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Figure	
  1.	
  Genome	
  organization	
  of	
  newly	
  discovered	
  viruses	
  from	
  metagenomic	
  RNA	
  329	
  
sequencing	
  of	
  CO2	
  sensitive	
  flies.	
  	
  330	
  
Putative	
  genes	
  are	
  shown	
  in	
  colour,	
  non-­‐coding	
  regions	
  are	
  shown	
  in	
  black.	
  ORFs	
  were	
  331	
  
designated	
  as	
  the	
  first	
  start	
  codon	
  following	
  the	
  transcription	
  termination	
  sequence	
  (7	
  U’s)	
  of	
  the	
  332	
  
previous	
  ORF	
  to	
  the	
  first	
  stop	
  codon.	
  Dotted	
  lines	
  represent	
  parts	
  of	
  the	
  genome	
  not	
  sequenced.	
  333	
  
These	
  viruses	
  were	
  either	
  from	
  our	
  own	
  RNA-­‐seq	
  data,	
  or	
  were	
  first	
  found	
  in	
  in	
  public	
  databases	
  334	
  
and	
  key	
  features	
  verified	
  by	
  PCR	
  and	
  Sanger	
  sequencing.	
  Rhabdovirus	
  genomes	
  are	
  typically	
  335	
  
~11-­‐13kb	
  long	
  and	
  contain	
  five	
  core	
  genes	
  3’-­‐N-­‐P-­‐M-­‐G-­‐L-­‐5’	
  [3].	
  However,	
  a	
  number	
  of	
  groups	
  of	
  336	
  
rhabdoviruses	
  contain	
  additional	
  accessory	
  genes	
  and	
  can	
  be	
  up	
  to	
  ~16kb	
  long	
  [14,	
  52].	
  	
  337	
  
	
  338	
  
New	
  rhabdoviruses	
  from	
  public	
  databases	
  339	
  
	
  340	
  
We	
  identified	
  a	
  further	
  26	
  novel	
  rhabdovirus-­‐like	
  sequences	
  by	
  searching	
  public	
  341	
  
databases	
  of	
  assembled	
  RNA-­‐seq	
  data	
  with	
  BLAST.	
  These	
  included	
  19	
  viruses	
  from	
  342	
  
arthropods	
  (Fleas,	
  Crustacea,	
  Lepidoptera,	
  Diptera),	
  one	
  from	
  a	
  Cnidarian	
  (Hydra)	
  and	
  5	
  343	
  
from	
  plants	
  (Table	
  S3).	
  Of	
  these	
  viruses,	
  19	
  had	
  sufficient	
  amounts	
  of	
  coding	
  sequence	
  344	
  
(>1000bp)	
  to	
  include	
  in	
  the	
  phylogenetic	
  analysis	
  (Table	
  S3),	
  whilst	
  the	
  remainder	
  were	
  345	
  
too	
  short	
  (Table	
  S4).	
  	
  346	
  
	
  347	
  
Four	
  viruses	
  from	
  databases	
  had	
  near-­‐complete	
  genomes	
  based	
  on	
  their	
  size.	
  These	
  348	
  
were	
  from	
  the	
  moth	
  Triodia	
  sylvina,	
  the	
  house	
  fly	
  Musca	
  domestica	
  (99%	
  nucleotide	
  349	
  
identity	
  to	
  Wuhan	
  house	
  fly	
  virus	
  2	
  [13]),	
  the	
  butterfly	
  Pararge	
  aegeria	
  and	
  the	
  medfly	
  350	
  
Ceratitis	
  capitata,	
  all	
  of	
  which	
  contain	
  ORFs	
  corresponding	
  to	
  the	
  five	
  core	
  rhabdovirus	
  351	
  
genes.	
  The	
  sequence	
  from	
  C.	
  capitata	
  had	
  an	
  additional	
  ORF	
  between	
  the	
  P	
  and	
  M	
  genes	
  352	
  
with	
  BLAST	
  sequence	
  similarity	
  to	
  the	
  X	
  gene	
  in	
  sigma	
  viruses.	
  There	
  were	
  several	
  353	
  
unusual	
  sequences.	
  Firstly,	
  in	
  the	
  virus	
  from	
  P.	
  aegeria	
  there	
  appear	
  to	
  be	
  two	
  full-­‐354	
  
length	
  glycoprotein	
  ORFs	
  between	
  the	
  M	
  and	
  L	
  genes	
  (we	
  confirmed	
  by	
  Sanger	
  355	
  
sequencing	
  that	
  both	
  exist	
  and	
  the	
  stop	
  codon	
  between	
  the	
  two	
  genes	
  was	
  not	
  an	
  error).	
  	
  356	
  
Secondly,	
  the	
  Agave	
  tequilana	
  transcriptome	
  contained	
  a	
  L	
  gene	
  ORF	
  on	
  a	
  contig	
  that	
  357	
  
was	
  the	
  length	
  of	
  a	
  typical	
  rhabdovirus	
  genome	
  but	
  did	
  not	
  appear	
  to	
  contain	
  typical	
  358	
  
gene	
  content,	
  suggesting	
  it	
  has	
  very	
  atypical	
  genome	
  organization,	
  or	
  has	
  been	
  359	
  
misassembled,	
  or	
  is	
  integrated	
  into	
  its	
  host	
  plant	
  genome	
  [53].	
  Finally,	
  the	
  virus	
  from	
  360	
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Hydra	
  magnipapillata	
  contained	
  six	
  predicted	
  genes,	
  but	
  the	
  L	
  gene	
  (RDRP)	
  ORF	
  was	
  361	
  
unusually	
  long.	
  Some	
  of	
  the	
  viruses	
  we	
  detected	
  may	
  be	
  EVEs	
  inserted	
  into	
  the	
  host	
  362	
  
genome	
  and	
  subsequently	
  expressed	
  [18].	
  For	
  example,	
  this	
  is	
  likely	
  the	
  case	
  for	
  the	
  363	
  
sequence	
  from	
  the	
  silkworm	
  Bombyx	
  mori	
  that	
  we	
  also	
  found	
  in	
  the	
  silkworm	
  genome,	
  364	
  
and	
  the	
  L	
  gene	
  sequence	
  from	
  Spodoptera	
  exigua	
  that	
  contains	
  stop	
  codons.	
  Under	
  the	
  365	
  
assumption	
  that	
  viruses	
  integrated	
  into	
  host	
  genomes	
  once	
  infected	
  those	
  hosts,	
  this	
  366	
  
does	
  not	
  affect	
  our	
  conclusions	
  below	
  about	
  the	
  host	
  range	
  of	
  these	
  viruses	
  [15-­‐17].	
  	
  We	
  367	
  
also	
  found	
  nine	
  other	
  novel	
  mononegavirale-­‐like	
  sequences	
  that	
  group	
  with	
  recently	
  368	
  
discovered	
  clades	
  of	
  insect	
  viruses	
  [13]	
  (see	
  Table	
  S5	
  and	
  369	
  
http://dx.doi.org/10.6084/m9.figshare.1425083).	
  370	
  
	
  371	
  
Rhabdovirus	
  Phylogeny	
  372	
  
	
  373	
  
To	
  reconstruct	
  the	
  evolution	
  of	
  the	
  Rhabdoviridae	
  we	
  have	
  produced	
  the	
  most	
  complete	
  374	
  
phylogeny	
  of	
  the	
  group	
  to	
  date	
  (Figure	
  2).	
  We	
  aligned	
  the	
  relatively	
  conserved	
  L	
  gene	
  375	
  
(RNA	
  Dependant	
  RNA	
  Polymerase)	
  from	
  our	
  newly	
  discovered	
  viruses	
  with	
  sequences	
  376	
  
of	
  known	
  rhabdoviruses	
  to	
  give	
  an	
  alignment	
  of	
  195	
  rhabdoviruses	
  (and	
  26	
  other	
  377	
  
mononegavirales	
  as	
  an	
  outgroup).	
  	
  We	
  reconstructed	
  the	
  phylogeny	
  using	
  different	
  378	
  
sequence	
  alignments	
  and	
  methodologies,	
  and	
  these	
  all	
  gave	
  qualitatively	
  similar	
  results	
  379	
  
with	
  the	
  same	
  major	
  clades	
  being	
  reconstructed	
  (Gblocks:	
  380	
  
http://dx.doi.org/10.6084/m9.figshare.1425083,	
  TrimAl:	
  381	
  
http://dx.doi.org/10.6084/m9.figshare.1425082	
  and	
  BEAST:	
  382	
  
http://dx.doi.org/10.6084/m9.figshare.1425436).	
  The	
  ML	
  and	
  Bayesian	
  relaxed	
  clock	
  383	
  
phylogenies	
  were	
  very	
  similar:	
  149/188	
  nodes	
  are	
  found	
  in	
  both	
  reconstructions	
  and	
  384	
  
only	
  2	
  nodes	
  present	
  in	
  the	
  Bayesian	
  relaxed	
  clock	
  tree	
  with	
  strong	
  support	
  are	
  absent	
  385	
  
from	
  the	
  ML	
  tree	
  with	
  strong	
  support.	
  These	
  are	
  found	
  in	
  a	
  single	
  basal	
  clade	
  of	
  386	
  
divergent	
  but	
  uniformly	
  arthropod-­‐specific	
  strains,	
  where	
  the	
  difference	
  in	
  topology	
  will	
  387	
  
have	
  no	
  consequence	
  for	
  inference	
  of	
  host	
  association.	
  This	
  suggests	
  that	
  our	
  analysis	
  is	
  388	
  
robust	
  to	
  the	
  assumptions	
  of	
  a	
  relaxed	
  molecular	
  clock.	
  	
  The	
  branching	
  order	
  between	
  389	
  
the	
  clades	
  in	
  the	
  dimarhabdovirus	
  supergroup	
  was	
  generally	
  poorly	
  supported	
  and	
  390	
  
differed	
  between	
  the	
  methods	
  and	
  alignments.	
  Eight	
  sequences	
  that	
  we	
  discovered	
  were	
  391	
  
not	
  included	
  in	
  this	
  analysis	
  as	
  they	
  were	
  considered	
  too	
  short,	
  but	
  their	
  closest	
  BLAST	
  392	
  
hits	
  are	
  listed	
  in	
  Table	
  S4	
  (http://dx.doi.org/10.6084/m9.figshare.1502665).	
  393	
  
	
  394	
  
We	
  recovered	
  all	
  of	
  the	
  major	
  clades	
  described	
  previously	
  (Figure	
  2),	
  and	
  found	
  that	
  the	
  395	
  
majority	
  of	
  known	
  rhabdoviruses	
  belong	
  to	
  the	
  dimarhabdovirus	
  clade	
  (Figure	
  2b).	
  	
  The	
  396	
  
RNA-­‐seq	
  viruses	
  from	
  Drosophila	
  fall	
  into	
  either	
  the	
  sigma	
  virus	
  clade	
  (Figure	
  2b)	
  or	
  the	
  397	
  
arthropod	
  clade	
  sister	
  to	
  the	
  cyto-­‐	
  and	
  nucleo-­‐	
  rhabdoviruses	
  (Figure	
  2a).	
  The	
  viruses	
  	
  398	
  
from	
  sequence	
  databases	
  are	
  diverse,	
  coming	
  from	
  almost	
  all	
  of	
  the	
  major	
  clades	
  with	
  399	
  
the	
  exception	
  of	
  the	
  lyssaviruses.	
  400	
  
	
  401	
  
Predicted	
  host	
  associations	
  of	
  viruses	
  	
  402	
  
	
  403	
  
With	
  a	
  few	
  exceptions,	
  rhabdoviruses	
  are	
  either	
  arthropod-­‐vectored	
  viruses	
  of	
  plants	
  or	
  404	
  
vertebrates,	
  or	
  are	
  vertebrate-­‐	
  or	
  arthropod-­‐	
  specific.	
  In	
  many	
  cases	
  the	
  only	
  405	
  
information	
  about	
  a	
  virus	
  is	
  the	
  host	
  from	
  which	
  it	
  was	
  isolated.	
  Therefore,	
  a	
  priori,	
  it	
  is	
  406	
  
not	
  clear	
  whether	
  viruses	
  isolated	
  from	
  vertebrates	
  are	
  vertebrate-­‐specific	
  or	
  407	
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arthropod-­‐vectored,	
  or	
  whether	
  viruses	
  isolated	
  from	
  biting	
  arthropods	
  (e.g.	
  408	
  
mosquitoes,	
  sandflies,	
  ticks,	
  midges	
  and	
  sea	
  lice)	
  are	
  arthropod	
  specific	
  or	
  also	
  infect	
  409	
  
vertebrates.	
  Likewise,	
  it	
  is	
  not	
  clear	
  whether	
  viruses	
  isolated	
  from	
  sap-­‐sucking	
  insects	
  410	
  
(all	
  Hemiptera:	
  aphids,	
  leafhoppers,	
  scale	
  insect	
  and	
  mealybugs)	
  are	
  arthropod-­‐specific	
  411	
  
or	
  arthropod-­‐vectored	
  plant	
  viruses.	
  By	
  combining	
  data	
  on	
  the	
  ambiguous	
  and	
  known	
  412	
  
host	
  associations	
  with	
  phylogenetic	
  information,	
  we	
  were	
  able	
  to	
  predict	
  both	
  the	
  413	
  
ancestral	
  and	
  present	
  host	
  associations	
  of	
  these	
  viruses	
  414	
  
(http://dx.doi.org/10.6084/m9.figshare.1425436).	
  To	
  do	
  this	
  we	
  used	
  a	
  Bayesian	
  415	
  
phylogenetic	
  analysis	
  that	
  simultaneously	
  estimated	
  the	
  phylogeny	
  and	
  host	
  association	
  416	
  
of	
  our	
  data.	
  	
  In	
  the	
  analysis	
  we	
  defined	
  our	
  host	
  associations	
  either	
  as	
  vertebrate-­‐417	
  
specific,	
  arthropod-­‐specific,	
  arthropod-­‐vectored	
  vertebrate,	
  arthropod-­‐vectored	
  plant,	
  418	
  
nematode,	
  or	
  as	
  ambiguous	
  between	
  two	
  (and	
  in	
  one	
  case	
  all	
  five)	
  of	
  these	
  states	
  (see	
  419	
  
Methods).	
  420	
  
	
  421	
  
This	
  approach	
  identified	
  a	
  large	
  number	
  of	
  viruses	
  that	
  are	
  likely	
  to	
  be	
  new	
  arthropod-­‐422	
  
vectored	
  vertebrate	
  viruses	
  (Figure	
  2b).	
  Of	
  80	
  viruses	
  with	
  ambiguous	
  89	
  host	
  423	
  
associations	
  were	
  assigned	
  a	
  host	
  association	
  with	
  strong	
  posterior	
  support	
  (>0.95).	
  Of	
  424	
  
the	
  52	
  viruses	
  found	
  in	
  biting	
  arthropods,	
  45	
  were	
  predicted	
  to	
  be	
  arthropod-­‐vectored	
  425	
  
vertebrate	
  viruses,	
  and	
  6	
  to	
  be	
  arthropod-­‐specific.	
  Of	
  the	
  30	
  viruses	
  found	
  in	
  426	
  
vertebrates,	
  22	
  were	
  predicted	
  to	
  be	
  arthropod-­‐vectored	
  vertebrate	
  viruses,	
  and	
  2	
  were	
  427	
  
predicted	
  to	
  be	
  vertebrate-­‐specific	
  (both	
  fish	
  viruses).	
  Of	
  the	
  7	
  viruses	
  found	
  in	
  plant-­‐428	
  
sap-­‐feeding	
  arthropods	
  (Figure	
  2a),	
  3	
  were	
  predicted	
  to	
  be	
  plant-­‐associated	
  and	
  2	
  429	
  
arthropod-­‐associated.	
  	
  	
  430	
  

	
  431	
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Figure	
  2.	
  Maximum	
  likelihood	
  phylogeny	
  of	
  the	
  Rhabdoviridae.	
  	
  433	
  
(A)	
  shows	
  the	
  basal	
  fish-­‐infecting	
  novirhabdoviruses,	
  an	
  unassigned	
  group	
  of	
  arthropod	
  434	
  
associated	
  viruses,	
  the	
  plant	
  infecting	
  cyto-­‐	
  and	
  nucleo-­‐	
  rhabdoviruses,	
  as	
  well	
  as	
  the	
  vertebrate	
  435	
  
specific	
  lyssaviruses.	
  (B)	
  shows	
  the	
  dimarhabdovirus	
  supergroup,	
  which	
  is	
  predominantly	
  436	
  
composed	
  of	
  arthropod-­‐vectored	
  vertebrate	
  viruses,	
  along	
  with	
  the	
  arthropod-­‐specific	
  sigma	
  437	
  
virus	
  clade.	
  Branches	
  are	
  coloured	
  based	
  on	
  the	
  Bayesian	
  host	
  association	
  reconstruction	
  438	
  
analysis.	
  Black	
  represents	
  taxa	
  omitted	
  from	
  host-­‐state	
  reconstruction	
  or	
  associations	
  with	
  <0.95	
  439	
  
support.	
  The	
  tree	
  was	
  inferred	
  from	
  L	
  gene	
  sequences	
  using	
  the	
  Gblocks	
  alignment.	
  The	
  columns	
  440	
  
of	
  text	
  are	
  the	
  virus	
  name,	
  the	
  host	
  category	
  used	
  for	
  reconstructions,	
  and	
  known	
  hosts	
  (from	
  left	
  441	
  
to	
  right).	
  	
  Codes	
  for	
  the	
  host	
  categories	
  are:	
  VS=	
  vertebrate-­‐specific,	
  VV	
  =	
  arthropod-­‐vectored	
  442	
  
vertebrate,	
  A=	
  arthropod	
  specific,	
  BS	
  =	
  biting-­‐arthropod	
  (ambiguous	
  state),	
  V	
  =	
  vertebrate	
  443	
  
(ambiguous	
  state)	
  AP	
  =plant-­‐sap-­‐feeding-­‐arthropod	
  (ambiguous	
  state),	
  UH	
  =	
  uncertain-­‐host	
  444	
  
(ambiguous	
  across	
  all	
  states)	
  and	
  N	
  =	
  nematode.	
  Names	
  in	
  bold	
  and	
  underlined	
  are	
  viruses	
  445	
  
discovered	
  in	
  this	
  study.	
  The	
  tree	
  is	
  rooted	
  with	
  the	
  Chuvirus	
  clade	
  (root	
  collapsed)	
  as	
  identified	
  446	
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as	
  an	
  outgroup	
  in	
  [13]	
  but	
  we	
  note	
  this	
  gives	
  the	
  same	
  result	
  as	
  midpoint	
  and	
  the	
  molecular	
  clock	
  447	
  
rooting.	
  Nodes	
  labelled	
  with	
  question	
  marks	
  (?)	
  represent	
  nodes	
  with	
  aLRT	
  (approximate	
  448	
  
likelihood	
  ratio	
  test)	
  statistical	
  support	
  values	
  less	
  than	
  0.75.	
  Scale	
  bar	
  shows	
  number	
  of	
  amino-­‐449	
  
acid	
  substitutions	
  per	
  site.	
  Bayesian	
  MCC	
  tree	
  used	
  to	
  infer	
  ancestral	
  traits:	
  450	
  
http://dx.doi.org/10.6084/m9.figshare.1425436.	
  	
  451	
  
	
  452	
  
To	
  test	
  the	
  accuracy	
  of	
  our	
  predictions	
  of	
  current	
  host	
  associations	
  we	
  randomly	
  453	
  
selected	
  a	
  set	
  of	
  viruses	
  with	
  known	
  associations,	
  re-­‐assigned	
  their	
  host	
  association	
  as	
  454	
  
ambiguous	
  between	
  all	
  possible	
  states	
  (a	
  greater	
  level	
  of	
  uncertainty	
  than	
  we	
  generally	
  455	
  
attributed	
  to	
  viruses	
  in	
  our	
  data),	
  and	
  re-­‐ran	
  our	
  analysis.	
  We	
  repeated	
  this	
  10	
  times	
  for	
  456	
  
9	
  sets	
  of	
  10	
  viruses	
  and	
  one	
  set	
  of	
  9	
  viruses	
  (randomly	
  sampling	
  without	
  replacement	
  457	
  
from	
  the	
  99	
  viruses	
  in	
  our	
  data	
  with	
  known	
  host	
  associations).	
  These	
  analyses	
  correctly	
  458	
  
returned	
  the	
  true	
  host	
  association	
  for	
  95/99	
  viruses	
  with	
  strong	
  posterior	
  support	
  459	
  
(>0.9)	
  and	
  1	
  with	
  weak	
  support	
  (mean	
  support	
  =	
  0.99,	
  range	
  =	
  0.73-­‐1.00;	
  Data	
  S3	
  460	
  
http://dx.doi.org/10.6084/m9.figshare.1538584).	
  All	
  three	
  cases	
  in	
  which	
  the	
  461	
  
reconstruction	
  returned	
  a	
  false	
  host	
  association	
  involved	
  anomalous	
  sequences	
  (e.g.,	
  a	
  462	
  
change	
  in	
  host	
  association	
  on	
  a	
  terminal	
  branch).	
  Note,	
  there	
  would	
  be	
  no	
  failure	
  in	
  463	
  
cases	
  where	
  there	
  was	
  no	
  phylogenetic	
  clustering	
  of	
  host	
  associations.	
  In	
  such	
  cases	
  the	
  464	
  
method	
  would	
  –	
  correctly	
  –	
  report	
  high	
  levels	
  of	
  uncertainty	
  in	
  all	
  reconstructed	
  states.	
  	
  465	
  
	
  466	
  
We	
  checked	
  for	
  evidence	
  of	
  sampling	
  bias	
  in	
  our	
  data	
  by	
  testing	
  whether	
  sample	
  size	
  467	
  
predicts	
  rate	
  to	
  or	
  from	
  a	
  host	
  association	
  [49].	
  We	
  found	
  there	
  is	
  a	
  high	
  level	
  of	
  468	
  
uncertainty	
  around	
  all	
  rate	
  estimates,	
  but	
  that	
  there	
  is	
  no	
  pattern	
  of	
  increased	
  rate	
  to	
  or	
  469	
  
from	
  states	
  that	
  are	
  more	
  frequently	
  sampled.	
  	
  470	
  
	
  471	
  
Ancestral	
  host	
  associations	
  and	
  host-­‐switches	
  472	
  
	
  473	
  
Viral	
  sequences	
  from	
  arthropods,	
  vertebrates	
  and	
  plants	
  form	
  distinct	
  clusters	
  in	
  the	
  474	
  
phylogeny	
  (Figure	
  2).	
  To	
  quantify	
  this	
  genetic	
  structure	
  we	
  calculated	
  the	
  Fst	
  statistic	
  475	
  
between	
  the	
  sequences	
  of	
  viruses	
  from	
  different	
  groups	
  of	
  hosts.	
  There	
  is	
  strong	
  476	
  
evidence	
  of	
  genetic	
  differentiation	
  between	
  the	
  sequences	
  from	
  arthropods,	
  plants	
  and	
  477	
  
vertebrates	
  (P<0.001,	
  Figure	
  S1	
  http://dx.doi.org/10.6084/m9.figshare.1495351).	
  478	
  
Similarly,	
  viruses	
  isolated	
  from	
  the	
  same	
  host	
  group	
  tend	
  to	
  cluster	
  together	
  on	
  the	
  tree	
  479	
  
(GSI	
  analysis	
  permutation	
  tests:	
  arthropod	
  hosts	
  GSI	
  =	
  0.43,	
  P<0.001,	
  plant	
  hosts	
  GSI	
  =	
  480	
  
0.46,	
  P<0.001,	
  vertebrate	
  hosts	
  GSI	
  =	
  0.46,	
  P	
  <	
  0.001).	
  	
  481	
  
	
  482	
  
Our	
  Bayesian	
  analysis	
  allowed	
  us	
  to	
  infer	
  the	
  ancestral	
  host	
  association	
  of	
  176	
  of	
  188	
  of	
  483	
  
the	
  internal	
  nodes	
  on	
  the	
  phylogenetic	
  tree	
  (support	
  >0.95),	
  however	
  we	
  could	
  not	
  infer	
  484	
  
the	
  host	
  association	
  of	
  the	
  root	
  of	
  the	
  phylogeny,	
  or	
  some	
  of	
  the	
  more	
  basal	
  nodes.	
  A	
  485	
  
striking	
  pattern	
  that	
  emerged	
  is	
  that	
  switches	
  between	
  major	
  groups	
  of	
  hosts	
  have	
  486	
  
occurred	
  rarely	
  during	
  the	
  evolution	
  of	
  the	
  rhabdoviruses	
  (Figure	
  2).	
  There	
  are	
  a	
  few	
  487	
  
rare	
  transitions	
  on	
  terminal	
  branches	
  (Santa	
  Barbara	
  virus	
  and	
  the	
  virus	
  identified	
  from	
  488	
  
the	
  plant	
  Humulus	
  lupulus)	
  but	
  these	
  could	
  represent	
  errors	
  in	
  the	
  host	
  assignment	
  (e.g.	
  489	
  
cross-­‐species	
  contamination)	
  as	
  well	
  as	
  recent	
  host	
  shifts.	
  Our	
  analysis	
  allows	
  us	
  to	
  490	
  
estimate	
  the	
  number	
  of	
  times	
  the	
  viruses	
  have	
  switched	
  between	
  major	
  host	
  groups	
  491	
  
across	
  the	
  phylogeny,	
  while	
  accounting	
  for	
  uncertainty	
  about	
  ancestral	
  states,	
  the	
  tree	
  492	
  
topology	
  and	
  root.	
  We	
  found	
  strong	
  evidence	
  of	
  only	
  two	
  types	
  of	
  host-­‐switch	
  across	
  our	
  493	
  
phylogeny:	
  two	
  transitions	
  from	
  being	
  an	
  arthropod-­‐vectored	
  vertebrate	
  virus	
  to	
  being	
  494	
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arthropod	
  specific	
  (modal	
  estimate	
  =	
  2,	
  median	
  =	
  3.1,	
  CI’s=	
  1.9–5.4)	
  and	
  three	
  495	
  
transitions	
  from	
  being	
  an	
  arthropod-­‐vectored	
  vertebrate	
  virus	
  to	
  a	
  vertebrate-­‐specific	
  496	
  
virus	
  (modal	
  estimate	
  =	
  3,	
  median	
  =	
  3.1,	
  CI’s=	
  2.9–5.2).	
  We	
  could	
  not	
  determine	
  the	
  497	
  
direction	
  of	
  the	
  host	
  shifts	
  into	
  the	
  other	
  host	
  groups.	
  498	
  
	
  499	
  
Vertebrate–specific	
  viruses	
  have	
  arisen	
  once	
  in	
  the	
  lyssaviruses	
  clade	
  [3],	
  as	
  well	
  as	
  at	
  500	
  
least	
  once	
  in	
  fish	
  dimarhabdoviruses	
  (in	
  one	
  of	
  the	
  fish-­‐infecting	
  clades	
  it	
  is	
  unclear	
  if	
  it	
  501	
  
is	
  vertebrate-­‐specific	
  or	
  vector-­‐borne	
  from	
  our	
  reconstructions).	
  There	
  has	
  also	
  likely	
  502	
  
been	
  a	
  single	
  transition	
  to	
  being	
  arthropod-­‐vectored	
  vertebrate	
  viruses	
  in	
  the	
  503	
  
dimarhabodovirus	
  clade.	
  	
  504	
  
	
  505	
  
Insect-­‐vectored	
  plant	
  viruses	
  in	
  our	
  dataset	
  have	
  arisen	
  once	
  in	
  the	
  cyto-­‐	
  and	
  nucleo-­‐	
  506	
  
rhabdoviruses,	
  although	
  the	
  ancestral	
  state	
  of	
  these	
  viruses	
  is	
  uncertain.	
  A	
  single	
  virus	
  507	
  
identified	
  from	
  the	
  hop	
  plant	
  Humulus	
  lupulus	
  appears	
  to	
  fall	
  within	
  the	
  508	
  
dimarhabdovirus	
  clade.	
  However,	
  this	
  may	
  be	
  because	
  the	
  plant	
  was	
  contaminated	
  with	
  509	
  
insect	
  matter,	
  as	
  the	
  same	
  RNA-­‐seq	
  dataset	
  contains	
  COI	
  sequences	
  with	
  high	
  similarity	
  510	
  
to	
  thrips.	
  	
  511	
  
	
  512	
  
There	
  are	
  two	
  large	
  clades	
  of	
  arthropod-­‐specific	
  viruses.	
  The	
  first	
  is	
  a	
  sister	
  group	
  to	
  the	
  513	
  
large	
  clade	
  of	
  plant	
  viruses.	
  This	
  novel	
  group	
  of	
  predominantly	
  insect-­‐associated	
  viruses	
  514	
  
are	
  associated	
  with	
  a	
  broad	
  range	
  of	
  insects,	
  including	
  flies,	
  butterflies,	
  moths,	
  ants,	
  515	
  
thrips,	
  bedbugs,	
  fleas,	
  mosquitoes,	
  water	
  striders	
  and	
  leafhoppers.	
  The	
  mode	
  of	
  516	
  
transmission	
  and	
  biology	
  of	
  these	
  viruses	
  is	
  yet	
  to	
  be	
  examined.	
  The	
  second	
  clade	
  of	
  517	
  
insect-­‐associated	
  viruses	
  is	
  the	
  sigma	
  virus	
  clade	
  [11,	
  12,	
  19,	
  50].	
  These	
  are	
  derived	
  518	
  
from	
  vector-­‐borne	
  dimarhabdoviruses	
  that	
  have	
  lost	
  their	
  vertebrate	
  host	
  and	
  become	
  519	
  
vertically	
  transmitted	
  viruses	
  of	
  insects	
  [10].	
  They	
  are	
  common	
  in	
  Drosophilidae,	
  and	
  520	
  
our	
  results	
  suggest	
  that	
  they	
  may	
  be	
  widespread	
  throughout	
  the	
  Diptera,	
  with	
  521	
  
occurrences	
  in	
  the	
  Tephritid	
  fruit	
  fly	
  Ceratitis	
  capitata,	
  the	
  stable	
  fly	
  Muscina	
  stabulans,	
  522	
  
several	
  divergent	
  viruses	
  in	
  the	
  housefly	
  Musca	
  domestica	
  and	
  louse	
  flies	
  removed	
  from	
  523	
  
the	
  skin	
  of	
  bats.	
  For	
  the	
  first	
  time	
  we	
  have	
  found	
  sigma-­‐like	
  viruses	
  outside	
  of	
  the	
  524	
  
Diptera,	
  with	
  two	
  Lepidoptera	
  associated	
  viruses	
  and	
  a	
  virus	
  from	
  an	
  aphid/parasitoid	
  525	
  
wasp.	
  All	
  of	
  the	
  sigma	
  viruses	
  characterised	
  to	
  date	
  have	
  been	
  vertically	
  transmitted	
  526	
  
[10],	
  but	
  some	
  of	
  the	
  recently	
  described	
  viruses	
  may	
  be	
  transmitted	
  horizontally	
  –	
  it	
  has	
  527	
  
been	
  speculated	
  that	
  the	
  viruses	
  from	
  louse	
  flies	
  may	
  infect	
  bats	
  [54]	
  and	
  Shayang	
  Fly	
  528	
  
Virus	
  2	
  has	
  been	
  reported	
  in	
  two	
  fly	
  species	
  [13]	
  (although	
  contamination	
  could	
  also	
  529	
  
explain	
  this	
  result).	
  Drosophila	
  sigma	
  virus	
  genomes	
  are	
  characterised	
  by	
  an	
  additional	
  530	
  
X	
  gene	
  between	
  the	
  P	
  and	
  M	
  genes	
  [50].	
  Interestingly	
  the	
  two	
  louse	
  fly	
  viruses	
  with	
  531	
  
complete	
  genomes,	
  Wuhan	
  insect	
  virus	
  7	
  from	
  an	
  aphid/parasitoid	
  and	
  Pararge	
  aegeria	
  532	
  
rhabdovirus	
  do	
  not	
  have	
  a	
  putative	
  X	
  gene.	
  The	
  first	
  sigma	
  virus	
  was	
  discovered	
  in	
  533	
  
Drosophila	
  melanogaster	
  in	
  1937	
  [55].	
  In	
  the	
  last	
  few	
  years	
  related	
  sigma	
  viruses	
  have	
  534	
  
been	
  found	
  in	
  other	
  Drosophila	
  species	
  and	
  a	
  Muscid	
  fly	
  [10-­‐12,	
  50]	
  and	
  here	
  we	
  have	
  535	
  
found	
  sigma-­‐like	
  viruses	
  in	
  a	
  diverse	
  array	
  of	
  Diptera	
  species,	
  as	
  well	
  as	
  other	
  insect	
  536	
  
orders.	
  Overall,	
  our	
  results	
  suggest	
  sigma-­‐like	
  viruses	
  may	
  be	
  associated	
  with	
  a	
  wide	
  537	
  
array	
  of	
  insect	
  species.	
  	
  538	
  
	
  539	
  
Within	
  the	
  arthropod-­‐associated	
  viruses	
  (the	
  most	
  sampled	
  host	
  group)	
  it	
  is	
  common	
  to	
  540	
  
find	
  closely	
  related	
  viruses	
  in	
  closely	
  related	
  hosts	
  (Figure	
  1).	
  Viruses	
  isolated	
  from	
  the	
  541	
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same	
  arthropod	
  orders	
  tended	
  to	
  cluster	
  together	
  on	
  the	
  tree	
  (GSI	
  analysis	
  permutation	
  542	
  
tests:	
  Diptera	
  GSI	
  =	
  0.	
  57,	
  P<0.001,	
  Hemiptera	
  GSI	
  =	
  0.34,	
  P<0.001,	
  Ixodida	
  GSI	
  =	
  0.38,	
  543	
  
P<0.001,	
  Lepidoptera	
  GSI	
  =	
  0.15,	
  P=0.089).	
  This	
  is	
  also	
  reflected	
  in	
  a	
  positive	
  correlation	
  544	
  
between	
  the	
  evolutionary	
  distance	
  between	
  the	
  viruses	
  and	
  the	
  evolutionary	
  distance	
  545	
  
between	
  their	
  arthropod	
  hosts	
  (Pearson’s	
  correlation=0.36,	
  95%	
  CI’s=0.34-­‐0.38,	
  546	
  
P<0.001	
  based	
  on	
  permutation,	
  Figure	
  3	
  and	
  Figure	
  S2	
  547	
  
http://dx.doi.org/10.6084/m9.figshare.1495351).	
  Since	
  the	
  virus	
  phylogeny	
  is	
  548	
  
incongruent	
  with	
  that	
  of	
  the	
  respective	
  hosts,	
  this	
  suggests	
  rhabdoviruses	
  preferentially	
  549	
  
host	
  shift	
  between	
  closely	
  related	
  species	
  [56,	
  57].	
  550	
  

	
  551	
  
Figure	
  3.	
  The	
  relationship	
  between	
  the	
  evolutionary	
  distance	
  between	
  viruses	
  and	
  the	
  552	
  
evolutionary	
  distance	
  between	
  their	
  arthropod	
  hosts	
  (categorised	
  by	
  genus).	
  Closely	
  553	
  
related	
  viruses	
  tend	
  to	
  be	
  found	
  in	
  closely	
  related	
  hosts.	
  Permutation	
  tests	
  find	
  a	
  significant	
  554	
  
positive	
  correlation	
  (correlation=0.36,	
  95%	
  CI’s=0.34-­‐0.38,	
  P<0.001)	
  between	
  host	
  and	
  virus	
  555	
  
evolutionary	
  distance	
  (see	
  Figure	
  S2).	
  556	
  
	
  557	
  
We	
  also	
  find	
  viruses	
  clustering	
  on	
  the	
  phylogeny	
  based	
  on	
  the	
  ecosystem	
  of	
  their	
  hosts;	
  558	
  
there	
  is	
  strong	
  evidence	
  of	
  genetic	
  differentiation	
  between	
  viruses	
  from	
  terrestrial	
  and	
  559	
  
aquatic	
  hosts	
  (Fst	
  permutation	
  test	
  P=0.007,	
  Figure	
  S3	
  560	
  
http://dx.doi.org/10.6084/m9.figshare.1495351;	
  GSI	
  analysis	
  permutation	
  tests:	
  	
  561	
  
terrestrial	
  hosts=	
  0.52,	
  aquatic	
  hosts=	
  0.29,	
  P<0.001	
  for	
  both).	
  There	
  has	
  been	
  one	
  shift	
  562	
  
from	
  terrestrial	
  to	
  aquatic	
  hosts	
  during	
  the	
  evolution	
  of	
  the	
  basal	
  novirhabdoviruses,	
  563	
  
which	
  have	
  a	
  wide	
  host	
  range	
  in	
  fish.	
  There	
  have	
  been	
  other	
  terrestrial	
  to	
  aquatic	
  shifts	
  564	
  
in	
  the	
  dimarhabdoviruses:	
  in	
  the	
  clades	
  of	
  fish	
  and	
  cetacean	
  viruses	
  and	
  the	
  clade	
  of	
  565	
  
viruses	
  from	
  sea-­‐lice.	
  	
  566	
  
	
  567	
  
	
  568	
  
Discussion	
  569	
  
	
  570	
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Viruses	
  are	
  ubiquitous	
  in	
  nature	
  and	
  recent	
  developments	
  in	
  high-­‐throughput	
  571	
  
sequencing	
  technology	
  have	
  led	
  to	
  the	
  discovery	
  and	
  sequencing	
  of	
  a	
  large	
  number	
  of	
  572	
  
novel	
  viruses	
  in	
  arthropods	
  [13,	
  14,	
  64].	
  Here	
  we	
  have	
  identified	
  43	
  novel	
  virus-­‐like	
  573	
  
sequences	
  from	
  our	
  own	
  RNA-­‐seq	
  data	
  and	
  public	
  sequence	
  repositories.	
  Of	
  these,	
  32	
  574	
  
were	
  rhabdoviruses,	
  and	
  26	
  were	
  from	
  arthropods.	
  Using	
  these	
  sequences	
  we	
  have	
  575	
  
produced	
  the	
  most	
  extensive	
  phylogeny	
  of	
  the	
  Rhabdoviridae	
  to	
  date,	
  including	
  a	
  total	
  of	
  576	
  
195	
  virus	
  sequences.	
  	
  	
  577	
  
	
  578	
  
In	
  most	
  cases	
  we	
  know	
  nothing	
  about	
  the	
  biology	
  of	
  the	
  viruses	
  beyond	
  the	
  host	
  they	
  579	
  
were	
  isolated	
  from,	
  but	
  our	
  analysis	
  provides	
  a	
  powerful	
  way	
  to	
  predict	
  which	
  are	
  580	
  
vector-­‐borne	
  viruses	
  and	
  which	
  are	
  specific	
  to	
  vertebrates	
  or	
  arthropods.	
  We	
  have	
  581	
  
identified	
  a	
  large	
  number	
  of	
  new	
  likely	
  vector-­‐borne	
  viruses	
  –	
  of	
  85	
  rhabdoviruses	
  582	
  
identified	
  from	
  vertebrates	
  or	
  biting	
  insects	
  we	
  predict	
  that	
  76	
  are	
  arthropod-­‐borne	
  583	
  
viruses	
  of	
  vertebrates	
  (arboviruses).	
  The	
  majority	
  of	
  known	
  rhabdoviruses	
  are	
  584	
  
arboviruses,	
  and	
  all	
  of	
  these	
  fall	
  in	
  a	
  single	
  clade	
  known	
  as	
  the	
  dimarhabdoviruses.	
  In	
  585	
  
addition	
  to	
  the	
  arboviruses,	
  we	
  also	
  identified	
  two	
  clades	
  of	
  likely	
  insect-­‐specific	
  viruses	
  586	
  
associated	
  with	
  a	
  wide	
  range	
  of	
  species.	
  587	
  
	
  588	
  
We	
  found	
  that	
  shifts	
  between	
  distantly	
  related	
  hosts	
  are	
  rare	
  in	
  the	
  rhabdoviruses,	
  589	
  
which	
  is	
  consistent	
  with	
  previous	
  observations	
  that	
  both	
  rhabdoviruses	
  of	
  vertebrates	
  590	
  
(rabies	
  virus	
  in	
  bats)	
  and	
  invertebrates	
  (sigma	
  viruses	
  in	
  Drosophilidae)	
  show	
  a	
  591	
  
declining	
  ability	
  to	
  infect	
  hosts	
  more	
  distantly	
  related	
  to	
  their	
  natural	
  host	
  [46,	
  57,	
  58].	
  592	
  
It	
  is	
  thought	
  that	
  sigma	
  viruses	
  may	
  sometimes	
  jump	
  into	
  distantly	
  related	
  but	
  highly	
  593	
  
susceptible	
  species	
  [56,	
  57,	
  59],	
  but	
  our	
  results	
  suggest	
  that	
  this	
  rarely	
  happens	
  between	
  594	
  
major	
  groups	
  such	
  as	
  vertebrates	
  and	
  arthropods.	
  It	
  is	
  nonetheless	
  surprising	
  that	
  595	
  
arthropod-­‐specific	
  viruses	
  have	
  arisen	
  rarely,	
  as	
  one	
  might	
  naively	
  assume	
  that	
  there	
  596	
  
would	
  be	
  fewer	
  constraints	
  on	
  vector-­‐borne	
  viruses	
  losing	
  one	
  of	
  their	
  hosts.	
  However,	
  597	
  
this	
  would	
  involve	
  evolving	
  a	
  new	
  transmission	
  route	
  among	
  insects,	
  and	
  this	
  may	
  be	
  an	
  598	
  
important	
  constraint.	
  Within	
  the	
  major	
  clades,	
  closely	
  related	
  viruses	
  often	
  infect	
  closely	
  599	
  
related	
  hosts	
  (Figure	
  2).	
  For	
  example,	
  within	
  the	
  dimarhabdoviruses	
  viruses	
  identified	
  600	
  
from	
  mosquitoes,	
  ticks,	
  Drosophila,	
  Muscid	
  flies,	
  Lepidoptera	
  and	
  sea-­‐lice	
  all	
  tend	
  to	
  601	
  
cluster	
  together	
  (Figure	
  2B).	
  	
  However,	
  it	
  is	
  also	
  clear	
  that	
  the	
  virus	
  phylogeny	
  does	
  not	
  602	
  
mirror	
  the	
  host	
  phylogeny,	
  and	
  our	
  data	
  on	
  the	
  clustering	
  of	
  hosts	
  across	
  the	
  virus	
  603	
  
phylogeny	
  therefore	
  suggests	
  that	
  viruses	
  preferentially	
  shift	
  between	
  more	
  closely	
  604	
  
related	
  species	
  (Figures	
  3,	
  S1	
  and	
  S2)	
  in	
  the	
  same	
  environment	
  (Figure	
  S3).	
  605	
  
	
  606	
  
There	
  has	
  been	
  a	
  near	
  four-­‐fold	
  increase	
  in	
  the	
  number	
  of	
  recorded	
  rhabdovirus	
  607	
  
sequences	
  in	
  the	
  last	
  five	
  years.	
  In	
  part	
  this	
  may	
  be	
  due	
  to	
  the	
  falling	
  cost	
  of	
  sequencing	
  608	
  
transcriptomes	
  [60],	
  and	
  initiatives	
  to	
  sequence	
  large	
  numbers	
  of	
  insect	
  and	
  other	
  609	
  
arthropods	
  [37].	
  The	
  use	
  of	
  high-­‐throughput	
  sequencing	
  technologies	
  should	
  reduce	
  the	
  610	
  
likelihood	
  of	
  sampling	
  biases	
  associated	
  with	
  PCR,	
  where	
  people	
  look	
  for	
  similar	
  viruses	
  611	
  
in	
  related	
  hosts.	
  Therefore,	
  the	
  pattern	
  of	
  viruses	
  forming	
  clades	
  based	
  on	
  the	
  host	
  taxa	
  612	
  
they	
  infect	
  is	
  likely	
  to	
  be	
  robust.	
  However,	
  sampling	
  is	
  biased	
  towards	
  arthropods,	
  and	
  it	
  613	
  
is	
  possible	
  that	
  there	
  may	
  be	
  a	
  great	
  undiscovered	
  diversity	
  of	
  rhabdoviruses	
  in	
  other	
  614	
  
organisms	
  [61].	
  	
  615	
  
	
  616	
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Our	
  conclusions	
  are	
  likely	
  to	
  be	
  robust	
  to	
  biases	
  in	
  the	
  data	
  or	
  limitations	
  in	
  the	
  analysis.	
  617	
  
By	
  reconstructing	
  host	
  associations	
  using	
  the	
  Bayesian	
  methods	
  in	
  the	
  BEAST	
  software	
  618	
  
[42]	
  we	
  have	
  avoided	
  most	
  of	
  the	
  simplifying	
  assumptions	
  of	
  earlier	
  methods	
  (e.g.	
  619	
  
symmetric	
  transition	
  rate	
  matrices,	
  lack	
  of	
  uncertainty	
  associated	
  with	
  estimates).	
  620	
  
Nonetheless	
  all	
  such	
  methods	
  depend	
  on	
  there	
  being	
  some	
  of	
  sort	
  of	
  "process	
  621	
  
homogeneity"	
  over	
  the	
  phylogeny	
  [62].	
  Such	
  analyses	
  are	
  of	
  course	
  limited	
  by	
  sampling;	
  622	
  
for	
  example,	
  if	
  a	
  past	
  host	
  is	
  now	
  extinct,	
  it	
  will	
  never	
  be	
  reconstructed	
  as	
  an	
  ancestral	
  623	
  
state.	
  Nevertheless,	
  previous	
  studies	
  have	
  shown	
  that	
  the	
  method	
  is	
  relatively	
  robust	
  to	
  624	
  
uneven	
  sampling	
  across	
  hosts	
  [45].	
  Furthermore,	
  when	
  we	
  have	
  viruses	
  from	
  under-­‐625	
  
sampled	
  groups	
  like	
  cnidarians,	
  fungi,	
  nematodes,	
  they	
  fall	
  outside	
  the	
  main	
  clades	
  of	
  626	
  
viruses	
  that	
  we	
  are	
  analysing.	
  The	
  limitations	
  of	
  the	
  approach	
  are	
  evident	
  in	
  our	
  results:	
  627	
  
we	
  were	
  unable	
  to	
  reconstruct	
  the	
  host	
  associations	
  of	
  the	
  root	
  or	
  most	
  basal	
  nodes	
  of	
  628	
  
the	
  phylogeny.	
  The	
  reconstructions	
  were,	
  however,	
  very	
  successful	
  within	
  clades	
  that	
  629	
  
were	
  strongly	
  associated	
  with	
  a	
  single	
  host	
  or	
  clades	
  where	
  the	
  less	
  common	
  hosts	
  tend	
  630	
  
to	
  form	
  distinct	
  subclades.	
  As	
  a	
  result	
  of	
  this	
  high	
  level	
  of	
  phylogenetic	
  structure,	
  our	
  631	
  
approach	
  was	
  able	
  to	
  reconstruct	
  the	
  current	
  host	
  associations	
  of	
  many	
  viruses	
  for	
  632	
  
which	
  we	
  had	
  incomplete	
  knowledge	
  of	
  their	
  host	
  range.	
  To	
  check	
  that	
  this	
  approach	
  is	
  633	
  
reliable,	
  we	
  repeated	
  the	
  analysis	
  on	
  datasets	
  where	
  we	
  deleted	
  the	
  information	
  about	
  634	
  
which	
  hosts	
  well-­‐characterised	
  viruses	
  infect.	
  Our	
  analysis	
  was	
  found	
  to	
  be	
  robust,	
  with	
  635	
  
97%	
  of	
  reconstructions	
  being	
  accurate.	
  The	
  method	
  only	
  failed	
  for	
  strains	
  with	
  irregular	
  636	
  
host	
  associations	
  for	
  their	
  location	
  in	
  the	
  phylogeny	
  (i.e.	
  recent	
  changes	
  in	
  host	
  on	
  637	
  
terminal	
  branches)–	
  a	
  limitation	
  that	
  would	
  be	
  expected	
  for	
  such	
  an	
  analysis.	
  638	
  
	
  639	
  
Rhabdoviruses	
  infect	
  a	
  diverse	
  range	
  of	
  host	
  species,	
  including	
  a	
  large	
  number	
  of	
  640	
  
arthropods.	
  Our	
  search	
  has	
  unearthed	
  a	
  large	
  number	
  of	
  novel	
  rhabdovirus	
  genomes,	
  641	
  
suggesting	
  that	
  we	
  are	
  only	
  just	
  beginning	
  to	
  uncover	
  the	
  diversity	
  of	
  these	
  viruses.	
  The	
  642	
  
host	
  associations	
  of	
  these	
  viruses	
  have	
  been	
  highly	
  conserved	
  across	
  their	
  evolutionary	
  643	
  
history,	
  which	
  provides	
  a	
  powerful	
  tool	
  to	
  identify	
  previously	
  unknown	
  arboviruses.	
  644	
  
The	
  large	
  number	
  of	
  viruses	
  being	
  discovered	
  through	
  metagenomic	
  studies	
  [13,	
  63,	
  64]	
  645	
  
means	
  that	
  in	
  the	
  future	
  we	
  will	
  be	
  faced	
  by	
  an	
  increasingly	
  large	
  number	
  of	
  viral	
  646	
  
sequences	
  with	
  little	
  knowledge	
  of	
  the	
  biology	
  of	
  the	
  virus.	
  Our	
  phylogenetic	
  approach	
  647	
  
could	
  be	
  extended	
  to	
  predict	
  key	
  biological	
  traits	
  in	
  other	
  groups	
  of	
  pathogens	
  where	
  648	
  
our	
  knowledge	
  is	
  incomplete.	
  However,	
  there	
  are	
  limitations	
  to	
  this	
  method,	
  and	
  the	
  649	
  
rapid	
  evolution	
  of	
  RNA	
  viruses	
  may	
  mean	
  that	
  some	
  traits	
  change	
  too	
  quickly	
  to	
  650	
  
accurately	
  infer	
  traits.	
  Therefore,	
  such	
  an	
  approach	
  should	
  complement,	
  and	
  not	
  replace,	
  651	
  
examining	
  the	
  basic	
  biology	
  of	
  novel	
  viruses.	
  	
  652	
  
	
  653	
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  plants	
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  and	
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show	
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  estimator,	
  and	
  grey	
  880	
  
histograms	
  show	
  the	
  Fst	
  values	
  from	
  1000	
  unique	
  random	
  permutations	
  of	
  host	
  881	
  
categories	
  over	
  viral	
  sequences.	
  We	
  found	
  significant	
  differentiation	
  between	
  each	
  pair	
  882	
  
of	
  categories	
  (Fst	
  values:	
  a=0.07,	
  b=0.35,	
  c=0.48)	
  with	
  none	
  of	
  the	
  1000	
  permutations	
  883	
  
resulting	
  in	
  as	
  high	
  an	
  Fst	
  value	
  as	
  the	
  data	
  (P<0.001	
  for	
  all).	
  884	
  
	
  885	
  
Supplementary	
  Figure	
  2.	
  886	
  
	
  887	
  
Correlation	
  of	
  the	
  evolutionary	
  distances	
  between	
  rhabdovirueses	
  and	
  the	
  evolutionary	
  888	
  
distances	
  between	
  their	
  arthropod	
  hosts.	
  Figure	
  shows	
  the	
  results	
  of	
  a	
  permutation	
  test	
  889	
  
of	
  this	
  relationship	
  (measured	
  by	
  Pearson’s	
  correlation	
  coefficient).	
  The	
  red	
  line	
  shows	
  890	
  
the	
  true	
  correlation	
  coefficient	
  (0.36),	
  and	
  the	
  grey	
  histogram	
  shows	
  the	
  correlation	
  891	
  
coefficients	
  returned	
  from	
  1000	
  unique	
  random	
  permutations	
  of	
  host	
  genera	
  over	
  viral	
  892	
  
sequences	
  (see	
  Methods).	
  We	
  found	
  a	
  significant	
  association	
  between	
  viral	
  and	
  host	
  893	
  
phylogenies	
  with	
  none	
  of	
  the	
  1000	
  permutations	
  resulting	
  in	
  as	
  strong	
  a	
  correlation	
  as	
  894	
  
the	
  data	
  (P<0.001).	
  895	
  
	
  896	
  
Supplementary	
  Figure	
  3.	
  897	
  
	
  898	
  
Results	
  of	
  the	
  permutation	
  test	
  of	
  population	
  differentiation	
  between	
  the	
  sequences	
  of	
  899	
  
viruses	
  taken	
  from	
  land	
  and	
  aquatic	
  arthropod	
  and	
  vertebrate	
  hosts.	
  Only	
  arthropod	
  900	
  
and	
  vertebrate	
  hosts	
  were	
  included	
  in	
  the	
  test,	
  since	
  aquatic	
  hosts	
  only	
  included	
  901	
  
arthropods	
  and	
  vertebrates.	
  The	
  red	
  line	
  shows	
  the	
  true	
  degree	
  of	
  differentiation,	
  902	
  
measured	
  using	
  Hudson’s	
  Fst	
  estimator,	
  and	
  the	
  grey	
  histogram	
  shows	
  the	
  Fst	
  values	
  903	
  
returned	
  from	
  1000	
  unique	
  random	
  permutations	
  of	
  host	
  categories	
  over	
  viral	
  904	
  
sequences.	
  Viruses	
  from	
  terrestrial	
  and	
  aquatic	
  hosts	
  were	
  found	
  to	
  have	
  significant	
  905	
  
population	
  differentiation	
  (with	
  only	
  7	
  of	
  the	
  1000	
  permutations	
  resulted	
  in	
  as	
  high	
  an	
  906	
  
Fst	
  value	
  as	
  the	
  data	
  (Fst	
  =0.07,	
  P=0.007).	
  907	
  
	
  908	
  
	
  909	
  
All	
  data	
  has	
  been	
  made	
  available	
  in	
  public	
  repositories:	
  910	
  
	
  911	
  
NCBI	
  Sequence	
  Read	
  Archive	
  Data:	
  SRP057824	
  912	
  
Data	
  S1,	
  sample	
  information:	
  http://dx.doi.org/10.6084/m9.figshare.1425432	
  913	
  
Data	
  S2,	
  virus	
  ID,	
  Genbank	
  accession	
  numbers	
  and	
  host	
  information:	
  914	
  
http://dx.doi.org/10.6084/m9.figshare.1425419	
  915	
  
Data	
  S3,	
  results	
  from	
  testing	
  ancestral	
  trait	
  reconstructions	
  predictions:	
  916	
  
http://dx.doi.org/10.6084/m9.figshare.1538584	
  917	
  
L	
  gene	
  sequences	
  fasta:	
  http://dx.doi.org/10.6084/m9.figshare.1425067	
  918	
  
TrimAl	
  alignment	
  fasta:	
  http://dx.doi.org/10.6084/m9.figshare.1425069	
  919	
  
Gblocks	
  alignment	
  fasta:	
  http://dx.doi.org/10.6084/m9.figshare.1425068	
  920	
  
Phylogenetic	
  tree	
  Gblocks	
  alignment:	
  http://dx.doi.org/10.6084/m9.figshare.1425083	
  	
  921	
  
Phylogenetic	
  tree	
  TrimAl	
  alignment:	
  	
  http://dx.doi.org/10.6084/m9.figshare.1425082	
  922	
  
BEAST	
  alignment	
  fasta:	
  http://dx.doi.org/10.6084/m9.figshare.1425431	
  923	
  
BEAUti	
  xml	
  file:	
  http://dx.doi.org/10.6084/m9.figshare.1431922	
  924	
  
Bayesian	
  analysis	
  tree:	
  http://dx.doi.org/10.6084/m9.figshare.1425436	
  925	
  
	
  926	
  
	
  927	
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