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Abstract	
  35	
  

The	
  genome	
  of	
  the	
  spider	
  mite	
  Tetranychus	
  urticae,	
  a	
  plant	
  herbivore,	
  is	
  missing	
  36	
  

important	
  elements	
  of	
  the	
  canonical	
  Drosophila	
  immune	
  pathways	
  necessary	
  to	
  fight	
  37	
  

bacterial	
  infections.	
  However,	
  it	
  is	
  not	
  known	
  whether	
  spider	
  mites	
  can	
  mount	
  an	
  38	
  

immune	
  response	
  and	
  survive	
  bacterial	
  infection.	
  In	
  other	
  chelicerates,	
  bacterial	
  39	
  

infection	
  elicits	
  a	
  response	
  mediated	
  by	
  immune	
  effectors	
  leading	
  to	
  the	
  survival	
  of	
  40	
  

infected	
  organisms.	
  41	
  

In	
  T.	
  urticae,	
  infection	
  by	
  either	
  Escherichia	
  coli	
  or	
  Bacillum	
  megaterium	
  did	
  not	
  elicit	
  a	
  42	
  

response	
  as	
  assessed	
  through	
  genome-­‐wide	
  transcriptomic	
  analysis.	
  In	
  line	
  with	
  this,	
  43	
  

spider	
  mites	
  died	
  within	
  days	
  even	
  upon	
  injection	
  with	
  low	
  doses	
  of	
  bacteria	
  that	
  are	
  44	
  

non-­‐pathogenic	
  to	
  Drosophila.	
  Moreover,	
  bacteria	
  populations	
  grew	
  exponentially	
  45	
  

inside	
  the	
  infected	
  spider	
  mites.	
  In	
  contrast,	
  Sancassania	
  berlesei,	
  a	
  litter-­‐dwelling	
  46	
  

mite,	
  controlled	
  bacterial	
  proliferation	
  and	
  resisted	
  infections	
  with	
  both	
  Gram-­‐47	
  

negative	
  and	
  Gram-­‐positive	
  bacteria	
  lethal	
  to	
  T.	
  urticae.	
  This	
  differential	
  mortality	
  48	
  

between	
  mite	
  species	
  was	
  absent	
  when	
  mites	
  were	
  infected	
  with	
  heat-­‐killed	
  bacteria.	
  49	
  

Also,	
  we	
  found	
  that	
  spider	
  mites	
  harbour	
  in	
  their	
  gut	
  1,000-­‐fold	
  less	
  bacteria	
  than	
  S.	
  50	
  

berlesei.	
  51	
  

We	
  show	
  that	
  T.	
  urticae	
  has	
  lost	
  the	
  capacity	
  to	
  mount	
  an	
  induced	
  immune	
  response	
  52	
  

against	
  bacteria,	
  in	
  contrast	
  to	
  other	
  mites	
  and	
  chelicerates	
  but	
  similarly	
  to	
  the	
  phloem	
  53	
  

feeding	
  aphid	
  Acyrthosiphon	
  pisum.	
  Hence,	
  our	
  results	
  reinforce	
  the	
  putative	
  54	
  

evolutionary	
  link	
  between	
  ecological	
  conditions	
  regarding	
  exposure	
  to	
  bacteria	
  and	
  the	
  55	
  

architecture	
  of	
  the	
  immune	
  response.	
  56	
  

	
  57	
  

	
  58	
  



	
  
	
  

4	
  

Introduction	
  59	
  

To	
  deal	
  with	
  infection,	
  arthropods	
  rely	
  on	
  several	
  defensive	
  mechanisms	
  that	
  60	
  

include	
  behavioural	
  avoidance,	
  physical	
  and	
  chemical	
  barriers,	
  and	
  the	
  immune	
  61	
  

response	
  [1][2].	
  For	
  example,	
  virtually	
  all	
  arthropods	
  studied	
  thus	
  far	
  mount	
  some	
  62	
  

combination	
  of	
  cellular	
  and	
  humoural	
  responses	
  against	
  bacteria	
  that	
  rely	
  on	
  63	
  

coagulation,	
  production	
  of	
  reactive	
  oxygen	
  species	
  (ROS),	
  melanization,	
  phagocytosis	
  64	
  

and	
  the	
  synthesis	
  of	
  antimicrobial	
  peptides	
  (AMPs)	
  and/or	
  enzymes	
  [3][4].	
  65	
  

In	
  the	
  insect	
  model	
  system	
  Drosophila,	
  the	
  humoural	
  response	
  has	
  been	
  66	
  

dissected	
  genetically	
  in	
  great	
  detail.	
  It	
  relies	
  strongly	
  on	
  the	
  induction	
  of	
  two	
  signalling	
  67	
  

pathways,	
  Toll	
  and	
  Imd,	
  through	
  the	
  recognition	
  of	
  Lys-­‐type	
  or	
  DAP-­‐type	
  68	
  

peptidoglycans,	
  present	
  in	
  Gram-­‐positive	
  and	
  Gram-­‐negative	
  bacteria,	
  respectively,	
  69	
  

and	
  culminating	
  in	
  the	
  production	
  of	
  anti-­‐microbial	
  peptides	
  (AMPs)	
  [3][5].	
  	
  70	
  

Genomic	
  analyses	
  of	
  other	
  holometabolous	
  insects	
  has	
  revealed	
  that	
  most	
  71	
  

genes	
  of	
  the	
  Toll	
  and	
  Imd	
  pathways	
  are	
  conserved,	
  namely	
  in	
  mosquitoes,	
  the	
  72	
  

honeybee	
  and	
  the	
  beetle	
  Tribolium	
  castaneum	
  [6][7][8].	
  However,	
  in	
  the	
  pea	
  aphid	
  73	
  

Acyrthosiphon	
  pisum,	
  a	
  hemimetabolous	
  insect,	
  the	
  Imd	
  pathway	
  is	
  incomplete	
  and	
  74	
  

several	
  genes	
  coding	
  for	
  receptors	
  and	
  common	
  AMPs	
  could	
  not	
  be	
  identified.	
  75	
  

Moreover,	
  this	
  aphid	
  species	
  does	
  not	
  mount	
  an	
  immune	
  response	
  to	
  bacterial	
  76	
  

infection	
  [9][10].	
  Yet,	
  this	
  is	
  not	
  a	
  general	
  feature	
  of	
  hemipterans,	
  since	
  the	
  Toll	
  and	
  77	
  

Imd	
  pathways	
  along	
  with	
  several	
  receptors	
  and	
  AMPs	
  were	
  annotated	
  in	
  the	
  genome	
  78	
  

of	
  the	
  brown	
  planthopper,	
  Nilaparvata	
  lugens,	
  and	
  several	
  Toll	
  pathway	
  genes	
  were	
  79	
  

shown	
  to	
  be	
  upregulated	
  upon	
  bacterial	
  infection	
  in	
  this	
  species	
  [11].	
  This	
  pattern	
  is	
  80	
  

also	
  verified	
  in	
  another	
  closely	
  related	
  hemipteran,	
  Rhodnius	
  prolixus,	
  in	
  which	
  activity	
  81	
  

of	
  the	
  Imd	
  pathway	
  was	
  experimentally	
  confirmed	
  [12].	
  Further,	
  Imd	
  has	
  been	
  found	
  in	
  82	
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the	
  genomes	
  of	
  other	
  hemipterans	
  such	
  as	
  the	
  large	
  milkweed	
  bug	
  (Oncopeltus	
  83	
  

fasciatus)	
  and	
  of	
  the	
  water	
  strider	
  Gerris	
  buenoi	
  (Maurijn	
  van	
  der	
  Zee,	
  pers.	
  comm.).	
  84	
  

Together,	
  these	
  observations	
  suggest	
  that,	
  to	
  a	
  great	
  extent,	
  the	
  immune	
  response	
  in	
  85	
  

most	
  insects	
  is	
  directly	
  comparable	
  to	
  that	
  of	
  the	
  dipteran	
  Drosophila.	
  86	
  

In	
  chelicerates,	
  however,	
  the	
  Imd	
  pathway	
  seems	
  to	
  be	
  incomplete	
  in	
  all	
  87	
  

species	
  thus	
  far	
  analysed	
  [13][14].	
  Notwithstanding,	
  in	
  Carcinoscorpius	
  rotundicauda,	
  88	
  

an	
  orthologue	
  of	
  the	
  Drosophila	
  NF-­‐κB-­‐like	
  transcription	
  factors,	
  Relish,	
  has	
  been	
  89	
  

described	
  and	
  implicated	
  in	
  the	
  immune	
  response	
  against	
  Pseudomonas	
  aeruginosa	
  90	
  

infection	
  [15][16].	
  In	
  fact,	
  in	
  several	
  studied	
  chelicerates,	
  a	
  response	
  is	
  elicited	
  through	
  91	
  

the	
  canonical	
  production	
  of	
  anti-­‐microbial	
  compounds	
  [17][18].	
  92	
  

The	
  two-­‐spotted	
  spider	
  mite	
  Tetranychus	
  urticae	
  feeds	
  on	
  the	
  cell	
  contents	
  of	
  a	
  93	
  

multitude	
  of	
  plant	
  species.	
  Its	
  genome	
  annotation	
  failed	
  to	
  identify	
  several	
  canonical	
  94	
  

immunity	
  genes,	
  amongst	
  which	
  an	
  important	
  part	
  of	
  the	
  Imd	
  pathway	
  and	
  effectors	
  95	
  

such	
  as	
  hemolectins	
  (von	
  Willebrand	
  factor-­‐like	
  proteins)	
  or	
  defensins	
  [13][14][19]	
  96	
  

(Suppl.	
  Table	
  1).	
  Two	
  general	
  hypotheses	
  may	
  explain	
  this	
  observation:	
  1)	
  the	
  spider	
  97	
  

mite	
  mounts	
  an	
  immune	
  response	
  based	
  on	
  a	
  different	
  genetic	
  basis,	
  as	
  do	
  other	
  98	
  

chelicerates	
  or	
  2)	
  as	
  in	
  aphids,	
  T.	
  urticae	
  does	
  not	
  possess	
  an	
  inducible	
  anti-­‐bacterial	
  99	
  

immune	
  response.	
  100	
  

To	
  distinguish	
  between	
  these	
  hypotheses,	
  we	
  present	
  experimental	
  data	
  101	
  

describing	
  the	
  response	
  of	
  mites	
  to	
  bacterial	
  systemic	
  infection,	
  including	
  host	
  survival,	
  102	
  

bacterial	
  proliferation	
  in	
  the	
  host	
  and	
  transcriptional	
  responses.	
  Additionally,	
  we	
  103	
  

tested	
  the	
  generality	
  of	
  our	
  results	
  by	
  repeating	
  this	
  characterization	
  on	
  the	
  litter-­‐104	
  

dwelling	
  grain	
  mite	
  Sancassania	
  berlesei	
  [20].	
  105	
  

	
  106	
  



	
  
	
  

6	
  

	
  107	
  

Results	
  108	
  

T.	
  urticae	
  is	
  susceptible	
  to	
  infection	
  with	
  E.	
  coli	
  and	
  B.	
  megaterium	
  109	
  

We	
  tested	
  survival	
  of	
  T.	
  urticae	
  following	
  infection	
  with	
  Escherichia	
  coli,	
  a	
  Gram-­‐110	
  

negative	
  bacterium,	
  or	
  the	
  Gram-­‐positive	
  Bacillus	
  megaterium.	
  Injecting	
  spider	
  mites	
  111	
  

with	
  E.	
  coli	
  at	
  three	
  different	
  concentrations	
  –	
  ODs	
  0.1,	
  1	
  or	
  10	
  –	
  significantly	
  affected	
  112	
  

survival	
  (Cox	
  model,	
  bacterial	
  concentration	
  effect,	
  X23=19.213,	
  p=0.0002;	
  Fig.	
  1a).	
  A	
  113	
  

pairwise	
  comparison	
  of	
  the	
  hazard	
  ratios	
  between	
  spider	
  mites	
  injected	
  with	
  E.	
  coli	
  or	
  114	
  

with	
  LB	
  confirmed	
  that	
  spider	
  mite	
  survival	
  was	
  severely	
  affected	
  (OD0.1:	
  z=9.828,	
  115	
  

p<0.0001;	
  OD1:	
  z=11.124,	
  p<0.0001	
  and	
  OD10:	
  z=14.267,	
  p<0,0001;	
  Fig.	
  1c).	
  116	
  

Injecting	
  spider	
  mites	
  with	
  B.	
  megaterium	
  at	
  three	
  different	
  concentrations	
  117	
  

(ODs	
  0.1,	
  1	
  or	
  10)	
  also	
  significantly	
  affected	
  survival	
  (Cox	
  model,	
  bacterial	
  118	
  

concentration	
  effect,	
  X24=19.471;	
  p<0.0006;	
  Fig.	
  1b).	
  Hazard	
  ratios	
  revealed	
  no	
  119	
  

significant	
  change	
  in	
  survival	
  between	
  mites	
  injected	
  with	
  LB	
  or	
  with	
  B.	
  megaterium	
  at	
  120	
  

OD0.1	
  (z=1.769;	
  p=0.0769),	
  but	
  survival	
  of	
  T.	
  urticae	
  decreased	
  significantly	
  relative	
  to	
  121	
  

the	
  LB	
  control	
  at	
  OD1	
  and	
  OD10	
  (B.	
  megaterium	
  OD1:	
  	
  z=8.792,	
  p<0.0001;	
  B.	
  122	
  

megaterium	
  OD10:	
  z=8.797,	
  p<0.0001;	
  Fig.	
  1c).	
  123	
  

The	
  high	
  mortality	
  rate	
  in	
  T.	
  urticae	
  caused	
  by	
  infection	
  with	
  bacteria	
  known	
  to	
  124	
  

be	
  non-­‐pathogenic	
  to	
  Drosophila	
  melanogaster	
  [21]	
  raised	
  the	
  possibility	
  that	
  our	
  125	
  

bacterial	
  strains	
  had	
  an	
  unexpected	
  level	
  of	
  pathogenicity.	
  To	
  test	
  this,	
  we	
  infected	
  D.	
  126	
  

melanogaster	
  adult	
  females	
  with	
  the	
  same	
  bacteria	
  and	
  at	
  the	
  same	
  concentrations	
  127	
  

applied	
  to	
  T.	
  urticae.	
  As	
  previously	
  reported	
  [22][23],	
  within	
  the	
  same	
  time	
  frame	
  and	
  128	
  

bacteria	
  inoculum	
  range	
  as	
  our	
  experiment	
  with	
  T.	
  urticae,	
  the	
  survival	
  of	
  D.	
  129	
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melanogaster	
  was	
  not	
  reduced	
  upon	
  infection	
  with	
  either	
  bacterium	
  (Cox	
  model,	
  130	
  

bacterial	
  concentration	
  effect,	
  X26=3.501,	
  p=0.7439;	
  Suppl.	
  Fig.	
  1).	
  131	
  

	
  132	
  

The	
  transcriptomic	
  profile	
  of	
  T.	
  urticae	
  is	
  unaltered	
  upon	
  infection	
  133	
  

Next,	
  we	
  analysed	
  genome-­‐wide	
  gene-­‐expression	
  patterns	
  to	
  assess	
  the	
  effect	
  of	
  134	
  

bacterial	
  infection	
  on	
  spider	
  mites	
  using	
  a	
  qPCR-­‐validated	
  microarray	
  set-­‐up	
  	
  [24].	
  135	
  

Differential	
  transcript	
  levels	
  were	
  determined	
  in	
  mites	
  injected	
  with	
  E.	
  coli	
  or	
  with	
  B.	
  136	
  

megaterium	
  relative	
  to	
  mites	
  injected	
  with	
  LB.	
  Expression	
  levels	
  were	
  measured	
  3,	
  6	
  137	
  

and	
  12	
  h	
  post-­‐injection.	
  Only	
  a	
  limited	
  number	
  of	
  genes	
  showed	
  significant	
  differences	
  138	
  

in	
  expression	
  between	
  mites	
  injected	
  with	
  or	
  without	
  bacteria	
  and	
  displayed	
  an	
  139	
  

inconsistent	
  response	
  to	
  bacteria	
  across	
  the	
  three	
  time	
  points	
  (Suppl.	
  Table	
  2).	
  140	
  

Moreover,	
  even	
  though	
  the	
  34	
  orthologues	
  of	
  immunity-­‐related	
  Drosophila	
  genes	
  141	
  

identified	
  in	
  the	
  T.	
  urticae	
  genome	
  had	
  multiple	
  probes	
  on	
  the	
  array,	
  none	
  of	
  these	
  142	
  

showed	
  significant	
  differential	
  expression	
  upon	
  bacterial	
  infection	
  (Suppl.	
  Table	
  2).	
  143	
  

In	
  contrast,	
  a	
  more	
  pronounced	
  transcriptional	
  response	
  was	
  observed	
  144	
  

between	
  injected	
  and	
  non-­‐injected	
  mites.	
  In	
  these	
  comparisons,	
  we	
  observed	
  altered	
  145	
  

transcription	
  of	
  a	
  total	
  of	
  259	
  genes	
  (out	
  of	
  17,798	
  genes	
  with	
  probes	
  on	
  the	
  array).	
  146	
  

More	
  specifically,	
  transcriptomic	
  comparisons	
  of	
  the	
  E.	
  coli	
  and	
  B.	
  megaterium	
  147	
  

injections,	
  with	
  their	
  respective	
  LB-­‐controls,	
  uncovered	
  a	
  total	
  of	
  177	
  and	
  211	
  148	
  

differentially	
  expressed	
  genes,	
  respectively,	
  at	
  any	
  of	
  the	
  three	
  time	
  points	
  (Fig.	
  2	
  and	
  149	
  

Suppl.	
  Fig.	
  2).	
  Only	
  3	
  genes	
  were	
  significantly	
  differentially	
  expressed	
  in	
  a	
  consistent	
  150	
  

manner	
  across	
  every	
  time	
  point	
  of	
  every	
  injection	
  treatment	
  (LB-­‐buffer,	
  E.	
  coli	
  and	
  B.	
  151	
  

megaterium).	
  These	
  are	
  tetur03g07900,	
  tetur05g04720	
  and	
  tetur19g00860	
  none	
  of	
  152	
  

which	
  shows	
  any	
  significant	
  homology	
  to	
  known	
  immunity	
  genes	
  (sequence	
  data	
  153	
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accessible	
  at:	
  http://bioinformatics.psb.ugent.be/orcae/overview/Tetur	
  and	
  154	
  

http://www.uniprot.org/proteomes/	
  under	
  UP000015104).	
  No	
  orthologues	
  of	
  155	
  

Drosophila	
  genes	
  classified	
  as	
  immunity-­‐related	
  were	
  present	
  in	
  any	
  of	
  these	
  gene	
  sets	
  156	
  

[19].	
  Of	
  the	
  259	
  differentially	
  expressed	
  genes	
  that	
  showed	
  significant	
  differential	
  157	
  

expression	
  in	
  any	
  comparison,	
  118	
  were	
  given	
  a	
  Gene	
  Ontology	
  (GO)	
  term	
  by	
  Blast2GO	
  158	
  

analysis	
  [25].	
  Fisher’s	
  exact	
  test	
  showed	
  that	
  16	
  and	
  12	
  GO-­‐terms	
  were	
  significantly	
  159	
  

over-­‐	
  and	
  under-­‐represented	
  in	
  the	
  differentially	
  expressed	
  gene	
  set,	
  respectively	
  160	
  

(Suppl.	
  Table	
  3).	
  No	
  terms	
  related	
  to	
  a	
  physiological	
  response	
  to	
  wounding	
  were	
  161	
  

observed.	
  162	
  

As	
  indicated	
  by	
  the	
  hierarchical	
  clustering	
  analysis	
  based	
  on	
  time	
  series	
  163	
  

alignments	
  of	
  the	
  relative	
  transcription	
  levels	
  across	
  the	
  different	
  time	
  points	
  (Fig.	
  2)	
  164	
  

and	
  by	
  corresponding	
  gene-­‐expression	
  heatplots	
  (Suppl.	
  Fig.	
  2),	
  the	
  transcriptional	
  165	
  

response	
  to	
  injection	
  did	
  not	
  appear	
  to	
  be	
  time	
  dependent	
  within	
  the	
  first	
  12	
  hours.	
  166	
  

Indeed,	
  no	
  strong	
  linear	
  differential	
  expression	
  across	
  the	
  three	
  time	
  points	
  was	
  167	
  

observed	
  in	
  any	
  of	
  the	
  three	
  injection	
  treatments.	
  Moreover,	
  the	
  lack	
  of	
  consistent	
  168	
  

differential	
  expression	
  across	
  all	
  time	
  points	
  of	
  the	
  different	
  injection	
  treatments	
  169	
  

indicates	
  that	
  the	
  injection	
  procedure	
  itself	
  did	
  not	
  elicit	
  an	
  immune	
  response.	
  170	
  

The	
  transcriptional	
  responses	
  observed	
  in	
  individual	
  comparisons	
  do	
  show	
  that	
  171	
  

our	
  pipeline	
  is	
  able	
  to	
  identify	
  differential	
  expression.	
  Therefore,	
  we	
  interpret	
  the	
  lack	
  172	
  

of	
  significantly	
  distinct	
  transcript	
  levels	
  in	
  the	
  direct	
  comparisons	
  of	
  bacteria-­‐injected	
  173	
  

vs	
  LB-­‐injected	
  mites	
  as	
  caused	
  by	
  the	
  virtual	
  absence	
  of	
  immune	
  response	
  induction	
  174	
  

and	
  not	
  to	
  a	
  technical	
  artefact.	
  175	
  

	
  176	
  

S.	
  berlesei	
  and	
  T.	
  urticae	
  respond	
  differently	
  to	
  systemic	
  bacterial	
  infection	
  177	
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To	
  test	
  whether	
  the	
  lack	
  of	
  an	
  induced	
  immune	
  response	
  in	
  T.	
  urticae	
  is	
  a	
  general	
  178	
  

feature	
  of	
  the	
  Acari,	
  we	
  mirrored	
  the	
  infections	
  performed	
  on	
  the	
  spider	
  mite	
  in	
  the	
  179	
  

grain	
  mite,	
  Sancassania	
  berlesei.	
  180	
  

Overall,	
  infection	
  with	
  bacteria	
  decreased	
  significantly	
  the	
  survival	
  of	
  S.	
  berlesei	
  181	
  

(Cox	
  model,	
  bacterial	
  concentration	
  effect,	
  X26=17.461,	
  p=0.0077;	
  Fig.	
  3a	
  and	
  3b).	
  A	
  182	
  

reduction	
  in	
  survival	
  was	
  observed	
  upon	
  bacterial	
  injection	
  with	
  either	
  bacterial	
  183	
  

species	
  at	
  all	
  tested	
  concentrations	
  (E.	
  coli	
  OD0.1:	
  z=3.513,	
  p<0.0022;	
  E.	
  coli	
  OD1:	
  184	
  

z=3.446,	
  p=0.0022;	
  E.	
  coli	
  OD10:	
  z=	
  3.559,	
  p=0.0022;	
  B.	
  megaterium	
  OD0.1:	
  z=2.899,	
  185	
  

p=0,0037;	
  B.	
  megaterium	
  OD1:	
  z=3.495,	
  p=0.0022;	
  B.	
  megaterium	
  OD10:	
  z=3.414,	
  186	
  

p=0.0022;	
  Fig.	
  3c).	
  187	
  

However,	
  when	
  survival	
  of	
  S.	
  berlesei	
  and	
  T.	
  urticae	
  is	
  contrasted,	
  it	
  is	
  188	
  

unequivocal	
  that	
  the	
  grain	
  mite	
  is	
  far	
  more	
  capable	
  of	
  surviving	
  infection	
  than	
  the	
  189	
  

spider	
  mite	
  (compare	
  Fig.	
  1a	
  to	
  3a	
  and	
  Fig.	
  1b	
  to	
  3b).	
  Finally,	
  the	
  same	
  experiment	
  190	
  

using	
  heat-­‐killed	
  bacteria	
  did	
  not	
  show	
  a	
  differential	
  survival	
  of	
  the	
  two	
  mite	
  species	
  191	
  

(Suppl.	
  Fig.	
  3).	
  This	
  observation	
  discards	
  the	
  possibility	
  of	
  host	
  inflammatory	
  192	
  

misregulation	
  causing	
  self-­‐damage	
  independently	
  of	
  bacterial	
  action	
  [26][27].	
  193	
  

	
  194	
  

Bacterial	
  proliferation	
  correlates	
  with	
  host	
  survival	
  195	
  

We	
  observed	
  the	
  dynamics	
  of	
  the	
  bacterial	
  inoculum	
  after	
  infection	
  of	
  both	
  mite	
  196	
  

species	
  and	
  D.	
  melanogaster	
  by	
  counting	
  the	
  number	
  of	
  colony-­‐forming	
  units	
  (CFUs),	
  197	
  

over	
  4	
  days	
  (Fig.	
  4).	
  198	
  

We	
  found	
  significant	
  differences	
  in	
  the	
  number	
  of	
  CFUs	
  between	
  T.	
  199	
  

urticae	
  and	
  D.	
  melanogaster	
  (ANOVA,	
  F1,	
  20=134.066,	
  p<0.0001;	
  Fig.	
  4a),	
  across	
  time	
  200	
  

points	
  (ANOVA,	
  F4,	
  20=70.044,	
  p<0.0001),	
  and	
  in	
  the	
  interaction	
  between	
  time	
  point	
  201	
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and	
  species	
  (ANOVA,	
  F1,	
  20=25.131,	
  p<0.0001).	
  The	
  latter	
  indicates	
  that	
  bacterial	
  202	
  

populations	
  have	
  distinct	
  growth	
  dynamics	
  in	
  T.	
  urticae	
  and	
  in	
  D.	
  melanogaster.	
  Indeed,	
  203	
  

in	
  T.	
  urticae,	
  the	
  number	
  of	
  CFUs	
  increased	
  across	
  time	
  points	
  (Fig.	
  4a),	
  whereas	
  for	
  D.	
  204	
  

melanogaster	
  the	
  number	
  of	
  CFUs	
  started	
  to	
  decrease	
  2-­‐3	
  days	
  after	
  injection,	
  205	
  

reaching	
  in	
  the	
  last	
  time-­‐point	
  a	
  value	
  similar	
  to	
  the	
  bacterial	
  number	
  initially	
  injected	
  206	
  

(t20=	
  -­‐0.201,	
  p=0.8427).	
  In	
  contrast,	
  no	
  significant	
  differences	
  were	
  found	
  between	
  the	
  207	
  

dynamics	
  of	
  bacteria	
  infecting	
  S.	
  berlesei	
  and	
  D.	
  melanogaster	
  (ANOVA,	
  F1,	
  20=0.51,	
  208	
  

p=0.482)	
  (Fig.	
  4b),	
  between	
  time	
  points	
  (ANOVA,	
  F4,	
  20=2.287,	
  p=0.0957),	
  and	
  in	
  the	
  209	
  

interaction	
  between	
  time-­‐points	
  and	
  species	
  (ANOVA,	
  F4,	
  20=	
  0.069,	
  p=0.9906).	
  210	
  

This	
  experiment	
  provides	
  a	
  further	
  line	
  of	
  evidence	
  that	
  S.	
  berlesei	
  is	
  able	
  to	
  211	
  

fight	
  bacterial	
  proliferation,	
  contrarily	
  to	
  T.	
  urticae.	
  212	
  

	
  213	
  

T.	
  urticae	
  has	
  an	
  impoverished	
  gut	
  microbiota	
  214	
  

We	
  proceeded	
  to	
  quantify	
  the	
  microbiota	
  in	
  both	
  mite	
  species	
  motivated	
  by	
  three	
  215	
  

important	
  facts:	
  i)	
  the	
  ecological	
  similarities	
  between	
  T.	
  urticae	
  and	
  the	
  aphid,	
  ii)	
  the	
  216	
  

genomic	
  evidence	
  for	
  the	
  absence	
  of	
  the	
  Imd	
  gene	
  and	
  a	
  general	
  degeneration	
  of	
  the	
  217	
  

Imd	
  pathway	
  in	
  the	
  spider	
  mite	
  [13][14][19]	
  and,	
  iii)	
  the	
  central	
  role	
  of	
  this	
  pathway	
  in	
  218	
  

gut	
  homeostasis	
  regarding	
  regulation	
  of	
  the	
  microbiota	
  [28][29].	
  We	
  quantified	
  219	
  

bacteria	
  in	
  individuals	
  that	
  were	
  1)	
  surface-­‐sterilized	
  in	
  bleach	
  and	
  alcohol,	
  which	
  220	
  

should	
  not	
  have	
  bacteria	
  in	
  their	
  external	
  surface;	
  2)	
  fed	
  on	
  rifampicin,	
  which	
  should	
  221	
  

not	
  have	
  bacteria	
  in	
  the	
  gut;	
  or	
  3)	
  both,	
  which	
  should	
  have	
  neither	
  and	
  4)	
  mites	
  taken	
  222	
  

directly	
  from	
  their	
  natural	
  substrate,	
  which	
  should	
  present	
  both	
  internally	
  and	
  223	
  

externally	
  associated	
  bacteria.	
  We	
  homogenized	
  individual	
  adult	
  females	
  of	
  T.	
  urticae	
  224	
  

and	
  S.	
  berlesei	
  from	
  each	
  treatment	
  and	
  plated	
  them	
  on	
  LB	
  agar	
  plates	
  (Fig.	
  4c)	
  or	
  225	
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extracted	
  DNA	
  to	
  perform	
  semi-­‐quantitative	
  PCR	
  for	
  the	
  16S	
  gene	
  (Suppl.	
  Fig.	
  4).	
  We	
  226	
  

found	
  that	
  the	
  two	
  mite	
  species	
  harbour	
  a	
  significantly	
  different	
  number	
  of	
  bacteria	
  227	
  

able	
  to	
  grow	
  on	
  LB	
  agar	
  plates	
  (ANOVA,	
  mite	
  species	
  effect,	
  F1,72=	
  169.855,	
  p<0.0001)	
  228	
  

and	
  that	
  the	
  treatments	
  applied	
  significantly	
  decreased	
  the	
  number	
  of	
  bacteria	
  229	
  

(ANOVA,	
  treatment	
  effect,	
  	
  F3,72=	
  93.543,	
  p<0.0001;	
  Fig.	
  4c).	
  We	
  found	
  a	
  significant	
  230	
  

species	
  by	
  treatment	
  interaction	
  (ANOVA,	
  F3,72=	
  13.029,	
  p<0.0001),	
  and	
  the	
  treatment	
  231	
  

with	
  external	
  sterilization	
  and	
  antibiotic	
  treatment	
  brings	
  bacteria	
  numbers	
  to	
  non-­‐232	
  

significantly	
  different	
  levels	
  in	
  both	
  species	
  (t72=1.924,	
  p=0.058).	
  All	
  other	
  comparisons	
  233	
  

between	
  treatments	
  across	
  species	
  are	
  highly	
  significant	
  (t72>	
  5.492,	
  p<0.0001).	
  It	
  is	
  234	
  

particularly	
  striking	
  that,	
  once	
  sterilized	
  and	
  only	
  harbouring	
  the	
  bacteria	
  inside	
  the	
  235	
  

gut,	
  single	
  crushed	
  T.	
  urticae	
  individuals	
  only	
  generate	
  around	
  10	
  CFUs,	
  a	
  difference	
  of	
  236	
  

three	
  orders	
  of	
  magnitude	
  relative	
  to	
  their	
  S.	
  berlesei	
  counterparts	
  (Fig.	
  4c).	
  	
  237	
  

It	
  is	
  expected	
  that	
  an	
  undetermined	
  number	
  of	
  bacterial	
  species	
  will	
  not	
  be	
  238	
  

detected	
  with	
  the	
  specific	
  culture	
  conditions	
  utilized	
  in	
  this	
  test.	
  However,	
  it	
  is	
  unlikely	
  239	
  

that	
  between	
  the	
  two	
  mite	
  species	
  the	
  distribution	
  of	
  bacterial	
  species,	
  which	
  can	
  and	
  240	
  

cannot	
  be	
  grown	
  in	
  LB,	
  will	
  be	
  significantly	
  different	
  to	
  change	
  the	
  qualitative	
  241	
  

conclusion	
  we	
  reach.	
  242	
  

A	
  semi-­‐quantitative	
  PCR	
  provided	
  independent	
  confirmation	
  that	
  S.	
  berlesei	
  has	
  243	
  

a	
  microbiota	
  in	
  the	
  order	
  of	
  one	
  thousand	
  times	
  higher	
  than	
  that	
  of	
  T.	
  urticae.	
  244	
  

Whereas	
  amplification	
  products	
  are	
  clearly	
  visible	
  using	
  gDNA	
  from	
  sterilized	
  S.	
  245	
  

berlesei	
  after	
  25	
  cycles,	
  only	
  after	
  35	
  cycles	
  are	
  bands	
  detectable	
  from	
  sterilized	
  T.	
  246	
  

urticae	
  (Suppl.	
  Fig.	
  4).	
  For	
  example,	
  contrasting	
  bands	
  from	
  TP	
  at	
  35	
  cycles	
  to	
  SP	
  at	
  25	
  247	
  

cycles	
  shows	
  comparable	
  amplification	
  products	
  in	
  the	
  two	
  bacterial	
  types	
  (210=1024).	
  248	
  

Despite	
  the	
  poor	
  quantitative	
  power	
  of	
  this	
  technique,	
  its	
  qualitative	
  interpretation	
  249	
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provides	
  a	
  rough	
  estimate	
  of	
  the	
  difference	
  in	
  bacteria	
  present	
  in	
  either	
  species,	
  250	
  

namely	
  in	
  their	
  digestive	
  tracts.	
  Importantly,	
  this	
  difference	
  is	
  hardly	
  attributable	
  to	
  251	
  

any	
  of	
  the	
  four	
  most	
  common	
  described	
  endosymbionts	
  of	
  spidermites	
  [30],	
  which	
  are	
  252	
  

absent	
  from	
  our	
  tested	
  populations	
  (Suppl.	
  Fig	
  5).	
  253	
  

Together	
  these	
  results	
  concur	
  in	
  that	
  most	
  bacteria	
  found	
  in	
  these	
  species	
  are	
  254	
  

inside	
  the	
  mite	
  gut	
  and	
  that	
  between	
  T.	
  urticae	
  and	
  S.	
  berlesei	
  their	
  numbers	
  differ	
  by	
  255	
  

roughly	
  three	
  orders	
  of	
  magnitude.	
  256	
  

	
  257	
  

	
  258	
  

Discussion	
  259	
  

Spider	
  mites	
  are	
  susceptible	
  to	
  bacterial	
  infections.	
  260	
  

Using	
  bacteria	
  that	
  are	
  non-­‐pathogenic	
  to	
  Drosophila	
  melanogaster,	
  we	
  have	
  261	
  

shown	
  that	
  spider	
  mites	
  infected	
  over	
  a	
  100-­‐fold	
  concentration	
  range	
  with	
  both	
  Gram-­‐262	
  

positive	
  and	
  Gram-­‐negative	
  bacteria	
  display	
  high	
  mortality	
  when	
  compared	
  to	
  controls	
  263	
  

(both	
  mock-­‐infected	
  or	
  infected	
  with	
  heat-­‐killed	
  bacteria).	
  In	
  addition,	
  no	
  qualitatively	
  264	
  

different	
  transcriptional	
  change	
  is	
  induced	
  consistently	
  by	
  the	
  presence	
  of	
  bacteria.	
  265	
  

This	
  is	
  in	
  sharp	
  contrast	
  with	
  Drosophila	
  which	
  displays	
  a	
  strong	
  upregulation	
  of	
  Imd	
  266	
  

and/or	
  Toll	
  pathways	
  upon	
  bacterial	
  infection	
  [3][31][32].	
  Although	
  individual	
  267	
  

transcriptomic	
  comparisons	
  between	
  injected	
  and	
  non-­‐injected	
  mites	
  reveal	
  268	
  

differential	
  expression,	
  no	
  consistent	
  response	
  to	
  injection	
  was	
  observed	
  across	
  all	
  269	
  

time	
  points	
  and	
  treatments.	
  Therefore,	
  wounding	
  itself	
  does	
  not	
  seem	
  to	
  induce	
  an	
  270	
  

immune	
  response.	
  This	
  is	
  supported	
  by	
  the	
  absence	
  of	
  enriched	
  GO-­‐terms	
  related	
  to	
  271	
  

wound	
  response	
  in	
  lumped	
  individual	
  transcriptomic	
  responses	
  (Suppl.	
  Table	
  3).	
  272	
  

Finally,	
  in	
  T.	
  urticae,	
  bacterial	
  proliferation	
  is	
  maintained	
  steadily	
  across	
  4	
  days	
  post-­‐273	
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injection	
  in	
  consonance	
  with	
  its	
  mortality	
  profile.	
  This	
  strongly	
  indicates	
  that	
  no	
  274	
  

resistance	
  or	
  tolerance	
  mechanisms	
  are	
  operating	
  in	
  the	
  spider	
  mite	
  and	
  that	
  275	
  

uncontrolled	
  bacterial	
  proliferation	
  caused	
  the	
  observed	
  mortality	
  rates.	
  276	
  

Our	
  data	
  is	
  consistent	
  with	
  the	
  absence	
  of	
  an	
  induced	
  immune	
  response	
  but	
  does	
  277	
  

not	
  address	
  the	
  putative	
  role	
  of	
  other	
  constitutive	
  defences	
  involving	
  expression	
  of	
  278	
  

effectors,	
  such	
  as	
  lysozymes,	
  AMPs	
  and	
  ROS,	
  or	
  cellular	
  immunity	
  and	
  phagocytosis	
  279	
  

[33].	
  Be	
  that	
  as	
  it	
  may,	
  we	
  show	
  that	
  these	
  other	
  candidate	
  mechanisms	
  in	
  T.	
  urticae	
  280	
  

are	
  clearly	
  insufficient	
  in	
  face	
  of	
  bacterial	
  infections	
  that	
  are	
  innocuous	
  to	
  Drosophila	
  281	
  

and	
  other	
  chelicerates	
  such	
  as	
  ticks	
  [34]	
  or	
  the	
  Wet	
  Grain	
  mite	
  Sancassania	
  berlesei,	
  282	
  

which	
  occupies	
  a	
  very	
  different	
  ecological	
  niche,	
  namely	
  bird	
  litter	
  and	
  other	
  283	
  

substrates	
  prone	
  to	
  bacterial	
  proliferation	
  and	
  infection	
  [20].	
  284	
  

	
   Bacterial	
  infection	
  affected	
  the	
  survival	
  of	
  S.	
  berlesei	
  but	
  to	
  a	
  much	
  lesser	
  285	
  

extent	
  than	
  observed	
  for	
  T.	
  urticae.	
  Moreover,	
  unlike	
  T.	
  urticae,	
  S.	
  berlesei	
  was	
  capable	
  286	
  

of	
  controlling	
  and	
  reducing	
  the	
  bacterial	
  load	
  ,mimicking	
  the	
  characterized	
  immune	
  287	
  

response	
  in	
  D.	
  melanogaster	
  [35][36].	
  The	
  observation	
  that	
  bacterial	
  load	
  in	
  S.	
  berlesei	
  288	
  

increases	
  initially	
  and	
  decreases	
  over	
  time,	
  suggests	
  that	
  this	
  mite	
  species	
  mounts	
  an	
  289	
  

immune	
  response	
  against	
  bacterial	
  infection.	
  The	
  nature	
  of	
  this	
  response	
  in	
  S.	
  berlesei,	
  290	
  

induced	
  and/or	
  constitutive,	
  remains	
  to	
  be	
  determined.	
  An	
  induced	
  response	
  is	
  291	
  

supported	
  in	
  other	
  chelicerates	
  such	
  as	
  horseshoe	
  crabs	
  and	
  spiders,	
  which	
  upregulate	
  292	
  

AMPs	
  upon	
  bacterial	
  challenge	
  [17][37],	
  possibly	
  without	
  resorting	
  to	
  Imd	
  or	
  Toll	
  293	
  

pathways,	
  as	
  these	
  are	
  (at	
  least	
  partially)	
  degenerated	
  in	
  genome-­‐sequenced	
  species	
  294	
  

[13][14].	
  In	
  addition,	
  anti-­‐bacterial	
  response	
  may	
  rely	
  on	
  higher	
  basal	
  levels	
  of	
  immune	
  295	
  

effectors	
  such	
  as	
  circulating	
  hemocyanin,	
  C-­‐reactive	
  proteins	
  and	
  α2-­‐macroglobulin	
  296	
  

deployed	
  upon	
  infection	
  [38].	
  297	
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  298	
  

Life-­‐history	
  correlates	
  with	
  immune	
  degeneration	
  in	
  spider	
  mites.	
  299	
  

Genomic	
  and	
  physiological	
  studies	
  of	
  the	
  pea	
  aphid	
  Acyrthosiphon	
  pisum	
  300	
  

uncovered	
  a	
  very	
  similar	
  pattern	
  to	
  our	
  results	
  on	
  T.	
  urticae	
  [9][10][39][40].	
  Similarly	
  to	
  301	
  

T.	
  urticae,	
  the	
  genome	
  of	
  A.	
  pisum	
  misses	
  important	
  genes	
  of	
  the	
  IMD	
  pathway	
  as	
  well	
  302	
  

as	
  several	
  other	
  Drosophila	
  immune	
  genes	
  [9].	
  Infected	
  aphids,	
  in	
  which	
  lysozyme	
  303	
  

activity	
  could	
  be	
  detected,	
  did	
  not	
  upregulate	
  AMPs	
  suggesting	
  aphids	
  do	
  not	
  deploy	
  304	
  

an	
  induced	
  immune	
  response	
  upon	
  bacterial	
  challenge	
  [9][10].	
  Instead,	
  pea	
  aphids	
  305	
  

seem	
  to	
  rely	
  on	
  another	
  layer	
  of	
  defence,	
  that	
  is	
  provided	
  by	
  their	
  endosymbionts,	
  306	
  

namely	
  Regiella	
  insecticola,	
  Rickettsia	
  and	
  Spiroplasma,	
  to	
  fight	
  some	
  fungal	
  infections	
  307	
  

[41][42]	
  and	
  Hamiltonella	
  defensa	
  against  parasitoid	
  attack	
  [43].	
  Possibly,	
  308	
  

endosymbionts	
  commonly	
  detected	
  in	
  T.	
  urticae	
  populations	
  might	
  also	
  confer	
  309	
  

protection	
  to	
  attacks	
  by	
  fungi	
  and	
  other	
  natural	
  enemies	
  [30]	
  but,	
  to	
  our	
  knowledge,	
  310	
  

there	
  has	
  been	
  no	
  report	
  of	
  endosymbiont	
  protection	
  against	
  bacterial	
  infections	
  in	
  311	
  

arthropods	
  (reviewed	
  in	
  [44]).	
  In	
  addition,	
  infection	
  with	
  E.	
  coli	
  also	
  induces	
  significant	
  312	
  

mortality	
  in	
  the	
  pea	
  aphid	
  [39].	
  In	
  any	
  case,	
  by	
  using	
  bacteria-­‐challenged	
  spider	
  mites	
  313	
  

devoid	
  of	
  four	
  common	
  endosymbionts,	
  we	
  aimed	
  at	
  testing	
  specifically	
  the	
  response	
  314	
  

on	
  the	
  host	
  genomic	
  and	
  physiological	
  levels	
  [30].	
  	
  315	
  

As	
  shown	
  for	
  the	
  pea	
  aphid	
  [9][11][12],	
  the	
  degenerated	
  immune	
  genetic	
  316	
  

repertoire	
  and	
  immune	
  response	
  in	
  T.	
  urticae	
  is	
  also	
  a	
  secondary	
  loss.	
  One	
  hypothesis	
  317	
  

for	
  the	
  genomic	
  and	
  physiological	
  patterns	
  observed	
  in	
  pea	
  aphid	
  immunity	
  is	
  that	
  the	
  318	
  

virtually	
  aseptic	
  phloem	
  diet	
  of	
  aphids	
  would	
  relax	
  selection	
  for	
  the	
  maintenance	
  of	
  319	
  

costly	
  immune	
  response	
  mechanisms	
  [45].	
  This	
  hypothesis	
  may	
  be	
  extended	
  to	
  T.	
  320	
  

urticae	
  as	
  this	
  species	
  also	
  feeds	
  on	
  a	
  seemingly	
  bacteria-­‐free	
  resource,	
  the	
  321	
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cytoplasmic	
  content	
  of	
  leaf	
  cells	
  and	
  phloem.	
  This	
  ecological	
  scenario	
  is	
  opposite	
  to	
  322	
  

that	
  of	
  the	
  house	
  fly,	
  where	
  the	
  genomic	
  expansion	
  of	
  immune-­‐related	
  genes	
  may	
  323	
  

underlie	
  its	
  adaptation	
  to	
  septic	
  environments	
  [46].	
  Moreover,	
  the	
  shared	
  324	
  

degeneration	
  of	
  the	
  Imd	
  pathway	
  in	
  spider	
  mite	
  and	
  aphid	
  reinforces	
  this	
  notion	
  325	
  

because	
  of	
  the	
  central	
  role	
  played	
  by	
  this	
  pathway	
  in	
  mediating	
  the	
  epithelial	
  response	
  326	
  

to	
  bacterial	
  contacts	
  in	
  the	
  gut	
  and	
  in	
  the	
  modulation	
  of	
  its	
  bacterial	
  contents	
  327	
  

[31][47][48][49].	
  Recent	
  work	
  has	
  shown	
  that,	
  in	
  addition	
  to	
  aphids,	
  other	
  phloem-­‐sap	
  328	
  

feeders	
  such	
  as	
  white	
  flies	
  and	
  psyllids	
  carry	
  a	
  reduced	
  gut	
  microbiota	
  in	
  both	
  329	
  

laboratory	
  and	
  natural	
  populations	
  [50].	
  Unfortunately,	
  no	
  information	
  is	
  yet	
  available	
  330	
  

regarding	
  immune	
  responses	
  in	
  these	
  insects.	
  331	
  

The	
  aseptic	
  nature	
  of	
  the	
  feeding	
  source	
  of	
  spider	
  mites	
  is	
  supported	
  by	
  the	
  332	
  

rough	
  comparative	
  characterization	
  of	
  the	
  gut	
  bacteria	
  present	
  in	
  the	
  two	
  mite	
  species	
  333	
  

studied	
  here,	
  which	
  differs	
  by	
  several	
  orders	
  of	
  magnitude.	
  This	
  ecological	
  feature,	
  by	
  334	
  

eliminating	
  a	
  constant	
  necessity	
  for	
  balancing	
  bacterial	
  interactions	
  (commensal	
  or	
  335	
  

pathogenic),	
  may	
  relax	
  the	
  pressure	
  to	
  evolve	
  or	
  maintain	
  a	
  transcriptionally	
  induced	
  336	
  

and	
  regulated	
  response.	
  Further	
  studies	
  looking	
  into	
  immunity	
  in	
  other	
  arthropods	
  337	
  

with	
  obligate	
  endosymbionts	
  and/or	
  with	
  comparable	
  dietary	
  regimes	
  will	
  provide	
  338	
  

clearer	
  answers	
  about	
  the	
  forces	
  driving	
  convergent	
  degeneration	
  of	
  this	
  type	
  of	
  339	
  

immune	
  response.	
  340	
  

	
  341	
  

	
  342	
  

Materials	
  and	
  Methods	
  343	
  

(For	
  most	
  sections	
  below,	
  more	
  detail	
  is	
  provided	
  in	
  Supplementary	
  materials	
  and	
  344	
  

methods).	
  345	
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Arthropod	
  and	
  bacterial	
  strains:	
  346	
  

Tetranychus	
  urticae:	
  All	
  spider	
  mites	
  used	
  in	
  this	
  work	
  are	
  of	
  the	
  London	
  strain,	
  a	
  347	
  

reference	
  line	
  originally	
  collected	
  in	
  Ontario,	
  Canada.	
  The	
  line	
  used	
  for	
  the	
  Spider	
  Mite	
  348	
  

Genome	
  Sequencing	
  project	
  [19]	
  was	
  derived	
  from	
  this	
  population.	
  Spider	
  mites	
  were	
  349	
  

reared	
  under	
  lab	
  conditions	
  (25oC,	
  60%	
  humidity	
  and	
  L:D	
  16:8	
  photoperiod)	
  	
  350	
  

Sancassania	
  berlesei:	
  Grain	
  mites	
  (a	
  kind	
  gift	
  from	
  J.	
  Radwan)	
  were	
  maintained	
  351	
  

in	
  large	
  numbers	
  in	
  Petri	
  dishes	
  (6cm	
  diameter)	
  with	
  fly	
  food	
  under	
  lab	
  conditions	
  352	
  

(25oC,	
  50%	
  humidity	
  and	
  L:D	
  12:12	
  photoperiod).	
  	
  353	
  

Drosophila	
  melanogaster:	
  The	
  w1118	
  laboratory	
  stock	
  kept	
  under	
  standard	
  354	
  

laboratory	
  conditions,	
  was	
  used	
  in	
  the	
  survival	
  assays	
  and	
  the	
  dynamics	
  of	
  bacterial	
  355	
  

infection.	
  	
  356	
  

Bacteria:	
  Escherichia	
  coli	
  (Gram	
  -­‐)	
  and	
  Bacillus	
  megaterium	
  (Gram	
  +)	
  stocks	
  357	
  

were	
  kept	
  at	
  -­‐80oC	
  and	
  bacteria	
  plated	
  onto	
  Petri	
  dishes	
  with	
  Luria	
  Broth	
  (LB).	
  Per	
  358	
  

experiment,	
  one	
  colony	
  was	
  picked	
  from	
  selective	
  medium	
  cultures,	
  transferred	
  to	
  359	
  

liquid	
  LB	
  and	
  grown	
  overnight	
  at	
  37oC	
  for	
  E.	
  coli	
  and	
  at	
  30oC	
  for	
  B.	
  megaterium.	
  	
  360	
  

Survival	
  Assays	
  361	
  

T.	
  urticae,	
  S.	
  berlesei	
  and	
  D.	
  melanogaster	
  survival	
  was	
  monitored	
  after	
  injection	
  with	
  362	
  

E.	
  coli	
  or	
  B.	
  megaterium	
  for	
  up	
  to	
  96	
  hours	
  at	
  24-­‐hour	
  intervals.	
  Individuals	
  were	
  363	
  

injected	
  with	
  LB	
  with	
  or	
  without	
  bacteria.	
  For	
  the	
  former	
  treatment,	
  we	
  used	
  three	
  364	
  

different	
  concentrations	
  of	
  bacteria,	
  OD0.1,	
  OD1	
  and	
  OD10	
  measured	
  with	
  a	
  BioRad	
  365	
  

SmartSpec	
  3000.	
  OD10	
  corresponds	
  to	
  5x109cell/ml,	
  OD1	
  and	
  OD0.10	
  were	
  obtained	
  366	
  

by	
  diluting	
  bacteria	
  at	
  OD1	
  in	
  LB	
  at	
  a	
  1:10	
  ratio	
  and	
  1:100	
  ratio,	
  respectively.	
  367	
  

T.	
  urticae	
  transcriptome	
  analysis	
  368	
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Female	
  adult	
  spider	
  mites	
  were	
  injected	
  with	
  E.	
  coli	
  or	
  B.	
  megaterium	
  at	
  OD1	
  369	
  

concentration	
  with	
  LB	
  as	
  a	
  negative	
  control,	
  or	
  were	
  left	
  un-­‐manipulated.	
  370	
  

Three,	
  6	
  and	
  12	
  h	
  post-­‐infection,	
  4	
  biological	
  replicates	
  of	
  every	
  injection	
  treatment	
  371	
  

were	
  collected.	
  Two	
  biological	
  replicates	
  were	
  collected	
  from	
  non-­‐treated,	
  non-­‐372	
  

injected	
  mites.	
  Every	
  RNA	
  sample	
  was	
  extracted	
  from	
  a	
  pool	
  of	
  300	
  mites	
  and	
  labelled	
  373	
  

with	
  Cy5	
  or	
  with	
  Cy3.	
  Significant	
  differential	
  expression	
  was	
  identified	
  by	
  an	
  empirical	
  374	
  

Bayes	
  approach	
  employing	
  cut-­‐offs	
  for	
  the	
  Benjamini-­‐Hochberg	
  FDR	
  adjusted	
  p-­‐values	
  375	
  

and	
  log2-­‐converted	
  fold	
  change	
  at	
  0.05	
  and	
  1,	
  respectively	
  [51].	
  The	
  proxy,	
  NbClust	
  and	
  376	
  

dtw	
  packages	
  in	
  R	
  were	
  used	
  in	
  the	
  distance	
  matrix	
  construction	
  and	
  clustering	
  of	
  the	
  377	
  

transcriptomic	
  responses.	
  Distance	
  measures	
  were	
  generated	
  through	
  alignments	
  of	
  378	
  

the	
  relative	
  transcription	
  levels	
  (injected	
  vs	
  non-­‐injected)	
  using	
  dynamic	
  time	
  warp	
  379	
  

algorithms.	
  	
  This	
  technique	
  allows	
  for	
  the	
  comparison	
  of	
  the	
  transcriptomic	
  responses	
  380	
  

over	
  time	
  [52][53].	
  381	
  

Infection	
  with	
  heat-­‐killed	
  bacteria	
  382	
  

T.	
  urticae	
  and	
  S.	
  berlesei	
  survival	
  was	
  measured	
  after	
  infection	
  (injection	
  or	
  pricking,	
  383	
  

respectively)	
  with	
  live	
  or	
  heat-­‐killed	
  E.	
  coli	
  or	
  B.	
  megaterium	
  at	
  OD10.	
  Three	
  replicates	
  384	
  

of	
  30,	
  1-­‐3	
  day-­‐old,	
  adult	
  females	
  were	
  used	
  per	
  treatment:	
  LB,	
  live	
  E.	
  coli,	
  heat-­‐killed	
  E.	
  385	
  

coli,	
  live	
  B.	
  megaterium	
  and	
  heat-­‐killed	
  B.	
  megaterium.	
  Survival	
  was	
  monitored	
  every	
  386	
  

24	
  hours	
  over	
  4	
  days.	
  387	
  

Dynamics	
  of	
  bacterial	
  growth	
  388	
  

We	
  infected	
  150	
  females	
  of	
  T.	
  urticae,	
  S.	
  berlesei	
  and	
  D.	
  melanogaster	
  with	
  5	
  to	
  100	
  389	
  

CFUs	
  of	
  E.	
  coli	
  per	
  individual.	
  The	
  dynamics	
  of	
  the	
  bacterial	
  population	
  was	
  followed	
  390	
  

every	
  24	
  hours	
  from	
  0	
  to	
  96	
  hours.	
  At	
  each	
  time	
  point,	
  three	
  replicates	
  of	
  4	
  individuals	
  391	
  

were	
  homogenized	
  in	
  50μl	
  of	
  LB	
  and	
  serially	
  diluted.	
  Homogenates	
  (4	
  μl)	
  were	
  plated	
  392	
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in	
  triplicate	
  on	
  LB	
  plates	
  supplemented	
  with	
  100	
  mg/ml	
  kanamycin	
  and	
  incubated	
  393	
  

overnight.	
  The	
  next	
  day,	
  the	
  number	
  of	
  CFUs	
  was	
  counted.	
  For	
  S.	
  berlesei	
  and	
  D.	
  394	
  

melanogaster,	
  only	
  the	
  homogenates	
  of	
  the	
  individuals	
  alive	
  were	
  plated.	
  However,	
  for	
  395	
  

T.	
  urticae,	
  individuals	
  collected	
  and	
  plated	
  at	
  72	
  and	
  96	
  hours	
  were	
  dead	
  because	
  no	
  396	
  

survivors	
  could	
  be	
  recovered	
  at	
  those	
  time	
  points.	
  The	
  standard	
  error	
  was	
  obtained	
  by	
  397	
  

dividing	
  the	
  standard	
  deviation	
  of	
  the	
  3	
  biological	
  replicates	
  datapoints	
  (values	
  in	
  log10	
  398	
  

CFU),	
  divided	
  by	
  the	
  square	
  root	
  of	
  three,	
  the	
  number	
  of	
  samples	
  for	
  each	
  time	
  399	
  

point/species.	
  400	
  

Estimating	
  the	
  microbiota	
  associated	
  to	
  each	
  mite	
  species	
  401	
  

Sterilization	
  and	
  rifampicin	
  treatments	
  402	
  

To	
  measure	
  the	
  approximate	
  number	
  of	
  bacteria	
  present	
  either	
  outside	
  or	
  inside	
  each	
  403	
  

mite	
  species,	
  adult	
  T.	
  urticae	
  and	
  S.	
  berlesei	
  females	
  were	
  exposed	
  to	
  one	
  of	
  four	
  404	
  

different	
  treatments:	
  no	
  sterilization,	
  sterilization,	
  feeding	
  on	
  rifampicin,	
  and	
  feeding	
  405	
  

on	
  rifampicin	
  plus	
  sterilization.	
  Single	
  individuals	
  were	
  homogenized	
  in	
  50	
  µl	
  of	
  LB,	
  406	
  

plated	
  (4	
  µl)	
  in	
  LB-­‐Agar	
  and	
  incubated	
  overnight	
  at	
  30oC.	
  The	
  next	
  day,	
  the	
  number	
  of	
  407	
  

CFUs	
  was	
  counted	
  and	
  used	
  as	
  a	
  proxy	
  to	
  estimate	
  the	
  microbiota	
  associated	
  to	
  each	
  408	
  

mite	
  (five	
  per	
  treatment	
  and	
  per	
  species).	
  	
  409	
  

Semi-­‐quantitative	
  PCR	
  of	
  bacterial	
  16S	
  410	
  

DNA	
  was	
  extracted	
  from	
  individual	
  mites	
  after	
  sterilization	
  (GenEluteTM	
  Mammalian	
  411	
  

Genomic	
  DNA	
  Miniprep	
  Kit,	
  Sigma-­‐Aldrich	
  Co,	
  St.	
  Louis,	
  USA).	
  PCR	
  were	
  performed	
  412	
  

using	
  standardized	
  concentration	
  of	
  DNA	
  templates	
  (c.a.	
  4.5ng/µl)	
  and	
  using	
  universal	
  413	
  

primers	
  for	
  the	
  bacterial	
  16S	
  gene	
  defined	
  by	
  Lane	
  [54],	
  27f:	
  GAG	
  AGT	
  TTG	
  ATC	
  CTG	
  414	
  

GCT	
  CAG	
  and	
  1495r:	
  CTA	
  CGG	
  CTA	
  CCT	
  TGT	
  TAC	
  GA.	
  PCR	
  amplification	
  conditions	
  were	
  415	
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as	
  follows:	
  15	
  min	
  at	
  95°C,	
  followed	
  by	
  15/20/25/30	
  three-­‐step	
  cycles	
  of	
  94°C	
  for	
  30	
  s,	
  416	
  

58°C	
  for	
  1	
  min30	
  s,	
  72°C	
  for	
  1	
  min	
  followed	
  by	
  a	
  final	
  step	
  of	
  10	
  min	
  at	
  72°C.	
  	
  417	
  

Statistical	
  analysis	
  418	
  

Analyses	
  were	
  carried	
  out	
  using	
  the	
  R	
  statistical	
  package	
  (version	
  3.1.2).	
  To	
  compare	
  419	
  

survival	
  between	
  uninfected	
  and	
  infected	
  individuals,	
  we	
  used	
  Cox	
  proportional	
  420	
  

hazards	
  mixed-­‐effect	
  models	
  (coxme,	
  coxme	
  package).	
  To	
  compare	
  the	
  dynamics	
  of	
  421	
  

bacterial	
  infection,	
  a	
  linear	
  model	
  on	
  log10	
  transformed	
  bacterial	
  counts	
  was	
  employed	
  422	
  

with	
  species,	
  time-­‐point	
  and	
  the	
  interaction	
  between	
  species	
  and	
  time-­‐point	
  as	
  fixed	
  423	
  

factors.	
  To	
  analyse	
  the	
  microbial	
  community	
  of	
  both	
  mite	
  species,	
  a	
  linear	
  model	
  on	
  424	
  

the	
  log10-­‐transformed	
  bacteria	
  counts	
  was	
  employed	
  with	
  species	
  and	
  treatment	
  as	
  425	
  

fixed	
  factors.	
  In	
  both	
  tests,	
  the	
  significance	
  of	
  the	
  explanatory	
  variables	
  was	
  tested	
  426	
  

using	
  type	
  I	
  ANOVA.	
  Pairwise	
  comparisons	
  between	
  time-­‐points	
  or	
  treatments	
  were	
  427	
  

performed	
  using	
  the	
  lsmeans	
  function	
  of	
  the	
  package	
  lsmeans.	
  When	
  a	
  significant	
  428	
  

interaction	
  was	
  found,	
  comparisons	
  were	
  done	
  separately	
  for	
  each	
  species	
  or	
  each	
  429	
  

treatment.	
  430	
  

	
  431	
  

	
  432	
  

Data	
  accessibility	
  433	
  

T.	
  urticae	
  sequence	
  data	
  may	
  be	
  accessed	
  at:	
  434	
  

http://bioinformatics.psb.ugent.be/orcae/overview/Tetur	
  	
  and	
  435	
  

http://www.uniprot.org/proteomes/	
  under	
  UP000015104.	
  436	
  

Transcriptomic	
  data	
  may	
  be	
  accessed	
  at	
  the	
  GEO	
  database	
  of	
  NCBI	
  under	
  accession	
  437	
  

number	
  GSE64199.	
  438	
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Figure	
  legends	
  620	
  

	
  621	
  

Figure	
  1	
  -­‐	
  Bacterial	
  infection	
  severely	
  affects	
  survival	
  of	
  T.	
  urticae.	
  622	
  

(a)	
  T.	
  urticae	
  adult	
  females	
  were	
  infected	
  with	
  E.	
  coli	
  at	
  ODs	
  0.1,	
  1	
  and	
  10	
  and	
  with	
  LB	
  623	
  

as	
  control.	
  There	
  is	
  a	
  clear	
  reduction	
  in	
  survival	
  of	
  T.	
  urticae	
  after	
  infection,	
  624	
  

independently	
  of	
  the	
  bacteria	
  concentration	
  tested.	
  (b)	
  T.	
  urticae	
  adult	
  females	
  were	
  625	
  

infected	
  with	
  B.	
  megaterium	
  at	
  ODs	
  0.1,	
  1	
  and	
  10,	
  with	
  LB	
  and	
  E.	
  coli	
  at	
  OD	
  0.1	
  as	
  626	
  

controls.	
  A	
  reduction	
  in	
  the	
  survival	
  of	
  T.	
  urticae	
  was	
  observed	
  after	
  infection	
  with	
  B.	
  627	
  

megaterium	
  with	
  the	
  two	
  highest	
  concentrations	
  tested,	
  but	
  not	
  for	
  OD	
  0.1.	
  In	
  a)	
  and	
  628	
  

b),	
  vertical	
  bars	
  correspond	
  to	
  the	
  standard	
  errors	
  of	
  survival	
  estimates,	
  obtained	
  from	
  629	
  

the	
  Cox	
  proportional	
  hazards	
  models.	
  (c)	
  Hazard	
  ratios	
  between	
  T.	
  urticae	
  adults	
  630	
  

infected	
  with	
  LB	
  or	
  with	
  bacteria	
  (light	
  grey	
  –	
  B.	
  megaterium;	
  dark	
  grey	
  –	
  E.	
  coli).	
  631	
  

Vertical	
  bars	
  correspond	
  to	
  the	
  95%	
  confidence	
  intervals	
  of	
  the	
  estimated	
  hazard	
  632	
  

ratios.	
  ***P<	
  0,001.	
  633	
  

	
  634	
  

Figure	
  2-­‐	
  Spider	
  mites	
  do	
  not	
  trigger	
  an	
  induced	
  immune	
  response	
  against	
  bacterial	
  635	
  

infection.	
  636	
  

T.	
  urticae	
  adult	
  females	
  were	
  infected	
  with	
  E.	
  coli,	
  B.	
  megaterium	
  and	
  LB-­‐buffer	
  by	
  an	
  637	
  

injection	
   method	
   and	
   collected	
   3,	
   6	
   or	
   12	
   hours	
   post	
   infection	
   (pi)	
   to	
   analyse	
   the	
  638	
  

transcriptomic	
   responses.	
   Using	
   non-­‐injected	
   mites	
   as	
   a	
   reference,	
   the	
   relative	
  639	
  

transcription	
   levels	
  of	
  the	
  gene	
  sets	
  that	
  showed	
  significant	
  differential	
  expression	
   in	
  640	
  

any	
   time	
   point	
   of	
   each	
   bacterial	
   and	
   LB-­‐control	
   	
   treatment	
   was	
   subjected	
   to	
  641	
  

hierarchical	
   clustering	
   based	
   on	
   the	
   distance	
   calculated	
   by	
   dynamic	
   time	
   warping	
  642	
  

alignments.	
   Resulting	
   clusters	
   were	
   grouped	
   of	
   which	
   the	
   means	
   (solid	
   line)	
   and	
  643	
  



	
  
	
  

27	
  

confidence	
  interval	
  (α:	
  0.05)	
  (shaded	
  regions)	
  are	
  shown	
  for	
  infections	
  with	
  E.	
  coli	
  (in	
  644	
  

red)	
  (a)	
  or	
  B.	
  megaterium	
   (in	
  green)	
  (b)	
  together	
  with	
  their	
  respective	
  LB-­‐controls	
  (in	
  645	
  

black).	
  646	
  

	
  647	
  

Figure	
  3	
  –	
  Sancassania	
  berlesei	
  can	
  resist	
  bacterial	
  infection.	
  648	
  

	
  (a	
  and	
  b)	
  S.	
  berlesei	
  adult	
  females	
  were	
  infected	
  with	
  E.	
  coli	
  (a)	
  or	
  B.	
  megaterium	
  (b)	
  at	
  649	
  

three	
  concentrations	
  or	
  with	
  LB	
  as	
  control	
  and	
  their	
  survival	
  was	
  followed	
  daily	
  over	
  4	
  650	
  

days.	
  Bacterial	
  infection	
  decreased	
  survival	
  but	
  to	
  a	
  lesser	
  degree	
  than	
  that	
  observed	
  651	
  

in	
  T.	
  urticae.	
  In	
  a)	
  and	
  b),	
  vertical	
  bars	
  correspond	
  to	
  the	
  standard	
  errors	
  of	
  survival	
  652	
  

estimates,	
  obtained	
  from	
  the	
  Cox	
  proportional	
  hazards	
  models.	
  (c)	
  Hazard	
  ratios	
  of	
  S.	
  653	
  

berlesei	
  adults	
  injected	
  with	
  bacteria	
  relative	
  to	
  LB	
  injected	
  controls.	
  Vertical	
  bars	
  654	
  

correspond	
  to	
  the	
  95%	
  confidence	
  intervals	
  of	
  the	
  estimated	
  hazard	
  ratios.	
  *P<0,05;	
  655	
  

**P<0,01	
  and	
  ***P<	
  0,001.	
  656	
  

	
  657	
  

Figure	
  4	
  -­‐	
  E.	
  coli	
  proliferation	
  in	
  different	
  species	
  correlates	
  with	
  host	
  survival	
  658	
  

patterns	
  and	
  gut	
  microbiota	
  size.	
  659	
  

T.	
  urticae,	
  D.	
  melanogaster	
  and	
  S.	
  berlesei	
  were	
  infected	
  with	
  5-­‐100	
  CFUs	
  of	
  E.	
  coli	
  per	
  660	
  

individual	
  and	
  bacterial	
  dynamics	
  within	
  the	
  host	
  was	
  quantified	
  daily	
  for	
  up	
  to	
  4	
  days	
  661	
  

after	
  infection.	
  (a)	
  In	
  T.	
  urticae	
  an	
  increase	
  in	
  the	
  number	
  of	
  CFUs	
  in	
  living	
  individuals	
  662	
  

was	
  observed	
  over	
  the	
  course	
  of	
  2	
  days.	
  At	
  3	
  days	
  and	
  4	
  days	
  (between	
  brackets)	
  only	
  663	
  

dead	
  individuals	
  were	
  plated	
  as	
  there	
  were	
  no	
  survivors,	
  but	
  the	
  CFUs	
  did	
  not	
  increase	
  664	
  

significantly.	
  (b)	
  For	
  S.	
  berlesei	
  injection,	
  the	
  dynamics	
  of	
  E.	
  coli	
  growth	
  was	
  similar	
  to	
  665	
  

that	
  of	
  D.	
  melanogaster.	
  (c)	
  Gut	
  microbiota	
  is	
  virtually	
  absent	
  in	
  T.	
  urticae	
  as	
  opposed	
  666	
  

to	
  S.	
  berlesei.	
  Untreated	
  mites	
  (control)	
  or	
  treated	
  with	
  different	
  protocols	
  to	
  remove	
  667	
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bacteria	
  from	
  their	
  surface	
  (sterilized),	
  from	
  their	
  organism	
  (rifampicin)	
  and	
  from	
  both	
  668	
  

their	
  surface	
  and	
  organism	
  (sterilized	
  and	
  rifampicin)	
  were	
  homogenized	
  and	
  plated	
  on	
  669	
  

a	
  petri	
  dish	
  containing	
  LB-­‐Agar.	
  	
  T.	
  urticae	
  is	
  colonized	
  by	
  2	
  to	
  3	
  orders	
  of	
  magnitude	
  670	
  

less	
  bacteria	
  than	
  S.	
  berlesei.	
  ***P<	
  0,001.	
  671	
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Figure	
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Figure	
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