracellularly	
  in	
  a	
  

variety	
   of	
   animals,	
   including	
   arthropods	
   and	
   nematodes	
   [1,	
   2].	
   In	
  

arthropods,	
  Wolbachia	
   is	
   typically	
   transmitted	
   vertically	
   from	
   mother	
   to	
  

offspring.	
  It	
  causes	
  a	
  wide	
  range	
  of	
  reproductive	
  manipulations	
  in	
  different	
  

host	
   species	
   whereby	
   increasing	
   the	
   fitness	
   of	
   infected	
   females	
   and,	
  

consequently,	
   also	
   increasing	
   its	
   own	
   transmission	
   rate	
   [3].	
   These	
  

mechanisms	
   include:	
   (i)	
   the	
   induction	
   of	
   cytoplasmic	
   incompatibility	
  

between	
  individuals	
  that	
  do	
  not	
  share	
  infection	
  status,	
  (ii)	
  the	
  induction	
  of	
  

parthenogenesis	
   in	
   diploid	
   females	
   and	
   (iii)	
   the	
   feminization	
   or	
   death	
   of	
  

infected	
   males	
   (for	
   revision	
   see	
   [4]).	
   Additionally,	
   recent	
   studies	
   have	
  

shown	
  that	
  in	
  Drosophila	
  melanogaster,	
  Wolbachia	
  infection	
  may	
  also	
  confer	
  

an	
   advantage	
   to	
   its	
   host	
   through	
   an	
   increased	
   resistance	
   to	
   RNA	
   virus	
  

infection	
  [5,	
  6].	
  

It	
   is	
   estimated	
   that	
  Wolbachia	
   infects	
   20-­‐80%	
  of	
   insect	
   species	
   [7]	
  

possibly	
   making	
   it	
   the	
   most	
   recurrent	
   endosymbiont	
   on	
   the	
   planet.	
   The	
  

wide	
   distribution	
   of	
   these	
   bacteria	
   is	
   attributed	
   to	
   the	
   high	
   efficacy	
   of	
  

vertical	
  transmission.	
  This	
  efficacy	
  may	
  rely	
  on	
  the	
  usage	
  Wolbachia	
  makes	
  

of	
  the	
  host’s	
  cytoskeleton	
  and	
  intracellular	
  transport	
  system	
  to	
  migrate	
  and	
  

ensure	
   its	
   presence	
   within	
   the	
   future	
   embryos	
   [8,	
   9].	
   In	
   addition	
   to	
   the	
  

colonization	
   of	
   the	
   germline	
   during	
   embryogenesis,	
  Wolbachia	
   remaining	
  

inside	
  the	
  embryo	
  are	
  internalized	
  in	
  progenitor	
  cells	
  of	
  the	
  somatic	
  tissue	
  

[10,	
  11],	
  with	
  potential	
  physiological	
  and	
  evolutionary	
  consequences	
  [12].	
  

	
  The	
  widespread	
  presence	
  of	
  Wolbachia	
  must	
  also	
  rely	
  on	
  horizontal	
  

transmission,	
   which	
   can	
   be	
   attested	
   by	
   the	
   presence	
   of	
   close	
   strains	
   of	
  

Wolbachia	
   in	
   phylogenetically	
   distant	
   hosts	
   [13,	
   14].	
   Indeed,	
   unlike	
  

mitochondria	
   or	
   obligatory	
   bacterial	
   endosymbionts,	
   the	
   molecular	
  

phylogeny	
  of	
  Wolbachia	
  is	
  not	
  always	
  concordant	
  with	
  that	
  of	
  its	
  hosts	
  [15,	
  

16].	
   These	
   well-­‐established	
   patterns	
   raise	
   two	
   important	
   questions:	
   i)	
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which	
   ecological	
   conditions	
   and	
   mechanisms	
   mediate	
   horizontal	
  

transmission	
   and	
   ii)	
   how	
   does	
   a	
   transient	
   horizontal	
   transfer	
   turn	
   into	
   a	
  

stable	
   vertical	
   transmission?	
   Regarding	
   this	
   problem	
   Frydman	
   and	
  

colleagues	
  reported	
  that	
  when	
  haemolymph	
  of	
  an	
  infected	
  D.	
  melanogaster	
  

fly	
   is	
   microinjected	
   into	
   adult	
   uninfected	
   females,	
   Wolbachia	
   could	
   be	
  

transmitted	
  vertically	
  [10].	
  After	
  15	
  days	
  upon	
  haemolymph	
  microinjection	
  

into	
  uninfected	
  female	
  flies,	
  Wolbachia	
  could	
  be	
  detected	
  in	
  their	
  offspring	
  

after	
   preferentially	
   establishing	
   itself	
   in	
   the	
   ovaries	
   somatic	
   stem	
   cell	
  

niches.	
   Also,	
   it	
   has	
   been	
   shown	
   that	
  Wolbachia	
   is	
   viable	
   for	
   several	
   days	
  

outside	
  the	
  host’s	
  cell,	
  thus	
  allowing	
  for	
  a	
  possible	
  transfer	
  across	
  cells	
  [17].	
  

Together	
   these	
   reports	
   provide	
   a	
   link	
   between	
   horizontal	
   and	
   vertical	
  

transmission,	
   indicating	
   that	
   any	
   mechanism	
   capable	
   of	
   introducing	
  

Wolbachia	
  into	
  the	
  female’s	
  haemolymph	
  may	
  permit	
  the	
  establishment	
  and	
  

perpetuation	
  of	
  Wolbachia	
  in	
  new	
  hosts.	
  

Despite	
  their	
  importance	
  for	
  understanding	
  the	
  epidemiological	
  and	
  

evolutionary	
   dynamics	
   of	
  Wolbachia	
   infection,	
   the	
   ecological	
   mechanisms	
  

responsible	
   for	
   the	
   transfer	
   of	
   bacteria	
   to	
   new	
   hosts	
   in	
   nature	
   are	
   still	
  

largely	
   unknown	
   [18].	
   One	
   strong	
   candidate	
   mechanism	
   consists	
   of	
  

parasitoid	
   wasps	
   acting	
   as	
  Wolbachia	
   vectors.	
   This	
   is	
   based	
   on	
   different	
  

evidence:	
   i)	
   the	
   extensive	
   similarities	
   between	
  Wolbachia	
  strains	
   found	
   in	
  

parasitoids	
  and	
   their	
  hosts	
   [13,	
  19];	
   ii)	
  Wolbachia	
  can	
  be	
   transmitted	
   to	
   a	
  

parasitic	
   wasp	
   from	
   its	
   infected	
   host	
   [21,	
   22];	
   iii)	
   when	
   infected	
   and	
  

uninfected	
   parasitoid	
   wasp	
   larvae	
   share	
   the	
   same	
   host	
   egg,	
   intra-­‐	
   and	
  

interspecific	
   horizontal	
   transfer	
   of	
   parthenogenesis-­‐inducing	
   Wolbachia	
  

may	
  occur	
  [22–24].	
  Another	
  hypothetical	
  vector	
  for	
  horizontal	
  transmission	
  

of	
   Wolbachia	
   are	
   ectoparasitic	
   mites,	
   known	
   to	
   transfer	
   the	
   Drosophila	
  

endosymbiont,	
   Spiroplasma	
   poulsonni,	
   from	
   infected	
   D.	
   nebulosa	
   to	
   D.	
  

willistoni	
   [25].	
   Based	
   on	
   our	
   observations	
   of	
   Drosophila	
   larval	
   and	
   adult	
  

behaviour	
   in	
   crowded	
   environments,	
   we	
   reasoned	
   that	
   cannibalism	
   or	
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scavenging,	
   often	
  witnessed	
   not	
   only	
   in	
   the	
   laboratory	
   but	
   also	
   in	
   nature,	
  

could	
   constitute	
   a	
   route	
   for	
   horizontal	
   Wolbachia	
   transfer.	
   Moreover,	
  

occasional	
  horizontal	
  transmission	
  via	
  the	
  oral	
  route	
  has	
  been	
  reported	
  for	
  

the	
   pea	
   aphid	
  Bemisia-­‐like	
   symbiont	
   [26].	
   Indeed,	
   the	
   digestive	
   system	
   is	
  

considered	
   to	
   be	
   the	
   major	
   interface	
   between	
   the	
   insect	
   host	
   and	
   the	
  

microbial	
   environment,	
   constituting	
   a	
   privileged	
   gateway	
   for	
  

microorganism	
   invasion	
   [27].	
   However,	
   as	
   most	
   ingested	
   bacteria	
   are	
  

eliminated	
  by	
  the	
  immune	
  system	
  or	
  by	
  peristalsis,	
  few	
  bacteria	
  can	
  persist	
  

in	
   large	
   numbers	
   in	
   the	
   digestive	
   tract	
   of	
   insects	
   [28].	
   Nonetheless	
   it	
   is	
  

important	
   to	
  note	
   that	
  some	
  bacterial	
   species	
  ensure	
   their	
  proliferation	
   in	
  

recent	
   hosts	
   by	
   passing	
   through	
   the	
   digestive	
   tract	
   to	
   other	
   organs	
   or	
  

cavities	
  [29,	
  30].	
  

Recent	
   studies	
  have	
  demonstrated	
   that,	
   after	
   predation	
  of	
   infected	
  

hosts,	
   previously	
   uninfected	
   isopods,	
   Armadillidium	
   vulgare	
   and	
   Porcellio	
  

dilatatus	
  dilatatus,	
  would	
  become	
  infected	
  with	
  Wolbachia	
  [31].	
  	
  Also,	
  in	
  the	
  

ant	
   Acromyrmex	
   echinatior,	
   it	
   has	
   been	
   hypothesized	
   that	
   the	
   faecal-­‐oral	
  

route	
   could	
   constitute	
   a	
   means	
   for	
   horizontal	
   transmission	
   of	
  Wolbachia	
  

[32].	
  

In	
   this	
  work,	
  we	
  have	
   tested	
   if	
  upon	
   ingestion,	
  Wolbachia	
   could	
  be	
  

transmitted	
   stably	
   to	
   the	
   offspring	
   of	
   a	
  Drosophila	
   host.	
   For	
   this,	
   several	
  

ingestion	
  experiments	
  were	
  performed	
  using	
  infected	
  and	
  uninfected	
  hosts	
  

of	
   D.	
   melanogaster	
   and	
   D.	
   simulans,	
   at	
   different	
   developmental	
   stages.	
  

Nutritional	
   variation,	
   dehydration	
   and	
   intestinal	
   injury	
   were	
   used	
   in	
   an	
  

attempt	
  to	
  mimic	
  naturally-­‐occurring	
  potentiating	
  factors	
  for	
  the	
  passage	
  of	
  

Wolbachia	
  into	
  the	
  body	
  cavity	
  of	
  the	
  fly	
  and	
  the	
  subsequent	
  establishment	
  

of	
   a	
   symbiotic	
   relationship	
   with	
   this	
   new	
   host.	
   Through	
   a	
   PCR-­‐based	
  

analysis	
  of	
  the	
  offspring	
  we	
  were	
  unable	
  to	
  find	
  any	
  infection	
  by	
  Wolbachia,	
  

both	
   in	
   early	
   and	
   late	
   progeny.	
   This	
   result	
   suggests	
   that	
   the	
   ingestion	
   of	
  

Wolbachia	
  by	
  a	
  non-­‐infected	
  new	
  host	
  is	
  not	
  sufficient	
  in	
  itself	
  to	
  establish	
  a	
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stable	
  infection	
  horizontally	
  or	
  is	
  too	
  rare	
  to	
  be	
  detected	
  within	
  the	
  limits	
  of	
  

our	
  experiment.	
  

	
  
Materials	
  and	
  Methods	
  

Foundation	
  and	
  maintenance	
  of	
  Drosophila	
  outbred	
  populations	
  

Outbred	
   populations	
   of	
   Drosophila	
   melanogaster	
   and	
   Drosophila	
  

simulans	
  were	
  established	
  in	
  the	
  laboratory	
  [33].	
  Respectively,	
  160	
  and	
  90	
  

females	
  Wolbachia-­‐infected	
  D.	
  melanogaster	
  and	
  D.	
  simulans,	
  collected	
  from	
  

the	
  southwest	
  of	
  Portugal	
   (Azeitão)	
  were	
  used	
  to	
  establish	
  two	
   laboratory	
  

populations	
   (MelO+	
   and	
   SimO+,	
   respectively).	
  After	
   over	
  50	
   generations	
   in	
  

the	
  laboratory,	
  both	
  populations	
  (MelO+	
  and	
  SimO+)	
  were	
  replicated	
  for	
  the	
  

establishment	
  of	
  four	
  new	
  populations:	
  two	
  infected	
  with	
  Wolbachia	
  as	
  the	
  

founding	
   populations	
   (mel+	
   and	
   sim+)	
   and	
   two	
   treated	
   with	
   tetracycline	
  

during	
  four	
  generations	
  for	
  total	
  Wolbachia	
  elimination	
  (mel-­‐	
  and	
  sim-­‐).	
  We	
  

confirmed	
   the	
   absence	
   of	
   Spiroplasma	
   in	
   all	
   populations.	
   For	
   the	
   Serratia	
  

assays,	
   the	
  D.	
   simulans	
   populations	
   were	
   established	
   using	
   two	
   isofemale	
  

lines	
   from	
   the	
   Drosophila	
   Species	
   Stock	
   Centre	
   (UC	
   San	
   Diego,	
   California,	
  

US)	
   sim+	
   (14021-­‐0251.138)	
   and	
   sim-­‐	
   (14021-­‐0251.01).	
   All	
   populations	
  

were	
   kept	
   in	
   cages	
   with	
   an	
   effective	
   size	
   between	
   1500	
   and	
   2000	
  

individuals	
   with	
   non-­‐overlapping	
   generations,	
   in	
   a	
   day/night	
   cycle	
   of	
   12	
  

hours,	
   constant	
   temperature	
   of	
   25º	
   C,	
   standard	
   level	
   of	
   relative	
   humidity	
  

(70%)	
  and	
  fed	
  on	
  standard	
  cornmeal-­‐agar	
  medium.	
  The	
  infection	
  status	
  of	
  

populations	
  was	
  monitored	
  regularly	
  through	
  PCR	
  (see	
  below).	
  	
  

	
  

Wolbachia	
  extraction	
  

Wolbachia	
  bacteria	
  were	
  extracted	
  by	
  crushing	
  100	
   infected	
  adults	
  

or	
  approximately	
  500	
  embryos	
  of	
  D.	
  melanogaster	
  or	
  D.	
  simulans,	
  previously	
  

washed	
   in	
   70%	
   ethanol,	
   and	
   transferred	
   to	
   1mL	
   of	
   ice-­‐cold	
   PBS	
   (adapted	
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from	
   [10]).	
   For	
   adult	
   co-­‐infected	
   ingestion	
  assays	
   and	
  adapting	
  a	
  protocol	
  

described	
  previously	
  [17],	
  Wolbachia	
  bacteria	
  were	
  extracted	
  by	
  smashing	
  

approximately	
   500	
   infected	
   flies	
   in	
   10mL	
   of	
   Schneider’s	
   medium.	
   The	
  

confirmation	
   of	
   bacterial	
   viability	
   after	
   extraction	
   was	
   also	
   performed	
   as	
  

described	
  by	
  Rasgon	
  and	
  colleagues	
  [17].	
  As	
  a	
  control	
  for	
  both	
  extractions,	
  

the	
  same	
  procedure	
  of	
  extractions	
  was	
  performed	
  in	
  parallel,	
  but	
  with	
  non-­‐

infected	
  females	
   from	
  treated	
  D.	
  melanogaster	
  and	
  D.	
  simulans	
  populations	
  

(mel-­‐	
  and	
  sim-­‐).	
  In	
  all	
  cases,	
  the	
  homogenate	
  was	
  used	
  entirely.	
  	
  

	
  

Adult	
  Ingestion	
  assay	
  

For	
   ingestion	
   experiments	
   with	
   adults,	
   4-­‐7	
   day	
   old	
   females	
   were	
  

used	
  from	
  the	
  mel-­‐	
  population.	
  From	
  the	
  regular	
  stock	
  of	
   flies	
  (which	
  were	
  

maintained	
  in	
  rich	
  medium),	
  20	
  replicates	
  of	
  20	
  adult	
  females	
  were	
  used	
  to	
  

exclusively	
   ingest	
   250µL	
   of	
   a	
   Wolbachia-­‐containing	
   suspension	
  

homogenized	
  in	
  PBS	
  (coming	
  from	
  infected	
  adults	
  of	
  mel+	
  populations)	
  for	
  a	
  

period	
   of	
   48-­‐hours.	
   These	
   experiments	
   were	
   also	
   undertaken	
   with	
   a	
  

previous	
   72-­‐hour	
   treatment	
   either	
   with	
   a	
   poor	
   medium	
   (rich	
   medium	
  

diluted	
   1:10	
   in	
   water)	
   or	
   in	
   a	
   condition	
   of	
   starvation,	
   where	
   the	
   females	
  

spent	
   a	
   48-­‐hour	
   period	
   in	
   total	
   absence	
   of	
   nutritional	
   resources	
   until	
   the	
  

beginning	
  of	
  the	
  ingestion	
  treatment.	
  	
  

	
  

Larval	
  ingestion	
  assay	
  

For	
  the	
  ingestion	
  experiments	
  with	
  larvae,	
  we	
  used	
  mel-­‐	
  larvae	
  from	
  

the	
  three	
  larval	
  stages.	
  Larvae	
  ingested	
  a	
  homogenate,	
  containing	
  adults	
  (or	
  

embryos),	
   from	
   mel+	
   or	
   sim+	
   populations	
   infected	
   with	
  Wolbachia	
   for	
   a	
  

period	
   of	
   24	
   hours.	
   In	
   each	
   of	
   the	
   experiments,	
   5	
   replicates	
   of	
   50	
   larvae	
  

were	
  fed	
  on	
  500µL	
  of	
  homogenate	
  from	
  40	
  flies.	
  	
  

	
  

Adult	
  co-­‐infected	
  ingestion	
  assays	
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For	
   ingestion	
   experiments	
   with	
   adults,	
   4-­‐7	
   day	
   old	
   females	
   were	
  

used	
   from	
   the	
   mel-­‐	
   population.	
   From	
   the	
   regular	
   stock	
   of	
   flies,	
   10	
   adult	
  

females	
  were	
   used	
   per	
   replicate	
   to	
   exclusively	
   ingest	
   i)	
   250µL	
   of	
  Serratia	
  

marcescens	
  (a	
  kind	
  gift	
  from	
  B.	
  Lemaitre)	
  for	
  a	
  period	
  of	
  24	
  hours	
  ii)	
  250µL	
  

of	
   a	
  Wolbachia-­‐containing	
   suspension	
   for	
   a	
   period	
   of	
   24	
   hours.	
   The	
   food	
  

solution	
   containing	
   Serratia	
   bacteria	
   was	
   prepared	
   from	
   an	
   overnight	
  

culture	
  grown	
  exponentially	
  at	
  37	
  ºC	
  and	
  was	
  diluted	
  with	
  a	
  sterile	
  50-­‐mM	
  

sucrose	
   solution	
   to	
   a	
   final	
   OD600	
   =	
   15.	
   These	
   experiments	
   were	
   also	
  

undertaken	
   either	
   with	
   Wolbachia	
   with	
   a	
   previous	
   24-­‐hour	
   ingestion	
  

treatment	
  with	
  LB	
  or	
  with	
  Serratia	
   and	
  posterior	
   treatment	
  with	
  sim-­‐	
  and	
  

mel-­‐.	
  	
  

	
  

Diagnostic	
  PCR	
  

In	
   all	
   procedures,	
   tested	
   females	
   gave	
   rise	
   to	
   the	
   adult	
   F1	
   from	
  

which	
   genomic	
   DNA	
   was	
   extracted	
   from	
   pools	
   of	
   10	
   adult	
   females	
   and	
  

screened	
   for	
  Wolbachia	
   infection	
  by	
  PCR	
   through	
   the	
   amplification	
  of	
  wsp	
  

gene	
   fragment	
   using	
   primers	
  wsp81F	
   5´TGG	
  TCC	
  AAT	
  AAG	
  TGA	
  TGA	
  AGA	
  

AAC	
  3´	
  and	
  wsp691R	
  5´AAA	
  AAT	
  TAA	
  ACG	
  CTA	
  CTC	
  CA	
  3´	
   [34].	
  Wolbachia	
  

strains	
   of	
   D.	
   melanogaster	
   and	
   D.	
   simulans	
   generate	
   PCR	
   amplicons	
   of	
  

different	
   sizes,	
   632bp	
   and	
   611bp,	
   respectively.	
   This	
   diagnostic	
   PCR	
   was	
  

further	
   confirmed	
   in	
  10%	
  of	
   samples	
   chosen	
   randomly	
  by	
   sequencing	
   the	
  

respective	
  PCR	
  products.	
  

	
  

Results	
  and	
  Discussion	
  

We	
  fed	
  D.	
  melanogaster	
  larvae	
  and	
  adults	
  of	
  the	
  Wolbachia	
  negative	
  

outbred	
   population	
   (mel-­‐)	
   with	
   embryo	
   or	
   adult	
   fly	
   homogenates	
   from	
  

Wolbachia	
   infected	
   populations	
   of	
  D.	
  melanogaster	
   (mel+)	
   and	
  D.	
   simulans	
  

(sim+).	
   As	
   controls	
   we	
   applied	
   the	
   same	
   procedures	
   using	
   homogenates	
  

from	
   uninfected	
   populations	
   referred	
   to	
   as	
   mel-­‐	
   and	
   sim-­‐.	
   The	
   status	
   of	
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Wolbachia	
  infection	
  of	
  the	
  populations	
  used	
  in	
  these	
  experiments	
  is	
  shown	
  

in	
   Figure	
   4.4.1A,	
   also	
   illustrating	
   the	
   size	
   difference	
   between	
   wsp	
   gene	
  

amplification	
   products	
   of	
  Wolbachia	
   strains	
   from	
   D.	
  melanogaster	
   and	
   D.	
  

simulans.	
  Confirmation	
  of	
  the	
  different	
  strains	
  was	
  obtained	
  by	
  sequencing	
  

the	
  wsp	
  gene	
  fragment	
  (Figure	
  4.4.1B).	
  These	
  results	
  validate	
  our	
  procedure	
  

for	
   the	
   simultaneous	
   determination	
   of	
   the	
   infection	
   status	
   and	
  Wolbachia	
  

strain	
  present	
  in	
  individual	
  or	
  pooled	
  adult	
  flies	
  (as	
  to	
  ascertain	
  instances	
  of	
  

intra-­‐	
  or	
  interspecific	
  transmission).	
  We	
  tested	
  the	
  F1	
  of	
  fed	
  females	
  at	
  two	
  

time	
   points:	
   early	
   F1	
   (8	
   to	
   10	
   days)	
   and	
   in	
   late	
   F1	
   (more	
   than	
   15	
   days),	
  

determined	
  by	
   the	
  description	
  of	
  Wolbachia	
  dynamics	
  upon	
  entry	
   into	
   the	
  

haemolymph	
  and	
   subsequent	
   stable	
  establishment	
   in	
   the	
  germline	
   [10].	
  A	
  
representative	
   gel	
   of	
   the	
   PCR-­‐based	
   screen	
   for	
   Wolbachia	
   infection	
   is	
  

presented	
  in	
  Figure	
  4.4.1C.	
  

Figure	
   4.4.1	
   –	
   Screen	
   for	
   Wolbachia	
   in	
   the	
   initial	
   and	
   tested	
  
populations.	
   (A)	
   Infection	
   status	
   in	
   males	
   and	
   females	
   of	
   initial	
  
populations	
   –	
   F0;	
   (B)	
   Differentiation	
   of	
   Wolbachia	
   strains	
   of	
   D.	
  
melanogaster	
   and	
   D.	
   simulans	
   by	
   wsp	
   gene	
   sequencing;	
   (C)	
  
Representative	
  PCR	
   for	
  Wolbachia	
  wsp	
   gene	
   in	
   tested	
   females	
   progeny,	
  
indicating	
  Wolbachia	
  absence	
  in	
  F1	
  (10	
  replicates	
  +	
  controls).	
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Larval	
   ingestion	
  could	
   lead	
  to	
  the	
  stable	
  transmission	
  of	
  Wolbachia	
  

by	
  one	
  of	
  two	
  ways:	
  i)	
  establishing	
  itself	
  in	
  cells	
  of	
  somatic	
  tissue,	
  surviving	
  

the	
   metamorphosis	
   stage	
   of	
   the	
   host	
   and	
   colonizing	
   the	
   ovaries	
   of	
   adult	
  

females,	
  or	
  ii)	
  crossing	
  the	
  epithelium	
  of	
  the	
  digestive	
  system	
  and	
  colonizing	
  

the	
   stem	
   cells	
   of	
   the	
   future	
   ovary.	
   To	
   validate	
   these	
   findings,	
   we	
   fed	
   D.	
  

melanogaster	
   larvae	
   of	
   different	
   stages,	
   previously	
   maintained	
   in	
   normal	
  

medium,	
  a	
  homogenate	
  of	
  mel+	
  and	
  sim+	
  infected	
  embryos	
  or	
  adults	
  for	
  24	
  

hours	
   (Table	
   4.4.1).	
   In	
   a	
   second	
   set	
   of	
   experiments,	
   we	
   placed	
  mel-­‐	
   adult	
  

flies	
   on	
   a	
   diet	
   composed	
   of	
   a	
  mel+	
   adult	
   homogenate	
   for	
   48	
   hours	
   (Table	
  

4.4.2A).	
   If	
   ingestion	
   of	
  Wolbachia	
   occurs	
   in	
   the	
   adult	
   stage,	
   it	
   should	
   be	
  

enough	
   for	
   a	
   successful	
   transmission	
   that	
   the	
   endosymbiont	
   crosses	
   the	
  

midgut	
  and	
  passes	
  to	
  the	
  haemolymph	
  [10].	
  Yet,	
  it	
  should	
  be	
  stressed	
  that	
  it	
  

is	
   unclear	
  what	
   is	
   the	
   necessary	
  concentration	
   of	
   haemolymph	
  Wolbachia	
  

for	
  the	
  establishment	
  of	
  these	
  bacteria	
  in	
  the	
  ovaries.	
  	
  

Both	
   in	
   the	
   larvae	
   and	
   adult	
   ingestion	
   experiments,	
   the	
   early	
   and	
  

late	
  F1	
  flies	
  tested	
  did	
  not	
  show	
  the	
  presence	
  of	
  Wolbachia	
  (Table	
  4.4.1	
  and	
  

Table	
  4.4.2A,	
  “Wol	
  F1e	
  and	
  Wol	
  F1l”).	
  This	
  negative	
  result	
  holds	
  true	
  even	
  

when	
  varying	
   the	
  Wolbachia	
  source,	
   both	
  D.	
  melanogaster	
  and	
  D.	
  simulans	
  

(intra-­‐	
  or	
   interspecific),	
  and	
  the	
  stage	
  at	
  which	
  the	
  Wolbachia	
  homogenate	
  

TABLE	
  4.4.1	
  –	
  Summary	
  of	
  larval	
  ingestion	
  assays	
  and	
  respective	
  
female	
  progeny	
  analyses	
  

Stage	
   Condition	
   N	
  test	
   Wol	
  ext	
   Analyzed	
   Wol	
  F1e	
   Wol	
  F1Ɩ	
  
	
   	
   	
   	
   	
   	
   	
  

Larvae	
   Rich	
  food	
   50	
  (5)2	
   Adults	
  Sim+	
   10	
   –	
   –	
  
Larvae	
   Rich	
  food	
   50	
  (5)2	
   Adults	
  Sim-­‐	
   10	
   –	
   –	
  
Larvae	
   Rich	
  food	
   50	
  (5)4	
   Adults	
  Mel+	
   10	
   –	
   –	
  
Larvae	
   Rich	
  food	
   50	
  (5)4	
   Adults	
  Mel-­‐	
   10	
   –	
   –	
  
Larvae	
   Rich	
  food	
   50	
  (10)2	
   Embryo	
  Mel+	
   10	
   –	
   –	
  
Larvae	
   Rich	
  food	
   50	
  (10)2	
   Embryo	
  Mel-­‐	
   10	
   –	
   –	
  

Stage	
  –	
  Developmental	
  stage	
  of	
  tested	
  individuals;	
  Condition	
  –	
  Previous	
  treatment;	
  N	
  test	
  –	
  number	
  
of	
   tested	
   individuals,	
   (	
   )	
   number	
  of	
   replicates,	
  Superscript	
   –	
   number	
  of	
   independent	
   experimental	
  
sets;	
  Wol	
  ext	
  –	
  Wolbachia	
  extraction;	
  Analyzed	
  –	
  number	
  of	
  F1	
  females	
  analyzed	
  (per	
  replicate);	
  Wol	
  
F1e	
  –	
  presence	
  (+)	
  or	
  absence	
  (-­‐)	
  of	
  Wolbachia	
  in	
  early	
  F1;	
  Wol	
  F1Ɩ	
  –	
  presence	
  (+)	
  or	
  absence	
  (-­‐)	
  of	
  
Wolbachia	
  in	
  late	
  F1.	
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was	
   extracted,	
   embryos	
   or	
   adults.	
   Our	
   findings	
   indicate	
   that	
   if	
   horizontal	
  

transmission	
   by	
   ingestion	
   occurs	
   in	
   nature,	
  within	
   or	
   between	
  Drosophila	
  

species,	
  it	
  is	
  a	
  rare	
  event.	
  

	
  

Another	
   aspect	
   to	
   consider	
   is	
   that	
   our	
   progeny	
   analysis	
   treats	
   the	
  

whole	
  putative	
  process	
  of	
  infection	
  as	
  a	
  binary	
  outcome	
  (F1	
  infected	
  or	
  non-­‐

infected)	
  and	
  cannot	
  pinpoint	
  the	
  critical	
  step	
  at	
  which	
  the	
  infection	
  fails	
  to	
  

progress.	
  We	
  may	
  consider	
  the	
  absence	
  of	
  Wolbachia	
  in	
  the	
  D.	
  melanogaster	
  

F1	
  flies	
  as	
  the	
  product	
  of	
  low	
  probability	
  events,	
  each	
  one	
  necessary	
  for	
  the	
  

occurrence	
  of	
  horizontal	
   transmission.	
  We	
  can	
   formalize	
   this	
   idea	
   through	
  

the	
  equation:	
  

PHT(W)	
  	
  =	
  	
  PEI	
  (α)	
  	
  X	
  	
  PAH	
  (β)	
  	
  X	
  	
  PBS	
  (γ)	
  	
  X	
  	
  POC	
  (δ)	
  	
  X	
  	
  PVT	
  (ε)	
  

	
  

where	
  the	
  probability	
  of	
  any	
  horizontal	
  transmission	
  of	
  Wolbachia	
  (PHT	
  (W))	
  

is	
   equal	
   to	
   multiplying	
   the	
   probabilities	
   of	
   all	
   the	
   independent	
   steps	
  

required	
   for	
   its	
   occurrence:	
   the	
   environmental	
   interaction	
   between	
  

Wolbachia	
   infected	
   and	
   non-­‐infected	
   individuals	
   (PEI),	
   here	
   tested	
   as	
  

ingestion;	
   the	
   access	
   of	
  Wolbachia	
   to	
   the	
  haemolymph	
   (PAH);	
   the	
  bacterial	
  

TABLE	
  4.4.2	
  –	
  Summary	
  of	
  adult	
  ingestion	
  assays	
  and	
  respective	
  
female	
  progeny	
  analyses	
  

Stage	
   Condition	
   N	
  test	
   Wol	
  ext	
   Analyzed	
   Wol	
  F1e	
   Wol	
  F1Ɩ	
  
A	
   	
   	
   	
   	
   	
   	
  
Adults	
   Rich	
  food	
   20	
  (20)2	
   Adults	
  Mel+	
   10	
  	
   –	
   –	
  
Adults	
   Rich	
  food	
   20	
  (20)2	
   Adults	
  Mel-­‐	
   10	
  	
   –	
   –	
  
B	
   	
   	
   	
   	
   	
   	
  
Adults	
   Poor	
  food	
   20	
  (10)	
   Adults	
  Mel+	
   10	
  	
   –	
   –	
  
Adults	
   Poor	
  food	
   20	
  (10)	
   Adults	
  Mel-­‐	
   10	
  	
   –	
   –	
  
Adults	
   Starvation	
   20	
  (10)	
   Adults	
  Mel+	
   10	
  	
   –	
   –	
  
Adults	
   Starvation	
   20	
  (10)	
   Adults	
  Mel-­‐	
   10	
  	
   –	
   –	
  

Stage	
  –	
  Developmental	
  stage	
  of	
  tested	
  individuals;	
  Condition	
  –	
  Previous	
  treatment;	
  N	
  test	
  –	
  number	
  
of	
   tested	
   individuals,	
   (	
   )	
   number	
  of	
   replicates,	
  Superscript	
   –	
   number	
  of	
   independent	
   experimental	
  
sets;	
  Wol	
  ext	
  –	
  Wolbachia	
  extraction;	
  Analyzed	
  –	
  number	
  of	
  F1	
  females	
  analyzed	
  (per	
  replicate);	
  Wol	
  
F1e	
  –	
  presence	
  (+)	
  or	
  absence	
  (-­‐)	
  of	
  Wolbachia	
  in	
  early	
  F1;	
  Wol	
  F1Ɩ	
  –	
  presence	
  (+)	
  or	
  absence	
  (-­‐)	
  of	
  
Wolbachia	
  in	
  late	
  F1.	
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survival	
   in	
   the	
   new	
   host	
   (PBS);	
   the	
   colonization	
   of	
   ovaries	
   (POC);	
   and	
   the	
  

vertical	
  transmission	
  (PVT).	
  Each	
  of	
  these	
  steps	
  can	
  still	
  be	
  associated	
  with	
  a	
  

correction	
  factor	
  (α,	
  β,	
  γ,	
  δ	
  and	
  ε)	
  linked	
  to	
  specific	
  ecological	
  conditions.	
  	
  

Wolbachia	
   ingestion	
   by	
   a	
   non-­‐infected	
   new	
   host	
   is	
   not	
   in	
   itself	
  

sufficient	
  to	
  establish	
  a	
  stable	
  infection	
  in	
  Drosophila	
  but	
  specific	
  ecological	
  

conditions	
  may	
   favour	
   this	
   process	
   (here,	
   formalized	
   as	
   α,	
   β,	
   γ,	
   δ	
   and	
   ε).	
  

Indeed,	
  there	
  is	
  ample	
  evidence	
  that	
  several	
  aspects	
  of	
  host	
  life-­‐history	
  have	
  

a	
   significant	
   impact	
   on	
   the	
   transmission	
   of	
  Wolbachia	
   [35–37].	
  Thus,	
   we	
  

have	
   manipulated	
   some	
   of	
   these	
   factors	
   in	
   order	
   to	
   favour	
   horizontal	
  

transmission	
   via	
   ingestion,	
   namely	
   starvation	
   and	
   infection	
  with	
   a	
   known	
  

natural	
   bacterial	
   pathogen.	
   Interestingly,	
   under	
   nutritional	
   restriction,	
   the	
  

apoptotic	
   region	
   present	
   in	
   the	
   ovaries	
   (region	
   2a/2b	
   of	
   the	
   germarium)	
  

[38]	
   overlaps	
   with	
   the	
   region	
   of	
   Wolbachia	
   entrance	
   into	
   the	
   germinal	
  

tissue	
  [10],	
  raising	
  the	
  hypothesis	
  that	
  the	
  invasion	
  of	
  the	
  germinal	
  tissue	
  by	
  

Wolbachia	
   is	
   opportunistic	
   (δ).	
   Additionally,	
   the	
   absence	
   of	
   nutritional	
  

resources	
  in	
  nature	
  could	
  also	
  trigger	
  an	
  increase	
  in	
  cannibalism	
  (α)	
  and	
  in	
  

bacterial	
  infections	
  due	
  to	
  the	
  weakening	
  of	
  the	
  host’s	
  tissue	
  barrier	
  by	
  cell	
  

TABLE	
  4.4.3	
  –	
  Summary	
  of	
  adult	
  co-­‐infection	
  ingestion	
  assays	
  and	
  
respective	
  female	
  progeny	
  analyses	
  

Stage	
   Condition	
   N	
  test	
   Wol	
  ext	
   Analyzed	
   Wol	
  F1e	
   Wol	
  F1Ɩ	
  
	
   	
   	
   	
   	
   F0	
  Mortality	
   	
  
Adults	
   LB	
   10	
  (6)	
   Adults	
  Mel+	
   10	
  	
   0	
   –	
  
Adults	
   LB	
   10	
  (6)	
   Adults	
  Mel-­‐	
   10	
  	
   0	
   –	
  
Adults	
   LB	
   10	
  (12)	
   Adults	
  Sim+	
   10	
  	
   0	
   –	
  
Adults	
   LB	
   10	
  (12)	
   Adults	
  Sim-­‐	
   10	
  	
   1	
   –	
  
Adults	
   Serratia	
   10	
  (24)	
   Adults	
  Mel+	
   10	
  	
   0	
   –	
  
Adults	
   Serratia	
   10	
  (6)	
   Adults	
  Mel-­‐	
   10	
  	
   15	
   –	
  
Adults	
   Serratia	
   10	
  (24)	
   Adults	
  Sim+	
   10	
  	
   45	
   –	
  
Adults	
   Serratia	
   10	
  (6)	
   Adults	
  Sim-­‐	
   10	
  	
   24	
   –	
  

Stage	
  –	
  Developmental	
  stage	
  of	
  tested	
  individuals;	
  Condition	
  –	
  Previous	
  treatment;	
  N	
  test	
  –	
  number	
  
of	
   tested	
   individuals,	
   (	
   )	
   number	
  of	
   replicates,	
  Superscript	
   –	
   number	
  of	
   independent	
   experimental	
  
sets;	
  Wol	
  ext	
  –	
  Wolbachia	
  extraction;	
  Analyzed	
  –	
  number	
  of	
  F1	
  females	
  analyzed	
  (per	
  replicate);	
  Wol	
  
F1e	
  –	
  presence	
  (+)	
  or	
  absence	
  (-­‐)	
  of	
  Wolbachia	
  in	
  early	
  F1;	
  Wol	
  F1Ɩ	
  –	
  presence	
  (+)	
  or	
  absence	
  (-­‐)	
  of	
  
Wolbachia	
  in	
  late	
  F1;	
  F0	
  Mortality	
  -­‐	
  %	
  of	
  dead	
  females	
  3	
  days	
  after	
  treatments.	
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death	
   (β).	
   With	
   this	
   aim,	
   we	
   placed	
   mel-­‐	
   adult	
   females,	
   previously	
  

maintained	
   in	
   nutritionally	
   poor	
   medium	
   or	
   under	
   starvation,	
   on	
   a	
   diet	
  

composed	
  of	
   a	
  mel+	
   adult	
   homogenate	
   for	
   48	
  hours	
   (Table	
   4.4.2B).	
  Under	
  

these	
   conditions	
   we	
   observed	
   a	
   total	
   absence	
   of	
  Wolbachia	
   in	
   F1	
   tested	
  

females.	
  Next,	
  we	
  used	
   an	
  oral	
   infection	
  model	
   by	
  previous	
   infection	
  with	
  

Serratia	
  marcescens	
   as	
   an	
   enhancer	
   of	
   secondary	
   infection	
   with	
   ingested	
  

Wolbachia	
   (β).	
   Indeed,	
   it	
   has	
   been	
   shown	
   that	
   severe	
   intestinal	
   injury	
  

produced	
   by	
   S.	
  marcescens	
   promotes	
   its	
   crossing	
   from	
   the	
   gut	
   to	
   the	
   fly’s	
  

body	
   cavity	
   [39].	
   The	
   subsequent	
   ingestion	
   of	
  Wolbachia	
   could	
   follow	
   the	
  

same	
   route,	
   increasing	
   the	
   probability	
   of	
   Wolbachia	
   entry	
   into	
   the	
  

Drosophila	
   haemolymph.	
   In	
   this	
   experiment,	
   adult	
   females	
   ingested	
   a	
  

suspension	
   of	
   the	
   entomobacterium	
   S.	
   marcescens	
   and,	
   subsequently,	
  

ingested	
  Wolbachia	
  extracted	
  from	
  infected	
  adults	
  of	
  D.	
  melanogaster	
  and	
  D.	
  

simulans	
  (mel+	
  and	
  sim+)	
  (Table	
  4.4.3).	
  Here,	
  only	
  the	
  late	
  progeny	
  of	
  female	
  

flies	
  was	
  analyzed	
  and	
  the	
  percentage	
  of	
   female	
  mortality	
   three	
  days	
  after	
  

ingestion	
   of	
   S.	
   marcescens	
   is	
   shown	
   (Table	
   4.4.3	
   –	
   “F0	
   Mortality”).	
  

Regardless	
   of	
   a	
   previous	
   exposure	
   to	
   injury	
   stress,	
   these	
   females	
   did	
   not	
  

give	
   rise	
   to	
  Wolbachia	
   infected	
   F1s,	
   indicating	
   the	
   absence	
   of	
  Wolbachia	
  

transmission	
  (Table	
  4.4.3	
  –	
  “Wol	
  F1l”).	
  Despite	
  the	
  absence	
  of	
  Wolbachia	
  in	
  

late	
  progeny	
  of	
   tested	
   females,	
   this	
   co-­‐infection	
   scenario	
  presents	
   itself	
   as	
  

an	
   excellent	
   model	
   to	
   study	
   the	
   horizontal	
   transmission	
   of	
   several	
  

endosymbionts	
  to	
  different	
  potential	
  new	
  hosts.	
  Indeed,	
  recently	
  it	
  has	
  been	
  

proposed	
  that	
  the	
  ingestion	
  of	
  mushrooms	
  could	
  constitute	
  the	
  gateway	
  for	
  

Wolbachia	
  transmission	
  between	
  species	
  [40].	
  

After	
   an	
   ingestion	
   episode	
   and	
   once	
   inside	
   a	
   potential	
   new	
   host,	
  

bacteria	
  must	
   endure	
   the	
   local	
   defence	
   deployed	
   by	
   the	
   digestive	
   system,	
  

such	
  as	
  low	
  pH,	
  the	
  production	
  of	
  Reactive	
  Oxygen	
  Species	
  (ROS)	
  and	
  Anti-­‐

Microbial	
  Peptides	
  (AMPs).	
  Insect	
  parasitoids,	
  mites	
  or	
  wounding	
  can	
  avoid	
  

this	
  immune	
  local	
  challenge	
  by	
  providing	
  a	
  more	
  direct	
  path	
  for	
  bacteria	
  to	
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penetrate	
  the	
  body	
  cavity	
  of	
  the	
  new	
  host.	
  This	
  route	
  is	
  not	
  without	
  danger	
  

as	
   invading	
   Wolbachia	
   must	
   survive	
   the	
   host	
   melanization	
   reaction	
  

triggered	
   by	
   injury.	
   Finally,	
   for	
  Wolbachia	
   to	
   establish	
   a	
   viable	
   horizontal	
  

infection	
   once	
   in	
   the	
   haemolymph	
   [10],	
   it	
   must	
   overcome	
   the	
   systemic	
  

action	
   of	
   AMPs	
   and	
   phagocytosis	
   by	
   haemocytes.	
   As	
   a	
   result,	
   it	
   is	
   still	
  

unclear	
   if	
   the	
   individual	
   frequencies	
   or	
   efficiencies	
   of	
   each	
   one	
   of	
   these	
  

potential	
   mechanisms	
   would	
   be	
   enough	
   to	
   explain	
   all	
   the	
   evidence	
   for	
  

horizontal	
   transmission.	
   An	
   additional	
   important	
   element	
   consists	
   on	
   the	
  

effects	
   that	
   ecological	
   co-­‐factors	
   (such	
   as	
   those	
   studied	
   here:	
   resource	
  

limitation	
   and	
   co-­‐infection)	
   have	
   on	
   Drosophila	
   immune	
   response	
  

translating	
   into	
   changes	
   in	
   the	
   success	
  of	
   bacteria	
   to	
   invade	
   and	
  establish	
  

(γ)	
  [41].	
  

Thus,	
   the	
   mechanisms	
   governing	
   horizontal	
   transmission	
   of	
  

facultative	
   endobacteria,	
   particularly	
   of	
  Wolbachia,	
   remain	
   unknown.	
   As	
  

mentioned	
  above,	
  insect	
  parasitoids	
  and	
  parasitic	
  mites	
  may	
  promote	
  some	
  

of	
   these	
   symbiotic	
   exchanges;	
   however,	
   other	
   mechanisms	
   that	
   complete	
  

the	
  puzzle	
  of	
   the	
  pathways	
   that	
   facultative	
  endobacterial	
   species	
  utilize	
   to	
  

accomplish	
   a	
   new	
   invasion,	
   have	
   yet	
   to	
   be	
   explained.	
   Although	
  Wolbachia	
  

has	
   been	
   specializing	
   throughout	
   evolution	
   in	
   the	
   vertical	
   transmission	
  

strategy,	
  we	
  do	
  not	
  know	
  the	
   true	
  horizontal	
   transmission	
  capacity	
  of	
   this	
  

endobacterium,	
  a	
   feature	
  which	
   is	
   an	
  ancestral	
   characteristic	
  of	
   rickettsial	
  

bacteria	
  and	
   is	
  still	
  conserved	
   in	
  close	
  related	
  Genera	
  [42].	
  Therefore,	
   it	
   is	
  

essential	
   to	
   continue	
   the	
   study	
   of	
   the	
   mechanisms	
   responsible	
   for	
  

horizontal	
   transmission	
   phenomena	
   that	
   associated	
   with	
   several	
  

phenotypic	
  and	
  reproductive	
  manipulations	
  and	
  may	
  play	
  an	
  important	
  role	
  

in	
  the	
  enormous	
  diversity	
  of	
  arthropods	
  [43].	
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4.5.	
  Concluding	
  remarks	
  
	
  

In	
   this	
   Chapter,	
   we	
   started	
   reviewing	
   the	
   literature	
   across	
  

arthropods	
   showing	
   that	
   i)	
   endosymbiosis	
   is	
   a	
   common	
   phenomenon,	
   ii)	
  

the	
   presence	
   of	
   the	
   endosymbiont	
   in	
   the	
   host	
   may	
   affect	
   its	
   fitness,	
   iii)	
  

horizontal	
   transmission	
   of	
   endosymbionts	
   is	
   likely	
   and,	
   that	
   it	
   is	
   possible	
  

that	
   iv)	
   vertical	
   transmission	
   will	
   ensue	
   leading	
   to	
   a	
   stable	
   phenotype	
   in	
  

which	
  v)	
   the	
  presence	
  of	
   endobacteria	
   in	
   the	
  new	
  host	
   induces	
   significant	
  

phenotypic	
   change	
   with	
   fitness	
   consequences	
   promoting	
   directional	
   or	
  

disruptive	
   selection.	
  We	
   organized	
   disperse	
   evidence	
  which	
   supports	
   this	
  

five-­‐step	
  scenario	
  and	
  argue	
  that	
  the	
  establishment	
  of	
  new	
  endosymbioses	
  

can	
   lead,	
   rapidly	
   and	
   cyclically,	
   to	
   the	
   emergence	
   of	
   new	
   hosts	
   species.	
  

Furthermore,	
  we	
  argue	
   that	
   this	
  proposed	
   concept	
   and	
   framework	
   can	
  be	
  

put	
   to	
   experimental	
   test	
   through	
   the	
   controlled	
   manipulation	
   of	
   the	
  

partners	
   and	
   their	
   relationships	
   in	
   customized	
   novel	
   endosymbioses,	
  

perhaps	
  helping	
  to	
  shed	
  light	
  over	
  a	
  mechanism	
  with	
  a	
  putative	
  role	
  in	
  the	
  

generation	
  of	
  the	
  enormous	
  biodiversity	
  of	
  arthropods.	
  

Next,	
  we	
  looked	
  more	
  specifically	
  at	
  a	
  new	
  case	
  study,	
  Wolbachia	
  in	
  

the	
   malpighian	
   tubules	
   (MTs)	
   of	
   Drosophila,	
   and	
   pinpointed	
   the	
  

evolutionary	
   consequences	
   of	
   this	
   specific	
   association	
   for	
   both	
   partners.	
  

Altogether	
  the	
  facts	
  presented	
  in	
  Subchapter	
  4.3	
  lead	
  us	
  to	
  hypothesize	
  that	
  

part	
  of	
  the	
  bacteria	
  incorporated	
  into	
  the	
  germarium	
  may	
  derive	
  from	
  MTs	
  

and	
   other	
   somatic	
   tissues,	
   challenging	
   the	
   notion	
   that	
   somatic	
  Wolbachia	
  

face	
   an	
  evolutionary	
  dead-­‐end.	
  We	
  have	
   set	
   clear	
   testable	
  hypotheses	
   and	
  

driven	
  attention	
  to	
  an	
  unexplored	
  role	
  of	
  endosymbionts	
  in	
  the	
  physiology	
  

and	
   evolution	
   of	
   host-­‐symbiont	
   and	
   particularly	
   Drosophila/Wolbachia	
  

relationships.	
  	
  

An	
  additional	
  novel	
  finding	
  present	
  in	
  our	
  hypothesis	
  is	
  that	
  somatic	
  

tissues,	
  particularly	
  the	
  MTs,	
  can	
  have	
  a	
  non-­‐negligible	
  contribution	
  to	
  the	
  

vertically	
   transmitted	
   Wolbachia.	
   This	
   assumption	
   may	
   also	
   provide	
   an	
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interesting	
   element	
   to	
   the	
   elucidation	
   of	
   horizontal	
   transmission	
  

mechanisms,	
  where	
  an	
  intermediate	
  step	
  that	
  does	
  not	
  involve	
  the	
  germline	
  

must	
  occur.	
  A	
  point	
  of	
  view	
  also	
  discussed	
  in	
  our	
  work	
  is	
  the	
  physiological	
  

and	
  evolutionary	
  role	
  of	
   this	
  somatic	
  bacterial	
  colony	
  that,	
   from	
  the	
  host´s	
  

perspective,	
  may	
  even	
  be	
  actively	
  controlled	
  to	
  increase	
  its	
  own	
  fitness.	
  	
  

To	
  push	
  forward	
  the	
  study	
  of	
  horizontal	
   transmission	
  and	
  in	
  order	
  

to	
   develop	
   these	
   ideas	
   in	
   a	
   practical	
   way,	
   we	
   then	
   tested	
   ingestion	
   by	
  

cannibalism	
   as	
   a	
   mechanism	
   of	
   horizontal	
   transmission	
   of	
   the	
  

endosymbiont	
   Wolbachia	
   in	
   Drosophila.	
   Ingestion	
   clearly	
   represents	
   an	
  

obvious	
  path	
  for	
  microorganisms,	
  however	
  we	
  did	
  not	
  find	
  the	
  presence	
  of	
  

Wolbachia	
   in	
   the	
  progeny	
  of	
  non-­‐infected	
   flies.	
  Our	
   study	
   thus	
  points	
   to	
   a	
  

phenomenon	
   that	
   even	
   if	
   possible,	
   happens	
   very	
   rarely	
   or	
   requires	
   other	
  

accessory	
  conditions	
  to	
  be	
  triggered.	
  	
  

We	
  hope	
   to	
  have	
   contributed	
   to	
  helping	
  pointing	
   the	
  way	
   towards	
  

the	
  dissection	
  of	
  the	
  mechanisms	
  through	
  which	
  this	
  (and	
  other)	
  symbionts	
  

break	
   the	
   species	
   barrier.	
   This	
   is	
   a	
   central	
   point	
   in	
   the	
   pursuit	
   of	
   an	
  

understanding	
  of	
  the	
  pervasive	
  pattern	
  of	
  symbiosis	
  seen	
  across	
  taxa.	
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  future	
  studies



	
  334	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
   	
  



	
   335	
  

This	
   Thesis	
   aimed	
   to	
   contribute	
   to	
   the	
   understanding	
   of	
   host-­‐

microbe	
   interactions.	
   Several	
   aspects	
   of	
   these	
   relationships	
   were	
  

approached,	
   from	
   pathogenicity	
   to	
  mutualism,	
   from	
   vertical	
   to	
   horizontal	
  

transmission.	
   For	
   achieving	
   that	
   goal,	
  we	
  used	
  D.melanogaster	
   as	
   a	
  model	
  

organism,	
   both	
   in	
   outbred	
  populations	
   and	
   in	
   diverse	
   genetic	
   lines.	
   These	
  

biological	
   tools,	
   when	
   challenged	
   with	
   natural	
   pathogens	
   allowed	
   the	
  

capture	
   and	
   analysis	
   of	
   many	
   factors,	
   answering	
   a	
   series	
   of	
   outstanding	
  

questions.	
   Moreover,	
   this	
   Thesis	
   did	
   not	
   only	
   approach	
   the	
   side	
   of	
  

pathogenic	
   microorganisms,	
   but	
   also,	
   and	
   simultaneously,	
   on	
   the	
   host's	
  

relationship	
  with	
  its	
  intracellular	
  endosymbiont	
  Wolbachia.	
  In	
  this	
  complex	
  

circuit,	
  we	
  had	
  the	
  opportunity	
  to	
  address	
  a	
  vast	
  range	
  of	
  consequences	
  for	
  

the	
  different	
  sides	
  and	
  how	
  each	
  part	
  was	
  influenced	
  by	
  the	
  presence	
  of	
  the	
  

other,	
   reinforcing	
   the	
   comprehension	
   of	
   the	
   selective	
   and	
   adaptive	
  

dynamics	
  of	
  host-­‐microorganisms	
  relationships.	
  

	
  

In	
   Chapter	
   1	
   –	
   General	
   Introduction:	
   an	
   overview	
   on	
   host-­‐

microbe	
   interaction	
   and	
   evolution	
   –	
   the	
   literature	
   was	
   reviewed,	
  

addressing	
   the	
  main	
   topics	
   relevant	
   to	
   the	
   framework	
   of	
   our	
   stories.	
   The	
  

goal	
  was	
  to	
  provide	
  a	
  comprehensive	
  review,	
  referring	
  when	
  appropriate	
  to	
  

the	
  introductions	
  of	
  the	
  Subchapters.	
  Looking	
  at	
  the	
  citations	
  in	
  Chapter	
  1,	
  

the	
  enormous	
  recent	
  progress	
  of	
  our	
  knowledge	
  on	
  several	
  aspects	
  of	
  host-­‐

microbe	
   interactions	
   (such	
   as	
   adaptation,	
   co-­‐evolution,	
   immunity	
   or	
   even	
  

behaviour)	
  is	
  evident.	
  With	
  i)	
  the	
  explosion	
  of	
  genomics,	
  ii)	
  the	
  increase	
  of	
  

our	
   capacity	
   to	
  manipulate	
  microorganisms	
   and	
   iii)	
   the	
   numerous	
   genetic	
  

tools	
  of	
  model	
  organisms	
  (where	
  Drosophila	
  certainly	
  stands	
  out),	
  we	
  now	
  

started	
  to	
  unravel	
  the	
  strategies	
  found	
  by	
  species	
  to	
  survive	
  and	
  perpetuate.	
  

For	
  all	
  who	
  are	
  dedicated	
  to	
  this	
  field,	
  it	
  is	
  exciting	
  to	
  see	
  that	
  reality	
  

repeatedly	
   exceeds	
   our	
   imagination,	
   showing	
   that	
   nature	
   endlessly	
   finds	
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new	
  answers	
   to	
  solve	
  old	
  and	
  new	
  problems.	
  A	
   limiting	
  selective	
  pressure	
  

today	
   may	
   no	
   longer	
   be	
   tomorrow’s,	
   making	
   available	
   a	
   new	
   range	
   of	
  

unusual	
   solutions.	
   This	
   fact	
   will	
   certainly	
   influence	
   the	
   future	
   of	
   this	
  

population	
   and	
   thus	
   trigger	
   a	
   domino	
   effect	
   on	
   other	
   species	
   ecologically	
  

interconnected.	
  

This	
   substantial	
   expansion	
   in	
   production	
   of	
   knowledge	
   is	
   only	
  

possible	
   with	
   the	
   increasing	
   research	
   community	
   working	
   on	
   these	
  

subjects.	
   Both	
   in	
   theoretical	
   and	
   applied	
   areas,	
   the	
  many	
   aspects	
   of	
   host-­‐

microbe	
   interactions	
   are	
   being	
   explored.	
   Of	
   them,	
   several	
   relevant	
  works	
  

were	
  referred	
  in	
  this	
  Thesis,	
  although	
  taking	
  into	
  consideration	
  redundancy	
  

and	
  space	
  limitations.	
  	
  

	
  

In	
   Chapter	
   2	
   –	
   Wolbachia-­‐positive	
   host	
   adaptation	
   against	
  

pathogens	
   –	
   we	
   approached	
   several	
   questions	
   regarding	
   host-­‐pathogen	
  

interactions	
  using	
  different	
  methodologies,	
  trying	
  to	
  answer	
  a	
  large	
  range	
  of	
  

relevant	
  questions	
  for	
  the	
  field.	
  

In	
   the	
   first	
   segment	
   of	
   results,	
  Subchapter	
   2.2,	
   we	
   deepened	
   and	
  

dissected	
   the	
   protocol	
   used	
   in	
   the	
   laboratory	
   to	
   generate	
   Drosophila	
  

resources	
   for	
   many	
   areas	
   of	
   biological	
   research.	
   Systematizing	
   and	
  

disseminating	
  this	
  procedure,	
  we	
  intended	
  to	
  contribute	
  to	
  standardize,	
  and	
  

also	
   maximize,	
   the	
   data	
   production	
   in	
   studies	
   with	
   new	
   biological	
   tools	
  

collected	
   from	
   the	
  wild.	
  This	
   type	
  of	
  parallelism	
  would	
  be	
  a	
  hugely	
   added	
  

value	
  to	
  numerous	
  topics,	
  making	
  it	
  possible	
  to	
  address	
  multiple	
  questions	
  

by	
  combining	
  and	
  varying	
  the	
  selective	
  pressures,	
  as	
  well	
  as	
  the	
  place	
  and	
  

time	
  of	
  collected	
  populations.	
  

For	
  example,	
   in	
  our	
   laboratory,	
  populations	
  were	
   founded	
  under	
  a	
  

uniform	
   protocol,	
   originated	
   from	
   the	
   same	
   location	
   but	
   in	
   two	
   different	
  

times,	
  2007	
  and	
  2013.	
  We	
  can	
  therefore	
  think	
  what	
  would	
  be	
  the	
  result	
  of	
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the	
   repetition	
   of	
   the	
   work	
   presented	
   in	
   this	
   Thesis	
   using	
   the	
   population	
  

created	
  in	
  2013.	
  Certainly	
  the	
  basis	
  of	
  a	
  different	
  adaptive	
  response	
  will	
  be	
  

contained	
  in	
  the	
  initial	
  genetic	
  pool	
  of	
  the	
  population,	
  not	
  only	
  the	
  eventual	
  

presence	
  or	
  absence	
  of	
  causative	
  alleles	
  but	
  also	
  the	
  allelic	
  frequency	
  when	
  

the	
   selection	
   starts.	
   Moreover,	
   not	
   only	
   the	
   population	
   under	
   test	
   will	
   be	
  

influencing	
  the	
  response,	
  but	
  also	
  the	
  microbiome.	
  

If	
   we	
   sequence	
   the	
   newest	
   population,	
   we	
   will	
   know	
   the	
   genetic	
  

composition	
  as	
  well	
  as	
  the	
  frequencies	
  of	
  the	
  present	
  alleles,	
  being	
  possible	
  

to	
  theoretically	
  simulate	
  the	
  time	
  required	
  for	
  the	
  pre-­‐diagnosed	
  causative	
  

agents	
  to	
  respond	
  against	
  the	
  selective	
  pressure	
  imposed.	
  But	
  this	
  exercise,	
  

although	
  feasible,	
  will	
  probably	
  not	
  reflect	
  reality.	
  The	
  potential	
  absence	
  of	
  

one	
  or	
  more	
  causative	
  alleles,	
  and,	
  even	
  more	
  unpredictable,	
   the	
  presence	
  

of	
  relevant	
  new	
  players	
  (in	
  the	
  same	
  or	
  other	
  genes)	
  will	
  alter	
  undoubtingly	
  

the	
  profile	
  of	
  response	
  and	
  the	
  dynamics	
  of	
  adaptation.	
  	
  

With	
   this	
   in	
   mind,	
   and	
   looking	
   forward	
   to	
   overcome	
   these	
  

limitations,	
  we	
  believe	
  that	
  the	
  time	
  is	
  right	
  to	
  create	
  a	
  platform	
  of	
  outbred	
  

populations	
  exchange.	
  A	
  platform	
  to	
  share,	
  or	
  even	
  an	
  international	
  bank	
  to	
  

maintain	
   the	
  populations,	
  would	
  be	
  very	
  valuable	
   to	
  compare	
  results	
  with	
  

parallelism,	
  accelerating	
  thus	
  our	
  understanding	
  of	
  the	
  evolution	
  of	
  species.	
  

However,	
  this	
  only	
  makes	
  sense	
  putting	
  into	
  practice	
  the	
  standardization	
  of	
  

foundation	
  and	
  maintenance	
  of	
  populations,	
  as	
  well	
  as	
  the	
  maximization	
  of	
  

biological	
  resources	
  generated	
  from	
  each	
  foundation.	
  Several	
  issues	
  can	
  be	
  

addressed	
  with	
   this	
   implementation,	
   such	
  as:	
  what	
   is	
   the	
   real	
   influence	
  of	
  

the	
  effective	
  population	
  size	
  for	
  the	
  adaptation	
  of	
  some	
  feature?	
  What	
  is	
  the	
  

actual	
   difference	
   in	
   the	
   adaptive	
  dynamics	
  of	
   unidirectional	
   evolution	
   and	
  

co-­‐evolution?	
  What	
  is	
  the	
  impact	
  of	
  selective	
  pressures	
  on	
  populations	
  from	
  

different	
   locations,	
   at	
   different	
   times	
   and	
   under	
   different	
   conditions?	
   Or	
  

even,	
   which	
   is	
   the	
   real	
   relationship	
   between	
   the	
   variance	
   of	
   the	
   initial	
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isofemale	
  lines	
  and	
  the	
  population’s	
  adaptive	
  dynamics?	
  We	
  hope	
  that	
  this	
  

dissertation,	
   and	
   the	
   work	
   here	
   contained,	
   contributes	
   to	
   accelerate	
   that	
  

discussion	
  and	
  build	
  up	
  this	
  idea.	
  

In	
   Subchapter	
   2.3,	
   we	
   started	
   using	
   our	
   outbred	
   populations	
   to	
  

approach	
   a	
   vast	
   range	
   of	
   questions	
   regarding	
   host-­‐pathogen	
   relationship.	
  

We	
   started	
   based	
   on	
   the	
   fact	
   that	
   pathogens	
   enter	
   their	
   hosts	
   through	
  

several	
   routes,	
   the	
   most	
   common	
   being	
   ingestion	
   (oral	
   infection)	
   and	
  

breaches	
  in	
  the	
  cuticle	
  (systemic	
  infection).	
  As	
  stated	
  in	
  Chapter	
  1,	
  several	
  

studies	
  have	
  shown	
  that	
  these	
  infection	
  routes	
  strongly	
  affect	
  the	
  evolution	
  

of	
  pathogen	
  virulence,	
   though	
   little	
  attention	
  has	
  been	
  given	
   to	
   the	
  role	
  of	
  

host	
  evolution	
  in	
  this	
  process.	
  Thus,	
  we	
  studied	
  the	
  effect	
  of	
  infection	
  routes	
  

on	
   the	
   evolution	
   of	
   host	
   defenses,	
   using	
   Drosophila	
  melanogaster	
   and	
   its	
  

natural	
   pathogen	
   Pseudomonas	
   entomophila.	
   Profiting	
   from	
   the	
   power	
   of	
  

experimental	
  evolution,	
  in	
  which	
  the	
  evolution	
  of	
  populations	
  is	
  followed	
  in	
  

real-­‐time,	
  we	
   showed	
   that	
   the	
   evolved	
   response	
   is	
   specific	
   to	
   the	
   route	
  of	
  

infection	
   and	
   to	
   pathogen.	
   Indeed,	
   flies	
   that	
   resist	
   bacteria	
   through	
  

ingestion	
  are	
  not	
  protected	
  from	
  systemic	
  infection	
  with	
  the	
  same	
  bacteria	
  

species,	
  and	
  vice-­‐versa.	
  	
  

Since	
  our	
   infection	
  protocol	
  only	
   allows	
   the	
  adaptation	
  of	
   the	
  host	
  

population,	
   these	
  results	
  made	
  us	
  consider	
  what	
  are	
   the	
  consequences	
   for	
  

the	
   real	
   process	
   of	
   co-­‐evolution	
   of	
   both	
   species.	
  When	
   hosts	
   and	
   bacteria	
  

share	
   the	
   same	
   environment,	
   it	
   is	
   natural	
   to	
   consider	
   that	
   both	
   routes	
   of	
  

infection	
   are	
   possible	
   (and	
   even	
   likely),	
   being	
   certainly	
   interesting	
   to	
   see	
  

what	
   would	
   happen	
   with	
   a	
   possible	
   simultaneous	
   infection	
   through	
   both	
  

routes.	
  Knowing	
  that	
  mortality	
  has	
  different	
  intervals	
  according	
  to	
  the	
  route	
  

of	
   infection,	
   it	
  will	
  be	
  exciting	
  to	
   investigate	
  how	
  these	
  facts	
  will	
  condition	
  

the	
  adaptation	
  in	
  both	
  host	
  and	
  bacteria	
  populations.	
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Furthermore,	
   we	
   showed	
   that	
   evolution	
   of	
   resistance	
   to	
   one	
  

pathogen	
  does	
  not	
  extend	
  to	
  infections	
  with	
  bacteria	
  of	
  different	
  genera	
  via	
  

the	
  same	
  infection	
  route.	
  This	
  result	
  opens	
  new	
  perspectives	
  and	
  identifies	
  

new	
  targets	
  of	
  research,	
  but	
  we	
  are	
  still	
  lacking	
  comparison	
  points	
  to	
  realize	
  

how	
   often	
   this	
   pattern	
   occurs.	
   Thus,	
   although	
   this	
   work	
   certainly	
  

contributes	
  to	
  the	
  understanding	
  of	
  pathogenic	
  infection	
  dynamics	
  and	
  the	
  

respective	
  host’s	
  immune	
  response,	
  this	
  degree	
  of	
  specificity	
  calls	
  for	
  more	
  

attention	
  onto	
  pathogen	
  infection	
  routes	
  in	
  other	
  host-­‐parasite	
  complexes.	
  

In	
   Subchapter	
   2.4,	
   we	
   went	
   one	
   step	
   further,	
   searching	
   for	
   the	
  

genetic	
   basis	
   responsible	
   for	
   the	
   population’s	
   adaptation	
   against	
   P.	
  

entomophila.	
  As	
   revealed	
   in	
  Subchapter	
  2.3,	
   survival	
  of	
  D.	
  melanogaster	
   to	
  

an	
   oral	
   infection	
   increases	
   within	
   the	
   first	
   three	
   generations	
   of	
   selection,	
  

whereas	
   the	
   response	
   to	
   systemic	
   infection	
   is	
   slower.	
   To	
   try	
   to	
   discover	
  

where	
  the	
  genetic	
  origin	
  of	
  this	
  drastic	
  difference	
  of	
  response	
  was	
  located,	
  

we	
  used	
  pool-­‐seq	
  technology	
  in	
  evolved	
  and	
  control	
  populations.	
  	
  

While	
   in	
   the	
   systemically	
   evolved	
   populations	
   we	
   found	
   several	
  

differentiated	
  genomic	
  regions	
  with	
  numerous	
  SNPs	
  changing	
  in	
  frequency,	
  

in	
   the	
   population	
   evolved	
   orally,	
   we	
   find	
   an	
   unexpected	
   small	
   number	
   of	
  

SNP	
  frequency	
  changes.	
  As	
  discussed	
  in	
  this	
  subchapter,	
  many	
  questions	
  are	
  

raised	
   regarding	
   the	
   driving	
   forces	
   for	
   such	
   fast	
   adaptation,	
   because,	
   as	
   a	
  

consequence,	
  a	
  strong	
  genetic	
  signature	
  was	
  expected.	
  This	
  signature,	
  if	
  not	
  

present	
   in	
   the	
   host,	
   could	
   be	
   expected	
   in	
   the	
   microbiome.	
   However,	
   this	
  

hypothesis	
  was	
  experimentally	
  discarded.	
  

Also,	
   we	
   tested	
   the	
   genes	
   where	
   the	
   highest	
   differentiated	
   SNPs	
  

were	
   located.	
   By	
   performing	
   RNAi	
   tests,	
   we	
   found	
   that	
   several	
   of	
   these	
  

genes	
   revealed	
   by	
   Pool-­‐seq	
   are	
   actually	
   causative	
   of	
   different	
   immune	
  

responsiveness.	
   Thus,	
   the	
   dimly	
   selected	
   alleles	
   may	
   represent	
  

uncharacterized	
   bacterial-­‐protective	
   variants	
   of	
   these	
   genes.	
   Now,	
   it	
   is	
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necessary	
   to	
   expand	
   the	
   assays	
   to	
   the	
   others	
   genes	
   in	
   peaks	
   where	
   non-­‐

causative	
  genes	
  were	
  found,	
  as	
  well	
  as,	
  although	
  less	
  relevant,	
  to	
  other	
  small	
  

peaks	
  not	
  yet	
  tested.	
  Moreover,	
  to	
  go	
  further	
  in	
  the	
  characterization	
  of	
  the	
  

causative	
   genes,	
   it	
   is	
   important	
   to	
   clarify	
   if	
   the	
   alleles	
   that	
   decrease	
   in	
  

frequencies	
   are	
   non-­‐protective	
   or	
   just	
   less	
   protective.	
   To	
   approach	
   that,	
  

performing	
  mendelian	
   substitutions	
   or	
   using	
   the	
   CRISPR	
   system	
   could	
   be	
  

very	
  effective	
  options.	
  

In	
  another	
  perspective,	
  to	
  approach	
  the	
  heritability	
  of	
  each	
  evolved	
  

phenotype,	
   it	
   would	
   be	
   interesting	
   to	
   perform	
   crosses	
   between	
   both	
  

populations	
   and	
   discover	
   whether	
   or	
   not	
   the	
   phenotypes	
   of	
   resistance	
  

against	
  each	
  route	
  are	
  maintained	
  in	
  the	
  progeny.	
  It	
  will	
  help	
  to	
  understand	
  

the	
  basis	
  of	
  heredity	
  of	
  these	
  traits.	
  	
  

We	
  also	
  determined,	
  in	
  Subchapter	
  2.5,	
  the	
  phenotypic	
  and	
  genetic	
  

changes	
  underlying	
  adaptation	
  upon	
  experimental	
  evolution	
  of	
  a	
  Drosophila	
  

melanogaster	
   population	
   under	
   viral	
   infection	
   [Drosophila	
   C	
   virus	
   (DCV)].	
  

After	
   20	
   generations,	
   selected	
   flies	
   showed	
   increased	
   survival	
   upon	
  

infection	
  with	
  DCV	
  and	
  two	
  other	
  viruses.	
  Using	
  the	
  same	
  approach,	
  whole-­‐

genome	
   sequencing	
   and	
   through	
   RNAi,	
   we	
   identified	
   and	
   functionally	
  

validated	
   three	
   genes	
   responsible	
   for	
   the	
   adaptive	
   process	
   and	
   revealed	
  

their	
  differential	
  roles	
  in	
  the	
  correlated	
  responses	
  observed.	
  

The	
  protective	
  allele	
  of	
  pastrel	
  was	
  revealed	
  as	
  the	
  major	
  player	
   in	
  

the	
   adaptive	
   response	
   of	
   the	
   population.	
   In	
   addition,	
   two	
   genes	
   not	
  

previously	
   identified	
   as	
   important	
   in	
   immunity,	
   CG8492	
   and	
   Ubc-­‐E2H,	
  

strikingly	
   showed	
   that	
   the	
   defense	
   against	
   virus	
   can	
   evolve	
   in	
   a	
  

simultaneous	
   combination	
   of	
   efforts	
   between	
   generic	
   and	
   specific	
  

responses.	
  	
  

Although	
   several	
   studies	
   address	
   the	
   genetics	
   of	
   this	
   interaction	
  

using	
  different	
  methodologies	
  (e.g.,	
  gene	
  expression	
  profiles,	
  isogenic	
  lines,	
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mutants),	
   no	
   study	
   so	
   far	
   has	
   used	
   the	
   powerful	
   combination	
   of	
  

experimental	
   evolution	
   and	
   genomics	
   to	
   tackle	
   this	
   issue,	
   as	
   we	
   did	
   in	
  

Subchapters	
   2.3,	
   2.4	
   and	
   2.5.	
   It	
   has	
   recently	
   been	
   acknowledged	
   that	
   this	
  

methodology	
   allows	
   for	
   a	
   nearly	
   unbiased	
   estimate	
   of	
   the	
   loci	
   underlying	
  

adaptation	
   of	
   a	
   population	
   to	
   a	
   given	
   selection	
   pressure.	
   Curiously,	
   it	
   had	
  

never	
  been	
  used	
  to	
  tackle	
  host-­‐parasite	
  interactions.	
  

It	
  would	
   be	
   interesting	
   to	
   compare	
   this	
   kind	
   of	
   studies	
  with	
   other	
  

experimental	
   evolution	
   experiments	
   performed	
  with	
   populations	
   founded	
  

in	
   accordance	
   with	
   Subchapter	
   2.2.	
   Additionally,	
   the	
   use	
   of	
   the	
   same	
  

population	
  with	
   other	
   viruses	
   or	
   cross-­‐infection	
   challenges	
  would	
   also	
   be	
  

an	
  important	
  method	
  to	
  reveal	
  the	
  similarities	
  and	
  specificities	
  of	
  each	
  one	
  

of	
  the	
  many	
  host-­‐pathogen	
  relationships.	
  

In	
   Subchapter	
   2.6,	
   we	
   set	
   out	
   to	
   test	
   if,	
   as	
   usually	
   expected	
   and	
  

frequently	
   found,	
   the	
   increase	
   of	
   immunocompetence	
   has	
   a	
   cost	
   in	
   the	
  

absence	
   of	
   activation	
   of	
   the	
   immune	
   system.	
   We	
   focused	
   on	
   costs	
   of	
   the	
  

population	
  in	
  returning	
  to	
  the	
  ancestral	
  environment,	
  primarily	
  relaxing	
  the	
  

adapted	
   populations	
   and	
   testing	
   fitness-­‐traits	
   in	
   those	
   conditions,	
   but	
  we	
  

also	
  tested	
  other	
  life-­‐history	
  traits	
  without	
  infection.	
  Interestingly,	
  we	
  found	
  

no	
   cost	
   in	
   the	
   ancestral	
   environment	
   (maintenance	
   conditions),	
   as	
   for	
  

several	
   generations	
   without	
   selective	
   pressure,	
   we	
   observed	
   the	
  

maintenance	
  of	
   the	
   evolved	
   immunocompetence	
   level.	
   Likewise,	
   no	
   trade-­‐

offs	
   were	
   revealed	
   in	
   the	
   other	
   tested	
   parameters	
   when	
   the	
   populations	
  

were	
  put	
  under	
  stress.	
  

Obviously,	
  we	
   have	
   to	
   take	
   into	
   account	
   that	
   it	
   is	
   possible	
   that	
   an	
  

eventual	
   cost	
   will	
   only	
   appear	
   in	
   other	
   conditions	
   or	
   in	
   other	
   traits.	
  

Therefore,	
   in	
   the	
   absence	
   of	
   the	
   costs	
   found	
   by	
   us,	
   only	
   the	
   ancestral	
  

environment	
  is	
  a	
  categorical	
  statement	
  because	
  the	
  maintenance	
  conditions	
  

are	
  fixed,	
  consequently	
  allowing	
  a	
  precise	
  test	
  on	
  the	
  fitness	
  parameters	
  of	
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populations.	
   All	
   other	
   tested	
   parameters	
   of	
   life-­‐history	
   traits	
   cannot	
   be	
  

generalized	
   because,	
   as	
   mentioned	
   above,	
   costs	
   can	
   appear	
   in	
   specific	
  

circumstances.	
  

It	
   is	
   also	
   important	
   to	
   note	
   that	
   costs	
   after	
   the	
   activation	
   of	
   the	
  

immune	
   system	
   are	
   relevant,	
   perhaps	
   central,	
   to	
   the	
   evolution	
   of	
   species.	
  

One	
  example	
   is	
   the	
  BactSys	
  populations	
   in	
  Subchapter	
  2.3,	
  which	
   respond	
  

worse	
  when	
  challenged	
  against	
  DCV.	
  Since	
  both	
  species	
  of	
  microorganisms	
  

are	
  natural	
  pathogens	
  of	
  Drosophila,	
  it	
  becomes	
  essential	
  to	
  investigate	
  the	
  

possible	
  consequences	
  of	
  a	
  trade-­‐off	
  in	
  the	
  resistance	
  against	
  both.	
  

In	
   this	
   chapter,	
  we	
   tried	
   to	
  show	
  the	
  potential	
  of	
   combining	
  a	
  vast	
  

range	
   of	
   biological	
   resources	
   and	
   different	
  methods	
   and	
   technologies.	
  We	
  

believe	
   that	
   this	
   objective	
   was	
   achieved,	
   and	
   that	
   the	
   findings	
   here	
  

presented	
  demonstrate	
  the	
  advantage	
  of	
  this	
  high-­‐scoped	
  approach.	
  

	
  

In	
   Chapter	
   3	
   –	
   Host-­‐endosymbiont	
   evolution:	
   selection	
   and	
  

adaptation	
   –	
   we	
   dedicated	
   particular	
   attention	
   to	
   the	
   influence	
   of	
  

Wolbachia	
  on	
  the	
  adaptation	
  of	
  Drosophila	
  against	
  viruses.	
  To	
  do	
  that,	
  in	
  the	
  

lab,	
  we	
  used	
  the	
  same	
  setup	
  as	
  in	
  the	
  previous	
  Chapter.	
  

We	
   showed	
   in	
   Subchapter	
   3.2	
   that	
   after	
   20	
   generations	
   of	
   viral	
  

selection	
   (previously	
   described	
   in	
   Subchapter	
   2.5)	
   Wolbachia	
   genetic	
  

diversity	
   changed	
   and	
   particular	
   variants	
   reached	
   fixation	
   with	
   a	
   strong	
  

selection	
   coefficient.	
   We	
   further	
   demonstrated	
   that	
   flies	
   carrying	
   the	
  

Wolbachia	
  variants	
  subjected	
   to	
  selection	
  showed	
  differential	
   survival	
  and	
  

reproductive	
   outputs	
   upon	
   viral	
   infection,	
   which	
   can	
   fully	
   explain	
   the	
  

selection	
   coefficient	
   calculated.	
   Therefore,	
   we	
   provided	
   the	
   first	
   evidence	
  

that	
  host	
  and	
  symbiont	
  genomes	
  are	
  acting	
  as	
  a	
  single	
  evolutionary	
  unit	
  in	
  

the	
  response	
  to	
  a	
  pathogen	
  infection.	
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The	
   next	
   step	
   will	
   be	
   to	
   uncover	
   the	
   reason	
   of	
   the	
   observed	
  

fluctuations	
   in	
   the	
   frequency	
   of	
   endosymbiont	
   strains	
   in	
   nature,	
   and	
  

whether	
   the	
   presence/absence	
   dynamics	
   are	
   due	
   to	
   selection	
   directly	
   on	
  

endosymbionts	
   (as	
   bacteriophages)	
   or	
   the	
   result	
   of	
   indirect	
   selection	
  

through	
   the	
   host	
   (for	
   example	
   virus,	
   as	
   demonstrated	
   in	
   this	
   Thesis).	
  

Further	
  studies	
  are	
  needed	
  to	
  understand	
  what	
  are	
  the	
  selective	
  pressures	
  

are	
   that	
   drive	
   these	
   fluctuations	
   and	
   the	
   relative	
   importance	
   of	
   each	
   in	
  

different	
  host-­‐endosymbiont	
  populations.	
  	
  

Several	
   previous	
   studies	
   have	
   explored	
   the	
   consequences	
   of	
   the	
  

presence	
   of	
   Wolbachia	
   in	
   hosts	
   selected	
   or	
   challenged	
   against	
   viral	
  

infection.	
  In	
  contrast,	
  our	
  work	
  also	
  shows	
  the	
  symmetric	
  consequence,	
  the	
  

effect	
  of	
  host	
  adaptation	
  on	
  the	
  Wolbachia	
  population.	
  Our	
  findings	
  revealed	
  

thus	
  direct	
  evidence	
  of	
  selection	
  for	
  increased	
  host	
  adaptation	
  to	
  pathogens	
  

through	
   selection	
   at	
   the	
   level	
   of	
   the	
   microbial	
   symbionts,	
   relying	
   on	
   the	
  

evolution	
  of	
  both	
  genomes.	
  	
  

	
   In	
  Subchapter	
   3.3,	
  we	
   tested	
   the	
   consequences	
   of	
   the	
   removal	
   of	
  

Wolbachia	
  (and	
  consequently	
  its	
  viral	
  protection)	
  in	
  the	
  evolved	
  population	
  

against	
  DCV.	
  As	
  expected,	
  after	
  antibiotic	
  treatment	
  in	
  sister-­‐replicates,	
  the	
  

viral	
   protection	
   dropped	
   drastically	
   in	
   both	
   evolved	
   and	
   control	
  

populations.	
   We	
   kept	
   the	
   previously	
   adapted	
   population	
   under	
   the	
   same	
  

selective	
   pressure	
   and	
   after	
   20	
   generations	
   we	
  were	
   able	
   to	
   show	
   that	
   a	
  

new	
  adaptive	
  process	
  had	
  occurred.	
  Whole	
  genome	
  sequencing	
  showed	
  that	
  

the	
   same	
   regions	
   of	
   the	
   3L	
   and	
   X	
   chromosome	
   identified	
   before	
   are	
   the	
  

primary	
   regions	
   to	
   explain	
   this	
   increase	
   in	
   immunocompetence.	
   The	
  

increase	
   of	
   frequency	
   of	
   viral-­‐protective	
   alleles	
   of	
   Ubc-­‐E2H	
   and	
   pastrel	
  

strongly	
   indicate	
   that,	
   one	
  more	
   time,	
   these	
   genes	
   are	
   responsible	
   for	
   the	
  

increase	
   in	
   resistance	
   to	
   DCV	
   infection,	
   now	
   compensating	
   fully	
   for	
   the	
  

viral-­‐protection	
  lost	
  by	
  the	
  removal	
  of	
  Wolbachia.	
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   Several	
   new	
  questions	
   emerged	
   from	
   these	
   findings,	
   such	
   as:	
  How	
  

recurring	
  in	
  nature	
  is	
  this	
  phenomenon	
  of	
  genetic	
  pool	
  alteration	
  of	
  the	
  host	
  

population	
  by	
   loss	
  of	
  endosymbiont	
  protection?	
  Would	
   the	
  non-­‐fixation	
  of	
  

protective	
   endosymbionts,	
   such	
   as	
   that	
   of	
   Wolbachia	
   against	
   viruses,	
  

indicate	
   that	
   this	
   is	
  not	
  a	
   too	
  strong	
  (or	
   long-­‐lasting)	
  selective	
  pressure	
   in	
  

nature?	
  Being	
   the	
  most	
   protective	
  Wolbachia	
   variants	
   those	
   that	
   promote	
  

infections	
  with	
  highest	
  bacterial	
  loads,	
  it	
  is	
  conceivable	
  that	
  different	
  trade-­‐

offs	
  trigger	
  the	
  variation	
  of	
  strains	
  frequencies,	
  according	
  to	
  the	
  fluctuation	
  

of	
  the	
  intensity	
  of	
  each	
  selective	
  pressure	
  at	
  different	
  moments.	
  	
  

Moreover,	
   once	
   again,	
  we	
   showed	
   that	
   the	
  Evolve	
  and	
  Re-­‐sequence	
  

methodology	
  is	
  considerably	
  efficient	
  to	
  reveal	
  the	
  genetic	
  modifications	
  at	
  

the	
  basis	
  of	
  adaptation.	
  	
  

In	
   brief,	
   we	
   showed	
   that	
   the	
   interaction	
   of	
   an	
   animal	
   with	
   a	
  

pathogen	
   can	
   shape	
   its	
   associated	
   microbial	
   populations,	
   which	
   in	
   turn	
  

constrains	
  host	
  adaptation.	
  When	
  the	
  protective	
  endosymbiont	
  is	
  removed	
  

from	
  the	
  equation,	
  we	
  demonstrated	
  that	
  hosts	
  can	
  find	
  quickly	
  new	
  genetic	
  

arguments	
   to	
   compensate	
   for	
   the	
   lost	
   protection.	
  We	
   consider	
   that	
   these	
  

findings	
   add	
   additional	
   layers	
   of	
   complexity	
   onto	
   the	
   perception	
   and	
  

understanding	
   of	
   host-­‐microbe	
   interactions.	
   Moreover,	
   this	
   Chapter	
  

reinforces	
   the	
   achievement	
   of	
   this	
   combined	
   methodology,	
   already	
  

highlighted	
  in	
  Chapter	
  2.	
  

	
  

In	
   Chapter	
   4	
   –	
   Endosymbioses	
   as	
   engines	
   of	
   adaptation	
   and	
  

speciation	
   –	
   and	
   as	
   highlighted	
   in	
   Subchapter	
   4.1,	
   we	
   explored	
   the	
  

consequences	
   to	
   both	
   partners	
   of	
   the	
   endosymbiotic	
   relationship	
   during	
  

coevolution	
  but	
  also	
  after	
  a	
  horizontal	
  transmission	
  event	
  to	
  another	
  host.	
  

First,	
  in	
  Subchapter	
  4.2,	
  we	
  took	
  into	
  account	
  the	
  several	
  evidence	
  

and	
   characteristics	
   of	
   endosymbionts	
   (mostly	
   facultative)	
   and	
   we	
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elaborated	
   a	
   parsimonious	
   explanation	
   that	
   supports	
   a	
   fast	
   and	
   cyclic	
  

speciation	
   of	
   host	
   lineages	
   after	
   the	
   horizontal	
   transmission	
   of	
  

endosymbionts	
  that	
  orchestrate	
  reproductive	
  or	
  behavioural	
  manipulation.	
  

Although	
   the	
   subject	
   of	
   speciation	
   is	
   a	
   topic	
   of	
   practical	
   study	
   in	
   some	
  

model	
   organisms,	
   it	
   will	
   always	
   be	
   a	
   great	
   challenge	
   to	
   have	
   the	
   real	
  

perception	
  of	
  the	
  minimum	
  time	
  required	
  for	
  this	
  event	
  to	
  happen,	
  even	
  if	
  

incipient.	
  	
  

Speciation	
   tests	
   are	
   normally	
   observed	
   and	
   tested	
   when	
   they	
   are	
  

already	
  in	
  progress	
  and	
  when	
  there	
  is	
  evidence	
  of	
  some	
  sort	
  of	
  reproductive	
  

isolation,	
  without	
  having	
  certainty	
  when	
  speciation	
  really	
  began	
  or	
  for	
  how	
  

long	
   it	
   will	
   take.	
   Thus,	
   although	
   we	
   think	
   that	
   a	
   particular	
   mechanism	
   is	
  

plausible	
  to	
  enable	
  the	
  creation	
  of	
  new	
  species	
  at	
  a	
  certain	
  speed,	
  we	
  do	
  not	
  

know	
   which	
   is	
   the	
   real	
   contribution	
   to	
   the	
   speciation	
   process,	
   and	
  

consequently	
  to	
  biodiversity.	
  

Furthermore,	
   testing	
   complete	
   speciation	
   processes	
   is	
   clearly	
   a	
  

risky	
  task	
  due	
  the	
  possibility	
  that	
  even	
  a	
  mechanism	
  estimated	
  as	
  rapid,	
   is	
  

expected	
   not	
   to	
   be	
   on	
   the	
   laboratorial	
   time	
   scale.	
   However,	
   speciation	
   by	
  

endosymbiosis	
   may	
   sometimes	
   contribute	
   to	
   overcome	
   this	
   issue	
   and	
   to	
  

understand	
   its	
   importance	
   in	
   the	
   diversity	
   of	
   species,	
   principally	
   in	
  

Arthropods.	
   When	
   we	
   know	
   exactly	
   how	
   fast	
   and	
   frequent	
   this	
  

phenomenon	
  may	
  be,	
  we	
  can	
  begin	
  to	
  uncover	
  which	
  are	
  the	
  true	
  ecological	
  

consequences	
   for	
   the	
   emergence	
   of	
   novel	
   lineages	
   through	
   host-­‐microbe	
  

interactions.	
   Perhaps	
   a	
   study	
   of	
   experimental	
   evolution	
   with	
   different	
  

populations	
   that	
   start	
   to	
   suffer	
   from	
   cytoplasmic	
   incompatibility	
   or	
  

behavioural	
   changes,	
   triggered	
   by	
   endosymbionts	
   after	
   horizontal	
  

transmission,	
  is	
  an	
  elegant	
  and	
  informative	
  way	
  to	
  see	
  the	
  real	
  effect	
  on	
  the	
  

host	
  populational	
  structure	
  and	
  perhaps	
  speciation	
  rates.	
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However,	
   until	
   the	
   moment	
   of	
   any	
   horizontal	
   transmission,	
   the	
  

previous	
  host	
  and	
  the	
  endosymbiont	
  have	
  to	
  live	
  together	
  and	
  possibly	
  co-­‐

evolve.	
   Although	
   only	
   the	
   endosymbionts	
   present	
   in	
   the	
   reproductive	
  

germinal	
  tissue	
  ensure	
  the	
  vertical	
  transmission	
  to	
  the	
  next	
  generation,	
  it	
  is	
  

not	
  certain	
  that	
  this	
  population	
  is	
  static.	
  

With	
  this	
  in	
  mind,	
  in	
  Subchapter	
  4.3,	
  we	
  approached	
  this	
  problem	
  

and	
   its	
   possible	
   consequences,	
   both	
   physiologically	
   and	
   evolutionary.	
  We	
  

explored	
   many	
   points	
   of	
   view	
   and	
   we	
   produced	
   the	
   hypothesis	
   that	
  

intracellular	
   endobacteria	
   stored	
   in	
   somatic	
   tissues	
  may	
   have	
   a	
   chance	
   of	
  

reaching	
   the	
   germ	
   line.	
   This	
   possibility	
   leads	
   to	
   an	
   evolutionary	
   strategy,	
  

where	
   bacteria	
   allocated	
   in	
   superinfected	
   somatic	
   tissues	
   may	
   be	
  

represented	
  in	
  the	
  next	
  generation.	
  	
  

Another	
   important	
   question	
   is	
  whether	
   these	
  different	
   amounts	
   of	
  

bacteria	
  in	
  different	
  tissues	
  can	
  be	
  the	
  consequence	
  of	
  an	
  active	
  control	
  by	
  

the	
  host.	
  Since	
  the	
  presence	
  of	
  this	
  endosymbionts	
  can	
  bring	
  a	
  considerable	
  

increase	
   in	
   fitness	
   to	
  host,	
  maybe	
  they	
  are	
  actively	
  monitored	
   for	
  example	
  

to	
  respond	
  better	
  against	
  pathogens.	
  	
  

A	
   first	
   query	
   that	
   remains	
   unexplained	
   is	
   whether	
   the	
   difference	
  

between	
  the	
  amount	
  of	
  endobacteria	
  in	
  somatic	
  tissues	
  is	
  a	
  consequence	
  of	
  

variance	
  in	
  the	
  initial	
  colonization	
  or	
  differential	
  bacterial	
  multiplication.	
  To	
  

answer	
  this	
  question,	
  a	
  necessary	
  step	
  will	
  be	
  a	
  detailed	
  characterization	
  of	
  

the	
   quantities	
   of	
   bacteria	
   and	
   to	
   know	
   whether	
   they	
   change	
   during	
   the	
  

host’s	
  lifetime	
  or	
  according	
  to	
  the	
  environment.	
  

	
  	
   This	
   differential	
   growth	
   can	
   also	
   be	
   controlled	
   by	
   the	
   bacterial	
  

population,	
  taking	
  advantage	
  of	
  the	
  favourable	
  conditions	
  of	
  certain	
  tissues	
  

to	
  use	
  nutrients	
  and	
  proliferate.	
  In	
  this	
  case,	
  we	
  may	
  be	
  facing	
  the	
  opposite	
  

case,	
  a	
  reduction	
  of	
  host’s	
  fitness.	
  To	
  uncover	
  this	
  issue,	
  some	
  experiments	
  

can	
  be	
  performed,	
  such	
  as	
  transplantation	
  of	
  superinfected	
  tissues	
  to	
  other	
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individuals	
  or	
  also	
   identification	
  of	
   lines	
  with	
  different	
  Wolbachia-­‐infected	
  

phenotypes	
  and	
  posterior	
  testing	
  of	
  their	
  response	
  capabilities	
  for	
  relevant	
  

factors.	
  

To	
   experiment	
   in	
   a	
   practical	
   way	
   the	
   potential	
   for	
  Wolbachia	
   to	
  

perform	
   horizontal	
   transmission	
   we	
   opted	
   to	
   test,	
   in	
   Subchapter	
   4.4,	
  

cannibalism	
  as	
   a	
  mechanism	
  behind	
   this	
  phenomenon.	
  The	
   characteristics	
  

of	
  intracellular	
  endosymbionts	
  made	
  us	
  consider	
  that	
  ingestion	
  was	
  the	
  best	
  

candidate	
   for	
   a	
   transmission	
   process	
   that	
   does	
   not	
   involve	
   another	
  

parasitoid	
  species	
  as	
  a	
  vehicle,	
  a	
  path	
  already	
  described	
  as	
  possible	
  but	
  still	
  

with	
  an	
  unclear	
  efficiency.	
  

If	
   the	
   limiting	
   factor	
   for	
   the	
   horizontal	
   transmission	
   was	
   the	
  

probability	
  of	
  a	
  non-­‐infected	
   individual	
   feeding	
   from	
  an	
   infected	
  one,	
   then	
  

our	
   experiment	
   could	
   overcome	
   this	
   environmental	
   limitation,	
   raising	
   the	
  

probability	
   of	
   intaking	
  Wolbachia	
   to	
   virtually	
   1.	
   However,	
   in	
   this	
   type	
   of	
  

approaches	
  with	
   binary	
   phenomena,	
   possibly	
  with	
   low	
  probability,	
   only	
   a	
  

positive	
  result	
  would	
  be	
  categorical.	
  In	
  our	
  case,	
  we	
  still	
  do	
  not	
  know	
  what	
  

is	
  the	
  likeliness	
  of	
  this	
  phenomenon,	
  as	
  it	
  may	
  fall	
  orders	
  of	
  magnitude	
  away	
  

from	
   the	
   tested	
   scale.	
   Nevertheless,	
   the	
   absence	
   of	
   transmission	
  with	
   the	
  

tested	
   numbers	
   shows	
   that	
   in	
   the	
   crowded	
   larval	
   environment	
   of	
   most	
  

species	
   of	
   flies,	
   a	
   promiscuous	
   sharing	
   of	
   endosymbionts	
   should	
   rarely	
  

occur.	
  

Another	
  point	
  of	
   interest	
   raised	
   in	
  Subchapter	
   4.4,	
   is	
   the	
  possible	
  

need	
  of	
  one	
  or	
  more	
  co-­‐factors,	
  in	
  one	
  or	
  more	
  steps	
  taken	
  by	
  endobacteria,	
  

that	
  potentially	
   trigger	
  horizontal	
   transmission	
   in	
  a	
  effective	
  way.	
  Perhaps	
  

these	
   will	
   only	
   happen	
   in	
   certain	
   circumstances,	
   when	
   the	
   host	
   (or	
   the	
  

endosymbiont,	
   depending	
   on	
   who	
   drives	
   the	
   process)	
   are	
   faced	
   with	
   a	
  

specific	
   selective	
   pressure	
   or	
   a	
   particular	
   context,	
   being	
   therefore	
   key	
   to	
  

understanding	
  this	
  phenomenon.	
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Putting	
  all	
  together,	
  now	
  it	
  is	
  important	
  go	
  further	
  and	
  search	
  what	
  

protective	
   phenotypes	
   are	
   conferred	
   by	
   Wolbachia	
   immediately	
   after	
  

transmission	
  to	
  a	
  new	
  host	
  species,	
  where	
  ecological	
  dynamics	
  (namely	
  the	
  

sharing	
   of	
   the	
   same	
   habitat)	
   indicate	
   that	
   the	
   same	
   pathogen	
   can	
   be	
   a	
  

selective	
  pressure	
  for	
  both	
  the	
  former	
  and	
  new	
  host.	
  

	
  

Despite	
   ample	
   knowledge	
   on	
   the	
   genetics	
   and	
   physiology	
   of	
   host	
  

responses	
  to	
  parasites,	
  much	
  is	
  still	
  unknown	
  about	
  the	
  genetic	
  basis	
  of	
  host	
  

adaptation	
   to	
   parasites.	
   Moreover,	
   adaptation	
   to	
   one	
   parasite	
   is	
   likely	
   to	
  

impact	
   the	
  outcome	
  of	
  different	
   infections.	
  Yet	
   these	
  correlated	
  responses,	
  

seminal	
   to	
   the	
   understanding	
   of	
   host	
   evolution	
   in	
   multiparasite	
  

environments,	
   remain	
   still	
   poorly	
   studied.	
   Consequently,	
   many	
   others	
  

studies	
   have	
   to	
   be	
   conducted	
   to	
   fill	
   this	
   gap	
   and	
   robustly	
   distinguish	
   the	
  

rules	
  from	
  the	
  exceptions.	
  

With	
  this	
  in	
  mind,	
  this	
  Thesis	
  aimed	
  to	
  contribute	
  in	
  different	
  ways	
  

to	
   a	
   better	
   understanding	
   of	
   host-­‐microbe	
   relationships.	
   Using	
   different	
  

techniques	
   and	
   methodologies,	
   as	
   well	
   as	
   practical	
   and	
   theoretical	
  

approaches,	
  we	
  added	
  some	
  pieces	
   in	
   this	
  huge	
  under-­‐construction	
  puzzle	
  

that	
   is	
   the	
   never-­‐ending	
   battle	
   between	
   species:	
   a	
   war	
   made	
   of	
   broken	
  

alliances	
   and	
   old	
   enemies,	
   because	
   in	
   nature	
   there	
   is	
   no	
   forgiveness,	
   but	
  

there	
  is	
  also	
  no	
  resentment.	
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