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Abstract	
  

Avian	
  malaria	
  parasites	
  are	
  prevalent	
  around	
  the	
  world,	
  and	
  infect	
  a	
  wide	
  diversity	
  of	
  bird	
  species.	
  

Here	
  we	
  report	
  the	
  sequencing	
  and	
  analysis	
  of	
  high	
  quality	
  draft	
  genome	
  sequences	
  for	
  two	
  avian	
  

malaria	
  species,	
  Plasmodium	
  relictum	
  and	
  Plasmodium	
  gallinaceum.	
  We	
  identify	
  50	
  genes	
  that	
  are	
  

specific	
  to	
  avian	
  malaria,	
  located	
  in	
  an	
  otherwise	
  conserved	
  core	
  of	
  the	
  genome	
  that	
  shares	
  gene	
  

synteny	
  with	
  all	
  other	
  sequenced	
  malaria	
  genomes.	
  Phylogenetic	
  analysis	
  suggests	
  that	
  the	
  avian	
  

malaria	
  species	
  form	
  an	
  outgroup	
  to	
  the	
  mammalian	
  Plasmodium	
  species	
  and	
  using	
  amino	
  acid	
  

divergence	
  between	
  species,	
  we	
  estimate	
  the	
  avian	
  and	
  mammalian-­‐infective	
  lineages	
  diverged	
  in	
  

the	
  order	
  of	
  10	
  million	
  years	
  ago.	
  Consistent	
  with	
  their	
  phylogenetic	
  position,	
  we	
  identify	
  orthologs	
  

of	
  genes	
  that	
  had	
  previously	
  appeared	
  to	
  be	
  restricted	
  to	
  the	
  clades	
  of	
  parasites	
  containing	
  P.	
  

falciparum	
  and	
  P.	
  vivax	
  –	
  the	
  species	
  with	
  the	
  greatest	
  impact	
  on	
  human	
  health.	
  From	
  these	
  

orthologs,	
  we	
  explore	
  differential	
  diversifying	
  selection	
  across	
  the	
  genus	
  and	
  show	
  that	
  the	
  avian	
  

lineage	
  is	
  remarkable	
  in	
  the	
  extent	
  to	
  which	
  invasion	
  related	
  genes	
  are	
  evolving.	
  The	
  subtelomeres	
  

of	
  the	
  P.	
  relictum	
  and	
  P.	
  gallinaceum	
  genomes	
  contain	
  several	
  novel	
  gene	
  families,	
  including	
  an	
  

expanded	
  surf	
  multigene	
  family.	
  We	
  also	
  identify	
  an	
  expansion	
  of	
  reticulocyte	
  binding	
  protein	
  

homologs	
  in	
  P.	
  relictum	
  and	
  within	
  these	
  proteins,	
  we	
  detect	
  distinct	
  regions	
  that	
  are	
  specific	
  to	
  

non-­‐human	
  primate,	
  humans,	
  rodent	
  and	
  avian	
  hosts.	
  For	
  the	
  first	
  time	
  in	
  the	
  Plasmodium	
  lineage	
  

we	
  find	
  evidence	
  of	
  transposable	
  elements,	
  including	
  several	
  hundred	
  fragments	
  of	
  LTR-­‐

retrotransposons	
  in	
  both	
  species	
  and	
  an	
  apparently	
  complete	
  LTR-­‐retrotransposon	
  in	
  the	
  genome	
  of	
  

P.	
  gallinaceum.	
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Introduction	
  

Malaria	
  parasites	
  of	
  birds	
  are	
  more	
  widespread,	
  prevalent	
  and	
  genetically	
  diverse	
  than	
  those	
  

infecting	
  other	
  vertebrates	
  (Bensch	
  et	
  al.	
  2009);	
  they	
  are	
  present	
  in	
  all	
  continents	
  except	
  Antarctica,	
  

and	
  in	
  some	
  populations	
  up	
  to	
  98%	
  of	
  birds	
  within	
  a	
  species	
  may	
  be	
  infected	
  (Glaizot	
  et	
  al.	
  2012).	
  

However,	
  there	
  is	
  considerable	
  variation	
  in	
  their	
  distribution	
  across	
  different	
  host	
  species.	
  

Plasmodium	
  relictum,	
  for	
  example,	
  infects	
  a	
  broad	
  range	
  of	
  avian	
  species,	
  it	
  has	
  been	
  found	
  in	
  birds	
  

of	
  11	
  orders,	
  e.g.	
  Passeriformes	
  (Bensch	
  et	
  al.	
  2009)	
  but	
  P.	
  gallinaceum	
  has	
  only	
  been	
  found	
  in	
  four	
  

species,	
  including	
  wild	
  jungle	
  fowl	
  of	
  Southern	
  Asia	
  and	
  domestic	
  chickens	
  (Springer	
  1996).	
  	
  

The	
  first	
  avian	
  malaria	
  parasites	
  were	
  discovered	
  in	
  the	
  late	
  19th	
  century,	
  shortly	
  after	
  the	
  discovery	
  

of	
   human	
  malaria	
   parasites.	
   In	
   the	
   early	
   1900's	
   avian	
  malaria	
   became	
   a	
   prominent	
   experimental	
  

model	
  to	
  study	
  malaria	
  biology	
  (Huff	
  and	
  Bloom	
  1935;	
  Raffaela	
  and	
  Marchiafava	
  1944)	
  as	
  well	
  as	
  for	
  

the	
  routine	
  testing	
  and	
  development	
  of	
  the	
  first	
  antimalarial	
  drugs	
  (Marshall	
  1942).	
  Avian	
  malaria	
  is	
  

also	
  a	
  unique	
  model	
  to	
  understand	
  the	
  ecology	
  and	
  evolution	
  of	
  the	
  parasite,	
  both	
  in	
  the	
  field	
  and	
  in	
  

the	
  laboratory	
  (Pigeault	
  et	
  al	
  2015).	
  	
  

The	
  consequences	
  of	
  Plasmodium	
  infections	
  on	
  avian	
  fitness	
  are	
  usually	
  relatively	
  mild	
  but	
  virulence	
  

depends	
   on	
   the	
   sensitivity	
   of	
   the	
   host	
   and	
   the	
   parasite	
   lineage.	
   For	
   instance,	
   the	
   accidental	
  

introduction	
  of	
  avian	
  malaria	
  into	
  Hawaii	
  played	
  a	
  major	
  role	
  in	
  the	
  decline	
  and	
  extinction	
  of	
  several	
  

species	
   of	
   honeycreepers	
   (Atkinson	
   et	
   al.	
   2000)	
   and	
   still	
   poses	
   a	
   threat	
   to	
   geographically	
   isolated	
  

bird	
  species	
   (Lapointe	
  et	
  al.	
  2012;	
  Levin	
  et	
  al.	
  2013).	
  Work	
  on	
  wild	
  European	
  bird	
  populations	
  has	
  

also	
  revealed	
  strong	
  associations	
  between	
  endemic	
  malaria	
  infection	
  and	
  bird	
  survival	
  and	
  recapture	
  

rates	
   (Lachish	
   et	
   al.	
   2011).	
  More	
   recently,	
   malaria	
   infections	
   have	
   been	
   found	
   to	
   accelerate	
   bird	
  

senescence	
   through	
   telomere	
  degradation	
   (Asghar	
  et	
  al.	
   2015).	
   In	
  addition,	
   some	
  species	
  of	
  avian	
  

malaria	
  pose	
  a	
  significant	
  problem	
  to	
  the	
  poultry	
  industry,	
  where	
  mortality	
  rates	
  of	
  up	
  to	
  90%	
  have	
  

been	
  observed	
  in	
  domestic	
  chickens	
  (Springer	
  1996).	
  

The	
  biology	
  and	
  life	
  cycle	
  of	
  avian	
  malaria	
  parasites	
  in	
  both	
  the	
  vertebrate	
  and	
  vector	
  hosts	
  is	
  similar	
  

to	
   that	
   of	
   their	
   mammalian	
   counterparts,	
   but	
   with	
   a	
   few	
   important	
   differences.	
   First,	
   while	
  

mammalian	
   parasites	
   have	
   a	
   single	
   exoerythrocytic	
   (EE)	
   cycle	
   in	
   hepatocytes	
   (Huff	
   1969),	
   avian	
  

Plasmodium	
  have	
  two	
  obligate	
  exoerythrocytic	
  (EE)	
  cycles,	
  one	
  occurring	
   in	
  the	
  reticuloendothelial	
  

system	
   of	
   certain	
   organs,	
   and	
   the	
   other	
   with	
   a	
   much	
   wider	
   tissue	
   distribution	
   (Valkiunas	
   2004).	
  

Second,	
  while	
  certain	
  mammalian	
  parasites	
  (e.g.	
  P.	
  vivax)	
  produce	
  dormant	
  forms	
  exclusively	
  during	
  

the	
  EE	
  cycle,	
  avian	
  malaria	
  species	
  can	
  also	
  produce	
  dormant	
  forms	
  from	
  the	
  parasite	
  blood	
  stages	
  

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted January 18, 2018. ; https://doi.org/10.1101/086504doi: bioRxiv preprint 

https://doi.org/10.1101/086504


4	
  

 

	
  

(Valkiunas	
  2004).	
  Finally,	
  avian	
  red	
  blood	
  cells	
  are	
  nucleated.	
  Since	
  it	
  could	
  be	
  argued	
  that	
  invasion	
  

and	
  growth	
  in	
  nucleated	
  cells	
  –	
  with	
  their	
  richer	
  metabolism	
  and	
  transport	
  –	
  is	
  easier	
  to	
  evolve	
  than	
  

development	
  in	
  enucleated	
  mammalian	
  erythrocytes,	
  it	
  is	
  tempting	
  to	
  speculate	
  that	
  these	
  parasites	
  

more	
  closely	
  resemble	
  the	
  ancestral	
  state.	
  	
  

In	
   this	
   study	
   we	
   describe	
   the	
   sequence,	
   annotation	
   and	
   comparative	
   genomics	
   of	
   Plasmodium	
  

relictum	
  SGS1	
  and	
  Plasmodium	
  gallinaceum	
  8A.	
  Our	
  analyses	
  provide	
  insights	
   into	
  the	
  evolution	
  of	
  

unique	
  features	
  of	
  mammalian-­‐infective	
  species	
  and	
  allow	
  an	
  exploration	
  on	
  how	
  far	
  the	
  apparently	
  

shared	
  features	
  extend	
  across	
  the	
  entire	
  Plasmodium	
  genus.	
  We	
  reveal	
  surprising	
  features	
  involving	
  

gene	
   content,	
   gene	
   family	
   expansion	
   and	
   for	
   the	
   first	
   time	
   in	
   Plasmodium,	
   the	
   presence	
   of	
  

transposable	
  elements.	
  

	
  

Results	
  	
  

Generation	
  of	
  two	
  avian	
  malaria	
  genomes	
  

Separating	
  parasite	
  and	
  host	
  DNA	
  has	
  been	
  a	
  major	
  obstacle	
   to	
  sequencing	
  avian	
  malaria	
  parasite	
  

genomes	
   because	
   avian	
   red	
   blood	
   cells	
   are	
   nucleated.	
   We	
   obtained	
   parasite	
   DNA	
   using	
   two	
  

independent	
   strategies	
   (see	
  methods)	
   involving	
   either	
   depleting	
   host	
   DNA	
   based	
   on	
  methylation	
  

(Oyola	
   et	
   al.	
   2013)	
   and	
   using	
   whole	
   genome	
   amplification	
   (P.	
   gallinaceum)	
   or	
   sequencing	
   from	
  

oocysts	
  from	
  the	
  dissected	
  guts	
  of	
  infected	
  Culex	
  mosquitos	
  (P.	
  relictum).	
  Using	
  Illumina-­‐sequencing,	
  

23.8-­‐megabase	
  (Mb)	
  and	
  22.6-­‐Mb	
  high	
  quality	
  drafts	
  of	
  the	
  P.	
  gallinaceum	
  and	
  P.	
  relictum	
  genomes	
  

were	
   produced	
   and	
   assembled	
   into	
   152	
   and	
   498	
   scaffolds,	
   respectively	
   (Table	
   1).	
   Both	
   avian	
  

Plasmodium	
   genomes	
   show	
   very	
   low	
   GC-­‐content;	
   at	
   17.8	
   %,	
   P.	
   gallinaceum	
   has	
   the	
   lowest	
   GC-­‐

content	
  observed	
  in	
  any	
  Plasmodium	
  genome	
  sequenced	
  to	
  date.	
  

The	
  P.	
  gallinaceum	
   and	
  P.	
   relictum	
  genomes	
   contain	
  5273	
  and	
  5146	
  genes	
   (Table	
  1),	
   respectively,	
  

(Fig.	
  1).	
  Those	
  in	
  P.	
  gallinaceum	
  were	
  predicted	
  ab	
  initio	
  and	
  manually	
  curated	
  using	
  P.	
  gallinaceum	
  

blood-­‐stage	
   transcriptome	
   data	
   (Lauron	
   et	
   al.	
   2014)	
   as	
   a	
   guide.	
   These	
   annotated	
   genes	
   were	
  

projected	
  onto	
  the	
  P.	
  relictum	
  genome,	
  using	
  RATT	
  (Otto	
  et	
  al.	
  2011)	
  and	
  manually	
  refined.	
  	
  

Excluding	
   subtelomeres,	
   the	
   chromosomes are	
   similar	
   in	
   size	
   and	
   in	
   number	
  of	
   genes	
   to	
   those	
  of	
  

other	
  Plasmodium	
   species,	
  have	
  positionally	
   conserved	
  centromeres	
  and	
   share	
   synteny	
  across	
   the	
  

genus	
   (Supplemental	
   Fig.	
   S1).	
   Likewise,	
   the	
   mitochondrial	
   and	
   apicoplast	
   genomes	
   have	
   been	
  

sequenced	
  and	
  show	
  similar	
  size,	
  GC-­‐content	
  and	
  numbers	
  of	
  genes	
  to	
  those	
  previously	
  sequenced	
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from	
  other	
  Plasmodium	
  species	
  (Table	
  1).	
  	
  

	
  

Figure	
  1.	
  Phylogeny	
  and	
  key	
  features	
  of	
  Plasmodium	
  species.	
  Maximum	
  likelihood	
  phylogeny	
  of	
  Plasmodium	
  

species	
  based	
  on	
  a	
  concatenated	
  alignment	
  of	
  289,315	
  amino	
  acid	
   residues	
   from	
  879	
  single-­‐copy	
  orthologs.	
  

Branch	
   lengths	
  are	
  expected	
  substitutions	
  per	
  amino	
  acid	
  site	
  and	
  values	
  on	
  nodes	
  are	
  number	
  of	
  bootstrap	
  

replicates	
  (out	
  of	
  100)	
  displaying	
  the	
  partition	
  induced	
  by	
  the	
  node.	
  The	
  tree	
  was	
  rooted	
  with	
  sequences	
  from	
  

Toxoplasma	
  and	
  four	
  piroplasma	
  species,	
  with	
  the	
  full	
  tree	
  shown	
  as	
  Supplementary	
  Fig.	
  S2.	
  The	
  phylogenetic	
  

tree	
   is	
  combined	
  with	
  a	
  graphical	
  overview	
  of	
  key	
  features	
  of	
  all	
   reference	
  genomes	
  (genome	
  versions	
  from	
  

1.5.2016).	
   Due	
   to	
   the	
   fragmented	
   nature	
   of	
   the	
  Haemoproteus	
   tartakovskyi	
   (Bensch	
   et	
   al.	
   2016)	
   genome,	
  

counts	
  for	
  its	
  key	
  features	
  have	
  not	
  been	
  included.	
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Table	
  1.	
  Genome	
  statistics	
  for	
  avian	
  malaria	
  genome	
  compared	
  with	
  existing	
  Plasmodium	
  reference	
  genomes.	
  

Summary	
  data	
  for	
  human	
  infective	
  P.	
  falciparum	
  3D7	
  (version	
  3.1)	
  and	
  P.	
  knowlesi	
  H	
  (v2,	
  from	
  01.05.2016)	
  are	
  

shown	
  as	
  comparators.	
  	
  

	
   P.	
  gallinaceum	
  
8A	
  

P.	
  relictum	
  
SGS1	
  

P.	
  falciparum	
  
3D7	
  

P.	
  knowlesi	
  	
  
H	
  

Nuclear	
  genome	
   	
   	
   	
   	
  
Genome	
  size	
  (Mb)	
   23.8	
   22.6	
   23.3	
   24.3	
  
N50	
   1,343,538	
   1,833,711	
   1,687,656	
   2,162,603	
  
G+C	
  content	
  (%)	
   17.83	
   18.34	
   19.34	
   40.2	
  
Gaps	
  within	
  scaffolds	
   1840	
   236	
   0	
   83	
  
No.	
  of	
  scaffolds	
   152	
   498	
   14	
   162	
  
No.	
  of	
  chromosomes	
   ND	
   14	
   14	
   14	
  
Amount	
  of	
  N's	
   1,156,820	
   27,778	
   0	
   11,431	
  
No.	
  of	
  genes*	
   5273	
   5146	
   5429	
   5291	
  
No.	
  of	
  transposable	
  elements	
  
(>400bp)	
  

1244	
   344	
   0	
   0	
  

No.	
  of	
  	
  tRNAs	
  
	
  

46	
   46	
   45	
   45	
  

Mitochondrial	
  genome	
   	
   	
   	
   	
  
Genome	
  size	
  (bp)	
   6,747	
   6,092	
   5,967	
   5,957	
  
G+C	
  content	
  (%)	
   32.58	
   31.68	
   31.6	
   30.52	
  
No.	
  of	
  genes	
  
	
  

3	
   3	
   3	
   3	
  

Apicoplast	
  genome	
   	
   	
   	
   	
  
Genome	
  size	
  (kb)	
   29.4	
   29.4	
   34.3	
   30.6	
  
G+C	
  content	
  (%)	
   12.9	
   13.06	
   14.22	
   14.03	
  
No.	
  of	
  genes	
   30	
   30	
   30	
   30	
  

*	
  including	
  pseudogenes	
  and	
  partial	
  genes,	
  excluding	
  non-­‐coding	
  RNA	
  genes	
  

	
  

Relationship	
  between	
  Plasmodium	
  species	
  

There	
   is	
   broad	
   agreement	
   that	
   three	
   major	
   groups	
   of	
   mammal-­‐infective	
   Plasmodium	
   spp	
   are	
  

monophyletic	
  but	
  almost	
  every	
  possible	
  arrangement,	
  relative	
  to	
  those	
  that	
  infect	
  birds	
  and	
  reptiles	
  

(Blanquart	
   and	
   Gascuel	
   2011;	
   Perkins	
   2014)	
   has	
   been	
   proposed	
   at	
   some	
   point.	
   Recently,	
   an	
  

extensive	
  multi-­‐locus	
  molecular	
  dataset	
   (Borner	
  et	
   al.,	
   2016)	
   recovered	
   the	
  great	
   ape	
  parasites	
   as	
  

the	
  sister	
  group	
  to	
  other	
  Plasmodium	
  within	
  a	
  clade	
  of	
  mammalian	
  parasites,	
  disagreeing	
  with	
  the	
  

earlier	
   phylogenomic	
   analyses	
   (Pick	
   et	
   al.	
   2011)	
   that	
   had	
   supported	
   the	
   hypothesis	
   (Waters	
   et	
   al.	
  

1991)	
  that	
  mammalian	
  Plasmodium	
  are	
  polyphyletic,	
  and	
  that	
  P.	
  falciparum	
  and	
  its	
  relatives	
  evolved	
  

recently	
  from	
  an	
  avian	
  ancestor,	
  perhaps	
  explaining	
  its	
  high	
  virulence.	
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We	
   re-­‐evaluated	
   the	
   phylogeny	
   of	
   the	
   mammalian	
   groups	
   with	
   genome-­‐wide	
   data	
   using	
   both	
  

Bayesian	
   and	
   maximum-­‐likelihood	
   models.	
   We	
   found	
   robust	
   support	
   for	
   P.	
   gallinaceum	
   and	
   P.	
  

relictum	
  forming	
  an	
  outgroup	
  to	
  the	
  other	
  Plasmodium	
  species,	
  and	
  the	
  Laverania	
  appearing	
  as	
  the	
  

sister	
   group	
   to	
   other	
  mammalian	
   Plasmodium	
   (Fig.	
   1;	
   Supplemental	
   Fig.	
   S2).	
  We	
   also	
   found	
   that	
  

subgenus	
   Plasmodium	
   is	
   paraphyletic,	
   with	
   an	
   unexpected	
   sister-­‐group	
   relationship	
   between	
   P.	
  

ovale	
   and	
   the	
   rodent-­‐infective	
   species	
   and	
   P.	
   malariae	
   (Rutledge	
   et	
   al.	
   2017)	
   branching	
   as	
   the	
  

deepest	
  lineage	
  outside	
  the	
  avian	
  species	
  and	
  the	
  Laverania.	
  This	
  result	
  is	
  robust	
  to	
  changes	
  in	
  the	
  

substitution	
  model	
   used	
   for	
   phylogenetic	
   inference	
   (see	
   Supplemental	
   information,	
   Supplemental	
  

Fig.	
  S3A).	
  	
  

Correctly	
  placing	
  the	
  wider	
  outgroup	
  of	
  more	
  distantly	
   related	
  Apicomplexa	
   is	
  a	
  widely	
  recognized	
  

difficulty	
  (Perkins	
  2014;	
  Borner	
  et	
  al.	
  2016).	
  Our	
  attempts	
  to	
  fit	
  more	
  complex	
  and	
  potentially	
  more	
  

realistic	
   phylogenetic	
  models	
   to	
   resolve	
   discrepancies	
   between	
   Bayesian	
   and	
  maximum	
   likelihood	
  

trees	
  were	
  unsuccessful,	
  as	
  MCMC	
  runs	
  failed	
  to	
  converge.	
  However,	
  our	
  data	
  did	
  give	
  strong	
  and	
  

consistent	
   support	
   for	
   the	
   relationships	
  within	
  Plasmodium	
   and	
   for	
   the	
   root	
  of	
  Plasmodium	
  when	
  

the	
  data	
  for	
  Haemoproteus	
  were	
  used	
  as	
  an	
  outgroup	
  (Supplemental	
  Fig.	
  S3B,	
  C).	
  Sparse	
  molecular	
  

data	
   are	
   available	
   for	
   many	
   lineages	
   of	
   the	
   genus	
   Plasmodium	
   (Perkins	
   and	
   Schaer	
   2016)	
   and	
  

molecular	
   data	
   from	
   these	
   and	
   additional	
   non-­‐Plasmodium	
   lineages	
   of	
  Haemosporidia,	
   especially	
  

those	
  closely	
  related	
  to	
  mammal	
  and	
  bird	
  Plasmodium,	
  will	
  be	
  key	
  to	
  fully	
  resolving	
  the	
  evolution	
  of	
  

the	
  human	
  pathogens.	
  

	
  

Dating	
  speciation	
  across	
  the	
  Plasmodium	
  genus	
  

Dating	
  speciation	
  events	
  in	
  the	
  Plasmodium	
  lineage	
  has	
  been	
  controversial	
  and	
  hindered	
  by	
  a	
  lack	
  of	
  

fossil	
   records.	
   However,	
   the	
   availability	
   of	
   multiple	
   genomes	
   for	
   several	
   lineages	
   has	
   enabled	
  

coalescence	
  based	
  methods	
  to	
  provide	
  revised	
  timings	
  (Rutledge	
  et	
  al.	
  2017).	
  Using	
  dates	
  from	
  the	
  

latter,	
  we	
  calibrated	
  amino	
  acid	
  divergence	
  across	
  the	
  tree	
  to	
  approximate	
  speciation	
  times	
  (Fig.	
  2),	
  

as	
   previously	
   described	
   (Silva	
   et	
   al.	
   2015),	
   with	
   the	
   caveat	
   that	
   the	
   dates	
   assume	
   equal	
   rates	
   of	
  

divergence	
   across	
   all	
   branches.	
  P.	
   gallinaceum	
   and	
  P.	
   relictum	
   appear	
   to	
   have	
   diverged	
   4	
  million	
  

years	
  ago	
  and	
   that	
   the	
  avian	
   lineage	
  arose,	
  along	
  with	
   the	
   radiation	
  of	
  all	
   sequenced	
  Plasmodium	
  

species,	
  around	
  10	
  million	
  years	
  ago,	
  much	
  more	
   recently	
   than	
   the	
  avian-­‐mammalian	
  split	
  around	
  

300	
  million	
  years	
  ago	
  (Kumar	
  and	
  Hedges	
  1998).	
  This	
  result	
  is	
  consistent	
  with	
  recent	
  data	
  from	
  the	
  

Laverania	
  subgenus	
  that	
  shows	
  parasite	
  speciation	
  events	
  are	
  much	
  more	
  recent	
  than	
  that	
  of	
  their	
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hosts	
  (Otto	
  et	
  al.	
  2017).	
  

	
  

	
  

Figure	
   2.	
   Schematic	
   of	
   the	
   phylogenetic	
   tree	
   showing	
   approximate	
   speciation	
   times	
   across	
   the	
  Plasmodium	
  

genus.	
   Species	
   dates	
  were	
   estimated	
   using	
   a	
   total	
   Least	
   Squares	
   regression	
   on	
   the	
   dAA	
   values	
   (Silva	
   et	
   al.	
  

2015)	
  and	
  calibrated	
  on	
  the	
  split	
  of	
  two	
  P.	
  ovale	
  species,	
  which	
  is	
  assumed	
  to	
  have	
  occurred	
  one	
  million	
  years	
  

ago	
  (Rutledge	
  et	
  al.	
  2017).	
  95%	
  confidence	
  intervals	
  for	
  each	
  node	
  are	
  represented	
  by	
  heat	
  maps.	
  

	
  

	
  

Novel	
  genomic	
  features	
  of	
  the	
  avian	
  lineage	
  

We	
  found	
  50	
  avian	
  malaria-­‐specific	
  core	
  genes	
  with	
  orthologs	
   in	
  both	
  species	
  (Supplemental	
  Table	
  

S1).	
  Using	
  the	
  available	
  P.	
  gallinaceum	
  transcriptome	
  data	
  (Lauron	
  et	
  al.	
  2014),	
  we	
  found	
  that	
  only	
  

two	
   of	
   these	
   50	
   genes	
   showed	
   evidence	
   of	
   expression	
   in	
   the	
   blood	
   stage	
   indicating	
   that	
   the	
  

remaining	
   48	
   genes	
   are	
   likely	
   to	
   play	
   a	
   role	
   elsewhere	
   in	
   the	
   life	
   cycle.	
   For	
   the	
  majority	
   (52%)	
   of	
  

these	
  genes,	
  putative	
   functions	
  could	
  not	
  be	
  ascribed	
   (Supplemental	
  Table	
  S1)	
  but	
  a	
  possible	
  new	
  

member	
   of	
   the	
   AP2	
   family	
   of	
   transcription	
   factors	
   (PRELSG_1134000,	
   PGAL8A_00142800)	
  

(Supplemental	
   Fig.	
   S4A)	
  was	
   found	
   in	
  both	
   species.	
  We	
  also	
   found	
  a	
   6-­‐cysteine	
  protein,	
   a	
   protein	
  

phosphatase	
   and	
   an	
   AMP-­‐specific	
   ABC	
   transporter.	
   To	
   date,	
   analyses	
   have	
   failed	
   to	
   identify	
  

homologs	
   in	
  Plasmodium	
   of	
   the	
  non-­‐homologous	
  end	
   joining	
   (NHEJ)	
  pathway	
   that	
   repairs	
  double-­‐

strand	
   breaks	
   in	
   DNA.	
   Ku70	
   is	
   a	
  member	
   of	
   this	
   pathway	
   that	
   has	
   apparent	
   orthologs	
   in	
   both	
  P.	
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gallinaceum	
   and	
   P.	
   relictum	
   (PGAL8A_00014200,	
   PRELSG_0411800),	
   supported	
   by	
   a	
   three-­‐

dimensional	
  model	
   created	
  using	
   I-­‐TASSER	
   (Yang	
  et	
   al.	
   2015)	
   (Supplemental	
   Fig.	
   S5).	
  However,	
   an	
  

ortholog	
   of	
   Ku80	
   (the	
   obligate	
   partner	
   of	
   Ku70	
   in	
   NHEJ	
   activity)	
   is	
   not	
   present	
   (Fell	
   and	
   Schild-­‐

Poulter	
  2015).	
  

	
  

An	
  unusual	
  SNF1-­‐like	
  kinase,	
  KIN,	
  plays	
  a	
  key	
  role	
  in	
  cellular	
  energy	
  metabolism	
  in	
  Plasmodium	
  spp.	
  

(Mancio-­‐Silva	
  et	
  al.	
  2017).	
  KIN	
  functions	
  as	
  a	
  single	
  subunit,	
  unlike	
  the	
  trimeric	
  structure	
  of	
  canonical	
  

AMP-­‐activated	
  kinases.	
  Unique	
  to	
  the	
  avian	
  malaria	
  genomes	
  is	
  evidence	
  of	
  a	
  more	
  typical	
  SNF1-­‐like	
  

kinase;	
   in	
   P.	
   gallinaceum	
   and	
   P.	
   relictum,	
   alpha	
   (PGAL8A_00159300,	
   PRELSG_1117500)	
   and	
   beta	
  

subunits	
  (PGAL8A_00165250,	
  PRELSG_1111850)	
  can	
  be	
  clearly	
  identified	
  based	
  on	
  domain	
  analysis.	
  

Based	
  on	
  an	
  analysis	
  of	
  Pfam	
  domains	
  and	
  structural	
  prediction	
  using	
  I-­‐TASSER,	
  we	
  were	
  also	
  able	
  to	
  

find	
   a	
   possible	
   candidate	
   gamma	
   subunit	
   in	
   each	
   of	
   the	
   two	
   avian	
   malaria	
   species	
  

(PGAL8A_00033950,	
  PRELSG_1019550).	
  	
  

The	
   core	
   regions	
   of	
   P.	
   relictum	
   and	
   P.	
   gallinaceum	
   chromosomes	
   have	
   the	
   same	
   complement	
   of	
  

genes	
   except	
   for	
   a	
   putative	
   gene	
   of	
   unknown	
   function	
   in	
   P.	
   relictum	
   (PRELSG_0909800)	
  

(Supplemental	
  Table	
  S1,	
   Supplemental	
   Fig.	
   S4B)	
  and	
   several	
  differentially	
  distributed	
  pseudogenes	
  

(Supplemental	
  Table	
  S1,	
  Supplemental	
  Fig.	
  S6).	
  	
  

We	
   found	
   15	
   genes	
   present	
   in	
   P.	
   gallinaceum	
   and	
   P.	
   relictum	
   that	
   were	
   previously	
   defined	
   as	
  

Laverania	
  specific	
  (Supplemental	
  Table	
  S2).	
  Apart	
  from	
  hypothetical	
  proteins	
  this	
   includes	
  ATPase1	
  

(Supplemental	
   Fig.	
   S7A),	
   apyrase	
   and	
   a	
   sugar	
   transporter.	
  We	
   also	
   found	
   12	
   genes	
   that	
   have	
   not	
  

previously	
   been	
   identified	
   outside	
   the	
   vivax,	
   ovale	
   or	
   malariae	
   clades	
   (Supplemental	
   Table	
   S3).	
  

Among	
   these	
   are	
   the	
   merozoite	
   surface	
   protein	
   1	
   paralog	
   (MSP1P)	
   and	
   an	
   ApiAP2	
   transcription	
  

factor	
  (Supplemental	
  Fig.	
  S7B).	
  

The	
   shikimate	
   pathway	
   provides	
   precursors	
   for	
   folate	
   biosynthesis	
   but	
   is	
   remarkably	
   different	
  

between	
  mammalian	
  and	
  avian	
  Plasmodium	
  spp.	
   In	
  the	
  latter,	
  genes	
  encoding	
  two	
  enzymes	
  in	
  the	
  

pathway	
  appear	
   to	
  have	
  become	
  pseudogenes	
   (Supplemental	
  Fig.	
   S8,	
  Supplemental	
  Table	
  S4)	
  and	
  

the	
   gene	
   encoding	
   a	
   key	
   enzyme	
   complex,	
   the	
   pentafunctional	
   AROM	
   polypeptide,	
   is	
   completely	
  

missing.	
  Thus	
  avian	
  malaria	
  parasites	
  are	
  not	
  able	
  to	
  synthesize	
  folate	
  de	
  novo.	
  One	
  explanation	
  for	
  

this	
   could	
   be	
   the	
   fact	
   that	
   the	
   host	
   cells	
   are	
   nucleated	
   and	
   therefore	
   provide	
   a	
   richer	
   nutrient	
  

environment.	
   Three	
   other	
   core	
   genes	
   are	
  missing	
   in	
  P.	
   gallinaeum	
   and	
  P.	
   relictum	
   (Supplemental	
  

Table	
  S5)	
  in	
  addition	
  to	
  AROM,	
  but	
  all	
  three	
  are	
  conserved	
  hypothetical	
  proteins.	
  	
  

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted January 18, 2018. ; https://doi.org/10.1101/086504doi: bioRxiv preprint 

https://doi.org/10.1101/086504


10	
  

 

	
  

A	
  family	
  of	
  Long	
  Terminal	
  Repeat	
  (LTR)-­‐	
  Retrotransposons	
  in	
  avian	
  malaria	
  genomes	
  

Despite	
   the	
   presence	
   of	
   retrotransposons	
   in	
   the	
   majority	
   of	
   eukaryotic	
   genomes,	
   none	
   have	
   yet	
  

been	
  identified	
  from	
  Plasmodium	
  species.	
  Surprisingly,	
  we	
  identified	
  a	
  large	
  number	
  of	
  transposable	
  

element	
  (TE)	
  fragments	
  in	
  the	
  avian	
  malaria	
  genomes	
  (Supplemental	
  Fig.	
  S9):	
  1244	
  in	
  P.	
  gallinaceum	
  

and	
  344	
   in	
  P.	
  relictum	
   (Table	
  1).	
  The	
  vast	
  majority	
   (Supplemental	
  Fig.	
  S10,	
  Supplemental	
  Fig	
  S11A)	
  

were	
   found	
   in	
   the	
   subtelomeres	
   (Supplemental	
   Fig.	
   S9,	
   Fig.	
   3C).	
   A	
   single	
   complete,	
   5.7	
   kb	
  

retrotransposon	
   is	
   present	
   in	
   P.	
   gallinaceum	
   (PGAL8A_00410600)	
   (Fig.	
   3A)	
   and	
   contains	
   a	
   4.5	
   kb	
  

open	
   reading	
   frame	
   encoding	
   a	
   gag-­‐pol	
   polyprotein	
   including	
   the	
   following	
   domains:	
   a	
   retroviral	
  

aspartyl	
   protease	
   (Pfam:PF00077),	
   reverse	
   transcriptase	
   (Pfam:PF00078),	
   RNase	
   H	
  

(Interpro:IPR012337)	
  and	
   integrase	
   (Pfam:PF00665).	
   It	
   is	
  bounded	
  by	
   long	
   terminal	
   repeats	
  of	
  459	
  

nucleotides	
  (5'LTR)	
  and	
  469	
  nucleotides	
  (3'LTR)	
  respectively	
  and	
  contains	
  a	
  primer	
  binding	
  site	
  and	
  

polypurine	
   tract	
   (Fig.	
   3B).	
   Based	
   on	
   the	
   order	
   of	
   encoded	
   HMM	
   domains,	
   the	
   P.	
   gallinaceum	
  

retrotransposon	
  can	
  be	
  classified	
  as	
  Ty3/Gypsy	
  retrotransposon	
  (Steinbiss	
  et	
  al.	
  2009).	
  In	
  addition	
  to	
  

the	
   complete	
   TE,	
  we	
   found	
   four	
   nearly	
   full-­‐length	
   copies,	
   also	
   bounded	
   by	
   long	
   terminal	
   repeats	
  

(PGAL8A_00328600,	
   PGAL8A_00325400,	
   PGAL8A_00189500,	
   PGAL8A_00270200)	
   (Fig.	
   3A).	
   P.	
  

relictum	
   did	
   not	
   contain	
   a	
   complete	
   retrotransposon	
   but	
   based	
   on	
   the	
   programs	
  

LTRharvest/LTRdigest	
   (Ellinghaus	
   et	
   al.	
   2008;	
   Steinbiss	
   et	
   al.	
   2009),	
   we	
   found	
   7	
   near	
   full-­‐length	
  

copies	
   with	
   all	
   the	
   required	
   domains.	
   The	
   most	
   complete	
   is	
   localized	
   in	
   the	
   core	
   area	
   on	
  

chromosome	
  6	
   (Supplemental	
   Fig	
   S11B).	
   It	
   has	
   a	
   length	
  of	
   5.3	
   kb,	
   contains	
   all	
   the	
   required	
  HMM	
  

domains	
   and	
   is	
   bounded	
   by	
   long	
   terminal	
   repeats	
   of	
   253bp	
   (5'LTR)	
   and	
   257	
   bp	
   (3'LTR)	
   that	
   are	
  

shorter	
  than	
  those	
  observed	
  in	
  P.	
  gallinaceum.	
  A	
  BLAST	
  comparison	
  showed	
  highest	
  similarity	
  (28%)	
  

to	
   a	
   retrotransposon	
   described	
   in	
   Ascogregarina	
   taiwanensis,	
   a	
   gregarine	
   that	
   infects	
   mosquito	
  

larvae	
  (Templeton	
  et	
  al.	
  2010).	
  This	
  is	
  also	
  reflected	
  in	
  the	
  phylogenetic	
  tree	
  (Supplemental	
  Fig.	
  S12).	
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Figure	
   3.	
   Transposable	
   elements	
   in	
   P.	
   gallinaceum.	
   (A)	
   Artemis	
   screenshot	
   showing	
   a	
   complete	
  

retrotransposon	
  of	
  P.	
  gallinaceum	
   (PGAL8A_00410600)	
  and	
  a	
   copy	
  where	
   the	
  open	
   reading	
   frame	
  encoding	
  

gag-­‐pol-­‐polyprotein	
  is	
  frame-­‐shifted.	
  (B)	
  Diagram	
  of	
  the	
  P.	
  gallinaceum	
  retrotransposon	
  (PGAL8A_00410600).	
  

The	
   Ty3/Gypsy	
   transposable	
   element	
   contains	
   a	
   continuous	
   open	
   reading	
   frame	
   including	
   a	
   CCHC-­‐type	
   zinc	
  

finger	
  domain	
  (CCHC),	
  aspartic	
  protease	
  domain	
  (PRO),	
  reverse	
  transcriptase	
  domain	
  (RVT),	
  RNase	
  H	
  domain	
  

(RH)	
   and	
   an	
   integrase	
   domain	
   (INT).	
   The	
   element	
   is	
   bounded	
   by	
   long	
   terminal	
   repeats	
   (LTR).	
   (C)	
   A	
   single	
  

subtelomeric	
  region	
  (contig	
  70)	
  from	
  P.	
  gallinaceum.	
  Transposable	
  elements	
  are	
  shown	
  in	
  blue.	
  

	
  

Despite	
  their	
  high	
  degree	
  of	
  fragmentation,	
  we	
  were	
  able	
  to	
  align	
  71	
  regions	
  of	
  ≥2kb	
  common	
  to	
  the	
  

TEs	
  of	
  both	
  species,	
  resulting	
  in	
  a	
  trimmed	
  tree	
  of	
  69	
  sequences	
  aligned	
  over	
  1295bp.	
  The	
  resulting	
  

phylogenetic	
  tree	
  suggests	
  at	
   least	
  2	
   independent	
  acquisitions	
   in	
  the	
  two	
  different	
  species	
  (Fig.	
  4).	
  

Within	
  P.	
  gallinaceum	
   there	
  are	
  two	
  major	
  clades	
  and	
  that	
  can	
  also	
  be	
  differentiated	
  based	
  on	
  GC	
  

content.	
  Older	
  sequences	
  would	
  be	
  expected	
  to	
  converge	
  to	
  the	
  level	
  of	
  the	
  endogenous	
  genome,	
  

which	
   in	
   the	
   case	
   of	
   the	
   avian	
   malaria	
   is	
   extremely	
   low	
   (Table	
   1).	
   There	
   is	
   evidence	
   of	
   TE	
  

transcription	
  in	
  existing	
  RNA-­‐seq	
  data	
  (Fig	
  3A)	
  but	
  it	
  is	
  not	
  possible	
  to	
  map	
  the	
  data	
  meaningfully	
  to	
  

individual	
  TE	
  copies	
  due	
  to	
  unevenness	
  of	
  coverage	
  and	
  a	
  paucity	
  of	
  discriminating	
  SNPs.	
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Figure	
  4.	
  Phylogenetic	
  analysis	
  of	
  69	
  transposable	
  elements	
  from	
  P.	
  gallinaceum	
  and	
  P.	
  relictum.	
  For	
  each	
  

element,	
  GC-­‐content	
  is	
  shown	
  and	
  clearly	
  distinguishes	
  two	
  clades	
  in	
  P.	
  gallinaceum.	
  Unrooted	
  maximum	
  

likelihood	
  tree	
  based	
  on	
  nucleotides	
  using	
  the	
  GTR+G	
  evolutionary	
  model.	
  Bootstrap	
  values	
  <70	
  are	
  not	
  

shown.	
  Percentage	
  GC	
  values	
  indicate	
  mean	
  +/-­‐	
  variance.	
  P-­‐values	
  were	
  determined	
  based	
  on	
  a	
  simple	
  

randomisation	
  approach	
  (*P=<0.01,	
  **	
  P=<0.0001)	
  see	
  Supplemental	
  Methods.	
  

	
  

	
  

To	
   test	
   the	
   activity	
   of	
   the	
   complete	
   retrotransposon,	
   we	
   attempted	
   to	
   introduce	
   a	
   gag-­‐pol	
  

expression	
  cassette	
  into	
  the	
  rodent	
  malaria	
  parasite	
  P.	
  berghei.	
  Transfection	
  was	
  attempted	
  on	
  four	
  

independent	
  occasions	
  with	
  no	
  integration	
  of	
  the	
  P.	
  gallinaceum	
  gag-­‐pol	
  expression	
  cassette	
  being	
  

detected.	
  Parallel	
  transfection	
  of	
  a	
  second	
  vector	
  containing	
  an	
  unrelated	
  insert	
  acted	
  as	
  a	
  positive	
  

control,	
  ruling	
  out	
  technical	
  difficulties.	
  Failure	
  to	
  introduce	
  the	
  P.	
  gallinaceum	
  gag-­‐pol	
  transposase	
  

expression	
   cassette	
   is	
   interpreted	
   as	
   potential	
   toxicity	
   associated	
   with	
   expression	
   of	
   the	
   P.	
  

gallinaceum	
  gag-­‐pol	
  under	
  the	
  very	
  strong	
  pbhsp70	
  promoter	
  and	
  attempts	
  to	
  swap	
  the	
  promoter	
  

for	
  the	
  weaker	
  pbeef1a	
  promoter,	
  or	
  an	
  inducible	
  promoter	
  are	
  ongoing.	
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Multigene	
  families	
  

In	
   addition	
   to	
   the	
   multigene	
   families	
   present	
   in	
   previously	
   sequenced	
   Plasmodium	
   genomes	
   e.g.	
  

ETRAMPS,	
   pir	
   and	
   reticulocyte	
   binding	
   proteins	
   (Gardner	
   et	
   al.	
   2002;	
   Pain	
   et	
   al.	
   2008),	
   (Table	
   2,	
  

Supplemental	
   Table	
   S6),	
   we	
   identified	
   four	
   novel	
   gene	
   families	
   in	
   the	
   avian	
   malaria	
   genomes	
  

(Supplemental	
  Fig.	
  S13)	
  and	
  found	
  that	
  a	
  Plasmodium	
  specific	
  low	
  copy	
  number	
  gene	
  is	
  expanded	
  in	
  

the	
   avian	
   species.	
   To	
   maintain	
   consistency	
   with	
   the	
   gene	
   family	
   naming	
   scheme	
   established	
   for	
  

other	
  species	
  (Otto	
  et	
  al.,	
  2014a),	
  the	
  families	
  are	
  named	
  fam-­‐e	
  to	
  fam-­‐i	
  (Supplemental	
  Fig.	
  S13).	
  

To	
  explore	
   the	
   relationship	
  between	
  Plasmodium	
   subtelomeric	
  gene	
   families	
   across	
   the	
   genus	
  we	
  

used	
   two	
   different	
   clustering	
   approaches,	
   based	
   either	
   on	
   global	
   similarity	
   or	
   on	
   conservation	
   of	
  

short	
   motifs.	
   First,	
   we	
   compared	
   all	
   genes	
   with	
   BLASTP	
   and	
   created	
   a	
   gene	
   network,	
   where	
   the	
  

genes	
  (nodes)	
  were	
  connected	
  if	
  they	
  shared	
  a	
  global	
  similarity	
  above	
  a	
  threshold	
  (Fig.	
  5A).	
  Although	
  

the	
  topology	
  of	
  the	
  network	
  changed	
  with	
  different	
  sequence	
  identity	
  thresholds	
  (Supplemental	
  Fig	
  

S14A),	
  at	
  a	
  threshold	
  of	
  31%	
  the	
  STP1	
  and	
  the	
  Surface-­‐associated	
  interspersed	
  proteins	
  (SURFINs)	
  of	
  

different	
   species	
   are	
   connected.	
   The	
   SURFINs	
   are	
   encoded	
   by	
   a	
   family	
   of	
   10	
   genes	
   in	
   both	
   P.	
  

falciparum	
   and	
   P.	
   reichenowi.	
   We	
   found	
   a	
   relatively	
   high	
   number	
   of	
   SURFINs	
   in	
   avian	
   malaria	
  

genomes,	
  40	
  in	
  P.	
  gallinaceum	
  and	
  14	
  in	
  P.	
  relictum	
  (Table	
  2).	
  As	
  shown	
  in	
  previous	
  studies,	
  SURFINs	
  

show	
  some	
  sequence	
  similarity	
   to	
  PIR	
  proteins	
  of	
  P.	
  vivax	
   (Merino	
  et	
  al.	
  2006;	
  Winter	
  et	
  al.	
  2005)	
  

and	
   some	
   SURFINs	
   share	
   a	
   domain	
  with	
   the	
   SICAvars	
   of	
  P.	
   knowlesi.	
   To	
   examine	
   this	
   relationship	
  

more	
  closely	
  by	
  highlighting	
  similarity	
  that	
  could	
  be	
  missed	
  by	
  BLASTP,	
  we	
  used	
  MEME	
  (Bailey	
  et	
  al.	
  

2009)	
   to	
   generate	
   96	
   sequence	
  motifs	
   from	
   the	
   STP1	
   and	
   SURFIN	
   families,	
   respectively.	
   Next	
  we	
  

searched	
  for	
   those	
  predicted	
  motifs	
   in	
  all	
  predicted	
  proteins	
   (excluding	
   low	
  complexity	
   regions)	
  of	
  

the	
   11	
   sequenced	
   Plasmodium	
   species	
   and	
   visualized	
   the	
   results	
   as	
   a	
   binary	
   occurrence	
   matrix	
  

(Supplemental	
  Fig.	
  S14B).	
  Although	
  some	
  proteins	
  share	
  a	
  limited	
  repertoire	
  of	
  the	
  STP1	
  or	
  SURFIN	
  

motifs	
   –	
   namely	
   DBL	
   containing	
   protein,	
   antigen	
   332	
   and	
   three	
   putative	
   proteins	
   of	
   unknown	
  

function	
   (PRELSG_1445700,	
   PmUG01_00032900,	
   PmUG01_10034200),	
   we	
   observed	
   extensive	
  

motif-­‐sharing	
   amongst	
   the	
   STP1	
   and	
   SURFIN	
   proteins	
   (Fig.	
   5b)	
   but	
   only	
   a	
   single	
   motif	
   is	
   shared	
  

between	
  STP1,	
  SURFIN	
  and	
  SICAvar	
  (Supplemental	
  Fig.	
  S14B,C).	
  This	
  suggests	
  that	
  STP1	
  and	
  SURFIN	
  

comprise	
  a	
  superfamily.	
  The	
  SURFINs	
  cluster	
   into	
  two	
  groups.	
  Group	
   II	
   is	
  unique	
  to	
  P.	
  gallinaceum	
  

but	
   group	
   I	
   includes	
   both	
   homologs	
   from	
   the	
   avian	
   Plasmodium	
   and	
   the	
   hominoid	
   Laverania	
  

subgenus.	
  The	
  STP1	
  proteins	
  are	
  not	
  found	
  in	
  the	
  avian	
  malaria	
  parasites	
  but	
  form	
  two	
  P.	
  ovale	
  and	
  

one	
   P.	
   malariae	
   specific	
   clusters.	
   Whether	
   these	
   poorly	
   characterized	
   families	
   have	
   functional	
  

similarities	
  remains	
  to	
  be	
  determined.	
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Figure	
   5.	
   Similarity	
   of	
   gene	
   families	
  within	
  Plasmodium.	
   (A)	
   A	
   network	
   of	
   BLASTp	
   similarity	
   between	
   genes	
  

(nodes)	
  sharing	
  at	
  least	
  31%	
  global	
  identity.	
  Genes	
  are	
  coloured	
  by	
  species.	
  The	
  pir	
  genes	
  were	
  excluded	
  due	
  

to	
  their	
  large	
  numbers	
  across	
  the	
  Plasmodium	
  genus.	
  Fam-­‐m	
  and	
  Fam-­‐l	
  are	
  P.	
  malariae	
  specific	
  gene	
  families	
  

(Rutledge	
  et	
  al.	
  2017)	
  (B)	
  Clustering	
  of	
  STP1	
  and	
  SURFIN	
  genes	
  based	
  on	
  the	
  occurrence	
  motifs	
  identified	
  using	
  

MEME.	
  Where	
   a	
   gene	
   (row)	
   has	
   a	
   specific	
   motif	
   (column)	
   the	
   value	
   is	
   set	
   to	
   one.	
   The	
  matrix	
   is	
   clustered	
  

through	
  a	
  hierarchical	
  clustering	
  algorithm	
  (Ward	
  1963),	
  to	
  visualize	
  similar	
  patterns	
  of	
  motif-­‐sharing.	
  The	
  x	
  -­‐

axis	
  represents	
  motifs	
  that	
  occur	
  in	
  at	
  least	
  10	
  genes,	
  and	
  individual	
  genes	
  are	
  displayed	
  on	
  the	
  y-­‐axis	
  (rows).	
  

Coloured	
   bars	
   on	
   the	
   left	
   identify	
   species,	
   the	
   bar	
   on	
   the	
   right	
   the	
   gene	
   annotation.	
   Boxed	
   areas	
   indicate	
  

possible	
  gene	
  family	
  sub-­‐types.	
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Table	
  2.	
  Members	
  of	
  subtelomeric	
  multigene	
  families	
  in	
  the	
  genomes	
  of	
  P.	
  gallinaceum	
  8A,	
  P.	
  relictum	
  SGS1	
  	
  

Gene	
  family	
   No.	
  of	
  gene	
  members	
  
	
   P.	
  gallinaceum	
   P.	
  relictum	
  
PIR-­‐like	
  protein	
   20	
   4	
  
	
  	
  	
  	
  PIR-­‐like,	
  pseudogene	
   1	
   0	
  
	
  	
  	
  	
  PIR-­‐like,	
  fragment	
   1	
   1	
  
surface-­‐associated	
  interspersed	
  protein	
  (SURFIN)	
   40	
   14	
  
	
  	
  	
  	
  surface-­‐associated	
  interspersed	
  protein	
  (SURFIN),	
  pseudogene	
   4	
   16	
  
	
  	
  	
  	
  surface-­‐associated	
  interspersed	
  protein	
  (SURFIN),	
  fragment	
   35	
   20	
  
early	
  transcribed	
  membrane	
  protein	
  	
   12	
   12	
  
	
  	
  	
  	
  early	
  transcribed	
  membrane	
  protein,	
  pseudogene	
   0	
   1	
  
	
  	
  	
  	
  early	
  transcribed	
  membrane	
  protein,	
  fragment	
   0	
   1	
  
reticulocyte	
  binding	
  protein,	
  putative	
   8	
   13	
  
	
  	
  	
  	
  reticulocyte	
  binding	
  protein,	
  pseudogene	
   4	
   5	
  
	
  	
  	
  	
  reticulocyte	
  binding	
  protein,	
  fragment	
   2	
   15	
  
fam-­‐e	
  protein	
   38	
   4	
  
	
  	
  	
  	
  fam-­‐e	
  protein,	
  pseudogene	
   0	
   0	
  
	
  	
  	
  	
  fam-­‐e	
  protein,	
  fragment	
   11	
   0	
  
fam-­‐f	
  protein	
   16	
   14	
  
	
  	
  	
  	
  fam-­‐f	
  protein,	
  pseudogene	
   2	
   0	
  
	
  	
  	
  	
  fam-­‐f	
  protein,	
  fragment	
   0	
   1	
  
fam-­‐g	
  protein	
   107	
   0	
  
	
  	
  	
  	
  fam-­‐g	
  protein,	
  pseudogene	
   2	
   0	
  
	
  	
  	
  	
  fam-­‐g	
  protein,	
  fragment	
   12	
   0	
  
fam-­‐h	
  protein	
   2	
   49	
  
	
  	
  	
  fam-­‐h	
  protein,	
  pseudogene	
   0	
   0	
  
	
  	
  	
  fam-­‐h	
  protein,	
  fragment	
   0	
   0	
  
fam-­‐i	
  protein	
   23	
   0	
  
	
  	
  	
  fam-­‐i,	
  pseudogene	
   0	
   0	
  
	
  	
  	
  fam-­‐i,	
  fragment	
   3	
   0	
  

	
  

	
  

The	
  pir	
  (Plasmodium	
  interspersed	
  repeat)	
  genes	
  are	
  the	
  largest	
  multigene	
  family	
  in	
  Plasmodium	
  spp.	
  

and	
  have	
  been	
  found	
  in	
  high	
  numbers	
  in	
  all	
  malaria	
  species	
  sequenced	
  to	
  date	
  (Janssen	
  et	
  al.	
  2004).	
  

In	
   the	
   avian	
  malaria	
   genomes,	
  we	
   found	
   only	
   a	
   small	
   number	
   of	
   distantly	
   related	
   genes	
   that	
   are	
  

possibly	
  members	
  of	
  the	
  family:	
  20	
  in	
  P.	
  gallinaceum	
  and	
  4	
  in	
  P.	
  relictum	
  (Table	
  2).	
  They	
  follow	
  the	
  

canonical	
  3-­‐exon	
  structure,	
  with	
  the	
  second	
  exon	
  encoding	
  a	
  cysteine-­‐rich	
  low-­‐complexity	
  sequence,	
  

a	
  transmembrane	
  domain	
  and	
  a	
  highly	
  conserved	
  third	
  exon.	
  However,	
  the	
  avian	
  pir	
  genes	
  have	
  only	
  

remote	
   sequence	
   similarity	
   to	
   those	
   of	
   other	
   Plasmodium	
   species	
   (and	
   have	
   therefore	
   been	
  

annotated	
  as	
  pir-­‐like);	
  the	
  highest	
  sequence	
  similarity	
  (41%	
  over	
  60	
  amino	
  acids)	
  was	
  found	
  between	
  

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted January 18, 2018. ; https://doi.org/10.1101/086504doi: bioRxiv preprint 

https://doi.org/10.1101/086504


16	
  

 

	
  

a	
  pir	
  from	
  P.	
  vivax	
  (PVP01_0800600)	
  and	
  P.	
  gallinaceum.	
  	
  

We	
  identified	
  290	
  genes	
  in	
  P.	
  gallinaceum,	
  and	
  203	
  in	
  P.	
  relictum,	
  encoding	
  the	
  PEXEL	
  motif	
  that	
  is	
  

frequently	
  present	
  in	
  Plasmodium	
  sub-­‐telomeric	
  multi-­‐gene	
  families	
  and	
  is	
  important	
  for	
  trafficking	
  

proteins	
  into	
  and	
  through	
  the	
  host	
  cell	
  (Marti	
  et	
  al.	
  2004).	
  Three	
  families	
  in	
  particular	
  appear	
  to	
  be	
  

important	
  in	
  the	
  avian	
  malaria	
  lineage.	
  The	
  fam-­‐f	
  family	
  has	
  only	
  a	
  single	
  member	
  in	
  each	
  species	
  of	
  

the	
   Laverania	
   subgenus	
   (PF3D7_1352900,	
   PRCDC_1351900)	
   and	
   two	
  members	
   in	
   the	
   vivax	
   clade	
  

(PVP01_1201900,	
   PVP01_1147000,	
   PKNH_1248100,	
   PKNH_1148800)	
   but	
   has	
   16	
   members	
   in	
   P.	
  

gallinaceum	
  and	
  14	
  members	
  in	
  P.	
  relictum	
  (Supplemental	
  Fig.	
  S13,	
  Supplemental	
  Table	
  S6).	
  Using	
  I-­‐

TASSER	
  to	
  predict	
  the	
  structure,	
  fam-­‐f	
  has	
  some	
  similarity	
  (a	
  modest	
  C-­‐score	
  of	
  -­‐2.33)	
  with	
  human	
  

alpha	
  catenin	
   (PDB:4IGG)	
   that	
   is	
   involved	
   in	
  cell	
  adhesion.	
  To	
  date,	
   fam-­‐g	
  and	
   fam-­‐h	
  appear	
   to	
  be	
  

specific	
  to	
  avian	
  malaria.	
  Fam-­‐g	
  has	
  107	
  members	
  in	
  P.	
  gallinaceum	
  and	
  none	
  in	
  P.	
  relictum,	
  whereas	
  

fam-­‐h	
  has	
  49	
  copies	
  in	
  P.	
  relictum	
  and	
  only	
  2	
  in	
  P.	
  gallinaceum	
  (Supplemental	
  Table	
  S6).	
  It	
  is	
  possible	
  

that	
  the	
  relative	
  absence	
  of	
  pir	
  genes	
  might	
  be	
  in	
  some	
  way	
  compensated	
  by	
  the	
  expansion	
  of	
  these	
  

families.	
  

There	
  are	
  two	
  additional	
  novel	
  gene	
  families	
  in	
  the	
  avian	
  malaria	
  genomes,	
  fam-­‐e	
  and	
  fam-­‐i.	
  Fam-­‐e	
  

is	
  present	
   in	
  both	
  avian	
  malaria	
  species	
  and	
  is	
  a	
  2-­‐exon	
  gene	
  with	
  an	
  average	
  length	
  of	
  350	
  amino	
  

acids	
  and	
  a	
  transmembrane	
  domain.	
  There	
  are	
  38	
  copies	
  in	
  P.	
  gallinaceum	
  and	
  only	
  4	
  in	
  P.	
  relictum	
  

(Table	
  2,	
  Supplemental	
  Table	
  S6).	
  Fam-­‐i	
  is	
  a	
  2-­‐exon	
  gene	
  family	
  only	
  present	
  in	
  P.	
  gallinaceum	
  with	
  

23	
  members	
  (Supplemental	
  Fig.	
  S13).	
  Both	
  gene	
  families	
  lack	
  a	
  putative	
  PEXEL	
  motif.	
  One	
  aspect	
  of	
  

these	
  gene	
  families	
  is	
  that	
  the	
  expression	
  of	
  a	
  few	
  individual	
  members	
  seems	
  to	
  dominate	
  within	
  the	
  

asexual	
  blood	
  stages,	
  see	
  Supplemental	
  Table	
  S7.	
  

	
  

Expansion	
  of	
  the	
  reticulocyte-­‐binding	
  protein	
  (RBP)	
  family	
  in	
  avian	
  malaria	
  parasites	
  

Homologs	
   of	
   reticulocyte-­‐binding	
   protein	
   (RBP)	
   are	
   important	
   in	
   red	
   cell	
   invasion	
   yet	
   a	
   recent	
  

publication	
  (Lauron	
  et	
  al.	
  2015)	
   indicated,	
  based	
  on	
  a	
  transcriptome	
  assembly,	
  a	
   lack	
  of	
  RBPs	
   in	
  P.	
  

gallinaceum.	
  In	
  contrast,	
  we	
  found	
  an	
  expansion	
  of	
  this	
  family	
  in	
  both	
  avian	
  malaria	
  parasites	
  with	
  8	
  

copies	
  in	
  P.	
  gallinaceum	
  and	
  at	
   least	
  29	
  in	
  P.	
  relictum	
  (33	
  if	
  fragments	
  are	
  included;	
  see	
  Methods).	
  

Because	
  these	
  genes	
  are	
   long	
  (>	
  7.5	
  kb)	
  and	
  have	
  large	
  blocks	
  of	
  high	
  sequence	
  similarity	
  they	
  are	
  

difficult	
   to	
   assemble	
   in	
  P.	
   relictum	
   and	
   the	
   copy	
  number	
   in	
   this	
   species	
   could	
  be	
  underestimated.	
  

However,	
  we	
   can	
   see	
   in	
   a	
  maximum	
   likelihood	
   tree	
  of	
   avian	
  RBP	
  ≥	
  4.5kb	
   that	
   the	
   separation	
   into	
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different	
  sub-­‐families	
  predates	
  the	
  speciation	
  of	
  the	
  two	
  avian	
  malaria	
   lineages	
  (Supplemental	
  Fig.	
  

S15A).	
  As	
  with	
  the	
  STP1	
  and	
  SURFIN	
  families,	
  we	
  analysed	
  sequence	
  motifs	
  produced	
  by	
  MEME	
  to	
  

investigate	
   the	
   relationship	
   and	
   evolution	
   of	
   the	
   RBPs	
   in	
   nine	
   Plasmodium	
   spp	
   (Fig.	
   6A,	
  

Supplemental	
  Fig.	
  S15B,	
  C)	
   in	
  more	
  detail.	
  Conserved	
  sequences	
  were	
  used,	
  corresponding	
   to	
   two	
  

sets	
  of	
  shared	
  motifs	
  (black	
  dashed	
  box	
  and	
  stars	
  in	
  Fig.	
  6A),	
  to	
  draw	
  maximum	
  likelihood	
  trees	
  for	
  

the	
   nine	
   Plasmodium	
   spp	
   (Fig.	
   6B).	
   The	
   phylogenetic	
   analysis	
   shows	
   that	
   the	
   genes	
   predate	
   the	
  

speciation	
   of	
   Plasmodium	
   genus	
   but	
   we	
   see	
   a	
   strong	
   host-­‐specific	
   diversification.	
   The	
   RBPs	
   of	
   P.	
  

ovale,	
  P.	
  malariae,	
  P.	
  vivax	
  and	
  P.	
  knowlesi	
  form	
  three	
  different	
  clades.	
  Interestingly	
  the	
  P.	
  berghei	
  

RBPs	
   seem	
   to	
   be	
   very	
   similar	
   to	
   each	
   other,	
   but	
   very	
   different	
   to	
   the	
   other	
   species.	
   This	
   general	
  

classification	
  of	
   the	
  species	
  can	
  also	
  be	
  seen	
   in	
  the	
  motif	
  occurrence	
  matrix	
   (Fig.	
  6C).	
  Some	
  of	
   the	
  

motifs	
  are	
  shared	
  in	
  all	
  RBP.	
  We	
  also	
  find	
  host	
  specific	
  motifs,	
  splitting	
  the	
  rodent,	
  avian	
  and	
  human	
  

and	
  primate	
  hosts.	
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Figure	
   6.	
   RBP	
   Meme	
   motifs	
   comparison.	
   Analysis	
   of	
   96	
   meme	
   motifs	
   obtained	
   from	
   reticulocyte	
   binding	
  

proteins	
   (RBP)	
  of	
  nine	
  species.	
   (A)	
  Example	
  of	
  motifs	
  predicted	
  on	
   two	
  RBP	
   from	
  each	
  of	
   four	
   species.	
  Each	
  

colored	
   rectangle	
   (along	
   the	
   protein)	
   represents	
   a	
   different	
   one	
   of	
   the	
   96	
   motifs,	
   with	
   their	
   heights	
  

corresponding	
   to	
   their	
   respective	
   e-­‐values.	
   The	
   red	
  dashed	
  box	
   around	
   the	
   sequences	
  of	
  P.	
   gallinaceum,	
  P.	
  

falciparum	
  and	
  P.	
   vivax	
   highlights	
   a	
   similar	
   order	
   of	
  motifs.	
   The	
   blue	
   dashed	
   boxes	
   on	
   either	
   side	
   highlight	
  

differences	
  in	
  motif	
  content.	
  The	
  black	
  box	
  and	
  the	
  three	
  stars	
  are	
  motifs	
  used	
  to	
  build	
  the	
  tree	
  in	
  (B).	
  (B):	
  Two	
  

maximum	
  likelihood	
  phylogenetic	
  trees	
  based	
  on	
  two	
  motif	
  sets.	
  The	
  left	
  tree	
  was	
  generated	
  using	
  the	
  three	
  

motifs	
  (indicated	
  with	
  an	
  asterisk	
  *	
  in	
  Panel	
  A,	
  in	
  total	
  72	
  amino	
  acid	
  long)	
  and	
  the	
  second	
  tree	
  was	
  generated	
  

using	
  the	
  motifs	
  from	
  the	
  black	
  box	
  in	
  panel	
  A,	
  169	
  amino	
  acids	
  long	
  (all	
  bootstrap	
  values	
  are	
  100).	
  Labels	
  1,	
  2	
  

and	
   3	
   identify	
   the	
   distinct	
   clusters	
   of	
   the	
   P.	
   malariae,	
   P.	
   ovale	
   and	
   P.	
   vivax	
   RBP,	
   as	
   previously	
   reported	
  

(Rutledge	
   et	
   al.	
   2017),	
   4	
   P.	
   falciparum	
   and	
   P.	
   reichenowi	
   and	
   5	
   P.	
   berghei.	
   (C)	
   Clustering	
   of	
   the	
   binary	
  

occurrence	
  of	
  meme	
  motifs	
  for	
  each	
  RBP,	
  similar	
  to	
  Fig.	
  5B.	
  The	
  bar	
  on	
  the	
  right	
  represents	
  either	
  species	
  (lav-­‐

Laverania,	
  avian,	
  P.berghei)	
  or	
  the	
  groups	
  1,2	
  and	
  3	
  from	
  (B)	
  This	
  analysis	
  does	
  not	
  split	
  group	
  one	
  and	
  two	
  of	
  

P.	
   malariae,	
   P.	
   ovale	
   and	
   P.	
   vivax	
   RBPs.	
   The	
   x-­‐axis	
   represents	
   the	
   96	
   motifs.	
   Blue	
   represents	
   at	
   least	
   one	
  

occurrence	
  of	
  that	
  motif	
  for	
  that	
  gene.	
  Shared	
  patterns	
  are	
  highlighted	
  with	
  coloured	
  boxes.	
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Lineage-­‐specific	
  diversification	
  

Using	
  pairwise	
  dN/dS	
  comparisons	
  in	
  PAML	
  (Yang	
  2007),	
  we	
  looked	
  for	
  signatures	
  of	
  selection	
  across	
  

4285	
  orthologous	
  genes.	
  Between	
  the	
  major	
  clades,	
  dS	
  clearly	
  saturates	
  (indicated	
  by	
  extremely	
  low	
  

dN/dS	
   values;	
   Supplemental	
   Table	
   S8).	
   We	
   therefore	
   focused	
   on	
   within	
   clade	
   comparisons	
   –	
   P.	
  

gallinaceum	
  with	
  P.	
   relictum,	
  P.	
   falciparum	
  with	
  P.	
   reichenowi	
   and	
  P.	
   vivax	
  with	
  P.	
   knowlesi	
   –	
   and	
  

took	
  the	
  top	
  250	
  dN/dS	
  values	
  from	
  each	
  pairwise	
  comparison.	
  Across	
  all	
  comparisons,	
  the	
  list	
  of	
  188	
  

annotated	
  genes	
  (Supplemental	
  Table	
  S9)	
  contains	
  those	
  with	
  known	
  important	
   links	
  with	
  parasite	
  

biology	
   (host	
   invasion).	
   In	
   addition,	
   there	
   is	
   an	
   enrichment	
   for	
   genes	
   of	
   unknown	
   function	
   (68%	
  

compared	
  with	
  <40%	
  in	
  the	
  whole	
  genome)	
  suggesting	
  unexplored	
  areas	
  of	
  parasite	
  biology.	
  Just	
  28	
  

genes	
  were	
  common	
  to	
  the	
  top	
  250	
  of	
  all	
  three	
  within-­‐clade	
  comparisons	
  and	
  22	
  of	
  these	
  were	
  also	
  

of	
   unknown	
   function.	
   The	
   remaining	
   six,	
   again	
   reflect	
   highly	
   characterized	
   functions	
   that	
   are	
  

important	
   for	
   parasite	
   biology	
   (Supplemental	
   Table	
   S9).	
   Across	
   all	
   of	
   the	
   comparisons,	
   the	
   only	
  

significant	
  enrichment	
  occurred	
  in	
  the	
  comparison	
  of	
  avian	
  Plasmodium	
  genes	
  and	
  involved	
  the	
  term	
  

'entry	
  into	
  host'.	
  	
  

To	
  assess	
  diversification	
  across	
   the	
  genus,	
   in	
   the	
   face	
  of	
   the	
  saturated	
  dS	
  values,	
  we	
   identified	
  the	
  

top	
  250	
  dN	
  values	
  in	
  comparisons	
  within	
  and	
  between	
  the	
  three	
  major	
  lineages	
  (Supplemental	
  Table	
  

S10),	
   containing	
   P.	
   gallinaceum,	
   P.	
   falciparum	
   and	
   P.	
   vivax,	
   respectively.	
   Surprisingly	
   across	
   the	
  

entire	
  analysis,	
  there	
  is	
  a	
  clear	
  enrichment	
  for	
  uncharacterized	
  genes	
  (P<0.0001,	
  two	
  tailed	
  Fisher's	
  

exact	
   test).	
   The	
   only	
   genes	
   to	
   show	
   significantly	
   enriched	
   functional	
   annotation	
   were	
   those	
   that	
  

were	
  either	
  unique	
   to	
  both	
   the	
   avian	
   and	
   falciparum	
  clades	
  or	
   the	
   avian	
   clade	
  alone	
   (Fig.	
   7),	
   and	
  

were	
   restricted	
   to	
   'symbiont-­‐containing	
   vacuole	
   membrane',	
   'rhoptry'	
   and	
   'entry	
   into	
   host	
   cell',	
  

confirming	
  the	
  striking	
  adaptation	
  of	
  host	
  entry	
  genes	
  in	
  the	
  avian	
  lineage.	
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Figure	
  7.	
  Analysis	
  of	
  genes	
  with	
  high	
   rates	
  of	
  non-­‐synonymous	
   substitutions	
   (dN)	
  between	
  six	
   species.	
   From	
  

pairwise	
  comparisons	
  within-­‐	
  and	
  between-­‐clades,	
   the	
  250	
  highest	
  scoring	
  genes	
  were	
  selected.	
   	
  The	
  matrix	
  

shows	
  the	
  intersections	
  between	
  the	
  six	
  gene	
  lists	
  and	
  the	
  barplot	
  above	
  shows	
  the	
  number	
  of	
  genes	
  that	
  are	
  

unique	
  to	
  each	
  intersection.	
  The	
  fraction	
  of	
  genes	
  with	
  unknown	
  function	
  in	
  each	
  category	
  is	
  shown	
  with	
  a	
  red	
  

bar.	
  The	
  gene	
  products	
  are	
  shown	
  for	
  the	
  avian	
  species	
  comparison,	
  which	
  had	
  the	
  most	
  significant	
  GO	
  term	
  

enrichment.	
  

	
  

Discussion	
  

Until	
   now,	
   all	
   high	
   quality	
   and	
   manually	
   curated	
   malaria	
   genomes	
   have	
   been	
   from	
   mammalian	
  

parasites.	
  The	
   reference	
  genome	
  assemblies	
  of	
   two	
  avian	
  malaria	
  genomes,	
  P.	
  gallinaceum	
   and	
  P.	
  

relictum,	
   in	
   the	
   present	
   study	
   occupy	
   a	
   sister	
   group	
   relative	
   to	
   the	
   phylogeny	
   of	
   the	
   mammal-­‐
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infecting	
  Plasmodium	
   species.	
   To	
   confirm	
   this	
   sister	
   group	
  was	
   challenging,	
   as	
   the	
   outgroups	
   are	
  

diverse	
  in	
  sequence	
  and	
  the	
  avian	
  parasites	
  share	
  the	
  same	
  extreme	
  GC	
  bias	
  (19%)	
  as	
  those	
  from	
  the	
  

Laverania	
   subgenus.	
   All	
   other	
  mammalian	
  Plasmodium	
   genomes	
  have	
   a	
  GC	
   content,	
   between	
  23-­‐

44	
  %	
  and	
  it	
  has	
  been	
  suggested	
  that	
  this	
  difference	
  is	
  due	
  to	
  the	
  lack	
  of	
  efficient	
  base	
  excision	
  repair	
  

(BER)	
   (Haltiwanger	
   et	
   al.	
   2000)	
   that	
   drives	
   the	
   genome	
   towards	
   lower	
  %GC	
   content.	
   If	
   this	
   is	
   the	
  

case,	
   it	
   is	
   likely	
   that	
   BER	
   has	
   been	
   lost	
   in	
   both	
   the	
   Laverania	
   and	
   avian	
  malaria	
   lineages	
   or	
   that	
  

improvements	
  to	
  BER	
  occurred	
  after	
  the	
  evolution	
  of	
  the	
  Laverania	
  branch.	
  	
  

We	
  have	
  analysed	
  11	
  parasite	
  species	
  from	
  diverse	
  hosts	
  and	
  nearly	
  all	
  genes	
  in	
  regions	
  previously	
  

defined	
   as	
   a	
   conserved	
   core	
   occurred	
   as	
   1:1	
   orthologs.	
   The	
   roles	
   of	
   most	
   genes	
   are	
   therefore	
  

probably	
  shared	
  between	
  the	
  species	
  and	
  transcend	
  host	
  differences.	
  Our	
  analysis	
  therefore	
  focused	
  

on	
  genes	
  that	
  are	
  not	
  shared	
  to	
  investigate	
  species-­‐specific	
  malaria	
  biology.	
  For	
  example,	
  we	
  find	
  50	
  

core	
  genes	
  (1:1	
  orthologs)	
  that	
  are	
  unique	
  to	
  the	
  avian	
  malaria	
  parasites.	
  As	
  these	
   include	
  a	
  novel	
  

AP2	
   gene,	
   encoding	
   a	
   class	
   of	
   transcription	
   factor	
   known	
   for	
   its	
   importance	
   in	
   developmental	
  

regulation,	
  and	
  the	
  majority	
  (48)	
  of	
  the	
  unique	
  genes	
  are	
  not	
  expressed	
  in	
  blood	
  stages,	
  it	
  is	
  possible	
  

that	
  they	
  play	
  a	
  role	
  in	
  the	
  second	
  EE	
  cycle	
  unique	
  to	
  avian	
  species	
  (Garnham	
  1966).	
  The	
  differences	
  

in	
  the	
  folate	
  and	
  heme	
  pathways	
  of	
  the	
  avian	
  species	
  could	
  also	
  be	
  attributed	
  to	
  their	
  colonization	
  of	
  

the	
  more	
  metabolically	
  competent	
  nucleated	
  red	
  blood	
  cells	
  of	
  birds.	
  

In	
  the	
  sub-­‐telomeres	
  we	
  discovered	
  four	
  new	
  gene	
  families	
  (fam-­‐e,	
  fam-­‐g,	
  fam-­‐h	
  and	
  fam-­‐i),	
  a	
  newly	
  

expanded	
   family	
   fam-­‐f,	
   expansion	
  of	
   SURFIN	
   types	
  and	
  a	
   reduction	
   in	
   the	
  number	
  of	
  Plasmodium	
  

interspersed	
  repeat	
  (pir)	
  genes	
  compared	
  to	
  other	
  species.	
  pir	
  genes	
  are	
  present	
  in	
  all	
  Plasmodium	
  

species	
  sequenced	
  to	
  date	
  and	
  are	
  the	
  largest	
  multi-­‐gene	
  family	
  within	
  the	
  genus.	
  Their	
  function	
  is	
  

unclear,	
   but	
   their	
   protein	
   products	
   are	
   present	
   at	
   the	
   host	
   parasite	
   interface,	
   are	
   implicated	
   in	
  

parasite-­‐host	
   interactions	
   (Goel	
   et	
   al.	
   2015;	
   Niang	
   et	
   al.	
   2014)	
   and	
   have	
   been	
   associated	
   with	
  

immune	
  evasion	
  (Cunningham	
  et	
  al.	
  2010;	
  Fernandez-­‐Becerra	
  et	
  al.	
  2009;	
  Saito	
  et	
  al.	
  2017).	
  In	
  the	
  P.	
  

chabaudi	
  rodent	
  model,	
  differential	
  pir	
  gene	
  expression	
  is	
  associated	
  with	
  parasite	
  virulence	
  (Spence	
  

et	
   al.	
   2013).	
   How	
   avian	
   parasites	
   replace	
   this	
   function	
   is	
   unclear.	
   fam-­‐f	
   is	
   single	
   copy	
   in	
   the	
  

mammalian	
   malaria	
   genomes	
   but	
   is	
   significantly	
   expanded	
   in	
   both	
   avian	
   genomes	
   and	
   shows	
   a	
  

distant	
  homology	
  to	
  a	
  human	
  protein	
  that	
  is	
  involved	
  in	
  cell-­‐adhesion.	
  SURFINs	
  are	
  also	
  found	
  on	
  the	
  

surface	
  of	
  infected	
  red	
  blood	
  cells,	
  are	
  expanded	
  in	
  P.	
  gallinaceum	
  and	
  show	
  substantial	
  similarity	
  to	
  

the	
   STP1	
   family	
   which	
   leads	
   us	
   to	
   hypothesise	
   that	
   these	
   two	
   genes	
   families	
  may	
   have	
   shared	
   a	
  

common	
  ancestor	
  and	
  their	
  sequences	
  evolved	
  in	
  a	
  host-­‐dependent	
  manner.	
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Another	
   polymorphic	
   gene	
   family	
   involved	
   in	
   host	
   cell	
   invasion,	
   and	
   recently	
   attributed	
   to	
   host	
  

specificity	
   (Otto	
   et	
   al.,	
   2014b)	
   and	
   red	
   blood	
   cell	
   preference,	
   are	
   reticulocyte	
  binding	
   proteins	
  

(RBPs).	
   This	
   family	
   is	
   significantly	
   expanded	
   in	
   P.	
   relictum,	
   which	
   could	
   explain	
   the	
   ability	
   of	
   this	
  

parasite	
   to	
   infect	
   a	
   wide	
   range	
   of	
   avian	
   species	
   and	
   tissues.	
   We	
   also	
   see	
   strong	
   host-­‐specific	
  

diversification	
  that	
   in	
  combination	
  with	
  the	
   function	
  of	
  “entry	
   into	
  host”	
  being	
  enriched	
   in	
  several	
  

comparisons	
   suggests	
   that	
   the	
   optimization	
   of	
   these	
   genes	
   to	
   their	
   host	
   environment	
   is	
   of	
  

evolutionary	
  importance.	
  	
  The	
  rodent	
  RBP	
  cluster	
  together	
  and	
  are	
  different	
  to	
  the	
  other	
  clades	
  but	
  

still	
  share	
  certain	
  motifs	
  across	
  the	
  genus	
  (Fig.	
  5A).	
  Interestingly,	
  the	
  more	
  diverse	
  motifs	
  are	
  found	
  

at	
  the	
  N-­‐terminus	
  of	
  the	
  RBP,	
  Fig.	
  6A,	
  (blue	
  dashed	
  boxes).	
  The	
  differences	
  between	
  the	
  N-­‐termini	
  of	
  

the	
  RBP,	
  is	
  intriguing	
  as	
  these	
  regions	
  mediate	
  binding	
  to	
  host	
  receptors.	
  It	
  is	
  tempting	
  to	
  speculate	
  

that	
  the	
  conserved	
  motifs	
  are	
  important	
  for	
  the	
  general	
  structure	
  of	
  the	
  RBP,	
  but	
  the	
  more	
  variable	
  

N-­‐terminal	
  regions	
  evolved	
  to	
  bind	
  to	
  specific	
  host	
  receptors.	
  

The	
  most	
  striking	
  difference	
  between	
  the	
  avian	
  parasites	
  and	
  their	
  mammalian	
  infecting	
  relatives	
  is	
  

the	
  presence	
  of	
  long	
  terminal	
  repeat	
  (LTR)	
  retrotransposons.	
  The	
  only	
  other	
  retrotransposon	
  found	
  

so	
   far	
   in	
   Apicomplexa	
   are	
   those	
   from	
   Eimeria	
   (Ling	
   et	
   al.	
   2007;	
   Reid	
   et	
   al.	
   2014).	
   Both	
   the	
  

retrotransposons	
   found	
   in	
   Eimeria	
   and	
   the	
   ones	
   in	
   the	
   avian	
   malaria	
   parasites	
   belong	
   to	
   the	
  

Ty3/Gypsy	
   family.	
   The	
   transposable	
   element	
   found	
   in	
   Eimeria	
   is	
   similar	
   to	
   chromoviruses,	
   a	
  

subgroup	
   of	
   Ty3/Gypsy	
   retrotransposons,	
   whereas	
   the	
   TE	
   from	
   P.	
   gallinaceum	
   does	
   not	
   contain	
  

chromodomains.	
  Both	
  TEs	
   therefore	
  seem	
  to	
  be	
   from	
  different	
   lineages.	
  We	
  were	
  able	
   to	
   identify	
  

several	
  unreported	
   fragments	
  of	
  Ty3/Gypsy	
   retrotransposons	
   in	
   the	
   recently	
  published	
  genome	
  of	
  

the	
   bird	
   parasite	
  Haemoproteus	
   tartakovskyi	
   (Bensch	
   et	
   al.	
   2016),	
   a	
   sister	
   genus	
   of	
   Plasmodium.	
  

Although	
  the	
  TE	
  was	
  found	
  in	
  three	
  avian	
  parasite	
  species,	
  it	
  appears	
  that	
  these	
  were	
  independent	
  

acquisitions.	
  Moreover,	
  in	
  P.	
  gallinaceum	
  there	
  appear	
  to	
  be	
  two	
  distinct	
  radiations	
  of	
  TEs	
  that	
  can	
  

be	
  differentiated	
  based	
  on	
  their	
  branch	
  lengths	
  and	
  GC	
  content.	
  The	
  two	
  radiations	
  may	
  therefore	
  

represent	
  two	
  temporally	
  distinct	
  introductions	
  that	
  differentially	
  equilibrated	
  to	
  the	
  GC	
  content	
  of	
  

the	
  host	
  genome	
  over	
  time.	
  The	
  similarity	
  of	
  the	
  avian	
  Plasmodium	
  TE	
  to	
  a	
  sequence	
  from	
  the	
  vector	
  

parasite	
  Ascogregarina	
  taiwanensis	
  suggests	
  that	
  the	
  TEs	
  within	
  the	
  avian	
  Plasmodium	
  species	
  were	
  

horizontally	
  acquired	
   from	
  vectors	
   that	
  may	
  have	
  been	
  co-­‐infected	
  with	
  Ascogregarines.	
  However,	
  

the	
   question	
   remains	
  why	
   transposable	
   elements	
   (TEs)	
   were	
   not	
   found	
   in	
   any	
   other	
  Plasmodium	
  

species	
   sequenced	
   to	
  date.	
  With	
  multiple	
   acquisitions	
   into	
   the	
  avian-­‐infective	
   lineage	
  but	
  none	
   in	
  

any	
  other	
  lineage,	
  avian	
  Plasmodium	
  must	
  therefore	
  be	
  either	
  more	
  exposed	
  or	
  more	
  permissive	
  to	
  

TEs.	
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To	
   date,	
   Piggybac	
   is	
   the	
   only	
   TE	
   to	
   have	
   been	
   successfully	
   mobilised	
   in	
   Plasmodium	
   under	
  

experimental	
   conditions	
   (Balu	
   et	
   al.	
   2009).	
   We	
   have	
   made	
   multiple	
   attempts	
   to	
   express	
   P.	
  

galllinaceum	
   gag-­‐pol	
   in	
   P.	
   berghei	
   but	
   these	
   have	
   been	
   unsuccessful,	
   perhaps	
   due	
   to	
   its	
   toxicity.	
  

Understanding	
  the	
  mechanism	
  of	
  action	
  for	
  this	
  novel	
  TE	
  could	
  open	
  up	
  exciting	
  new	
  possibilities	
  for	
  

TE	
  based	
  insertional	
  mutagenesis	
  within	
  Plasmodium	
  species.	
  

Availability	
   of	
   complete	
   genome	
   data	
   allowed	
   parasite	
   evolution	
   to	
   be	
   examined	
   across	
   the	
  

mammalian	
  and	
  avian	
  clades	
  of	
  Plasmodium.	
  Signatures	
  of	
  diversifying	
  selection	
  in	
  host-­‐interacting	
  

genes	
  have	
  previously	
  been	
  uncovered	
  in	
  the	
  P.	
  falciparum	
  and	
  P.	
  vivax	
   lineages	
  (Otto	
  et	
  al.	
  2014;	
  

Neafsey	
   et	
   al.	
   2012)	
  However,	
  what	
  was	
   surprising,	
  was	
   the	
   extent	
   to	
  which	
   invasion	
   genes	
   have	
  

diversified	
  in	
  the	
  avian	
  lineage,	
  possibly	
  reflecting	
  the	
  increased	
  complexity	
  in	
  the	
  avian	
  parasite	
  life	
  

cycles,	
  with	
  two	
  extraerythrocytic	
  cycles	
  and	
  therefore	
  a	
  greater	
  range	
  of	
  host	
  cells	
  that	
  need	
  to	
  be	
  

recognized.	
  Although,	
  the	
  identification	
  of	
  invasion	
  genes	
  confirms	
  expectations	
  and	
  to	
  some	
  extent	
  

validates	
   the	
   approach,	
   we	
   note	
   that	
   in	
   all	
   of	
   our	
   comparisons	
   the	
   number	
   of	
   genes	
   with	
   no	
  

annotated	
   functions,	
   vastly	
   exceeds	
   those	
   with	
   characterized	
   homologs.	
   This	
   emphasises	
   the	
  

potential	
  depth	
  of	
  new	
  biology	
  associated	
  with	
  these	
  uncharacterized	
  genes.	
  

Given	
  the	
  absence	
  of	
  a	
  fossil	
  record,	
  the	
  time	
  to	
  the	
  most	
  recent	
  common	
  ancestor	
  was	
  estimated	
  

for	
  pairs	
  of	
  species	
  across	
  the	
  Plasmodium	
  phylogeny.	
  Although	
  the	
  method	
  is	
  crude,	
  because	
  fixed	
  

rates	
  of	
  amino	
  acid	
  evolution	
  are	
  assumed	
  across	
  the	
  tree,	
  we	
  estimate	
  the	
  mammalian	
  and	
  avian	
  

lineage	
  of	
  Plasmodium	
  split	
   in	
  the	
  order	
  of	
  10	
  million	
  years	
  ago,	
  long	
  after	
  the	
  mammals	
  and	
  birds	
  

diverged.	
   Combined	
  with	
  new	
  data	
   from	
   the	
   Laverania	
   subgenus	
   (Otto	
   et	
   al.	
   2017),	
  we	
   therefore	
  

believe	
  that	
  the	
  idea	
  that	
  the	
  species	
  split	
  of	
  the	
  Plasmodium	
  species	
  coincides	
  with	
  their	
  distinctive	
  

hosts	
  is	
  no	
  longer	
  tenable.	
  

	
  

Methods	
  

Collection	
  of	
  parasites	
  and	
  preparation	
  of	
  genomic	
  DNA	
  from	
  P.	
  gallinaceum	
  strain	
  8A	
  	
  

The	
  Institutional	
  Animal	
  Care	
  and	
  Use	
  Committee	
  (IACUC)	
  of	
  the	
  University	
  of	
  California	
  San	
  Diego	
  

(UCSD)	
  approved	
  the	
  animal	
  protocol	
  for	
  the	
  production	
  of	
  blood	
  stages	
  of	
  P.	
  gallinaceum.	
  The	
  8A	
  

strain	
   (catalogue	
   number	
  MRA-­‐310,	
   ATCC,	
  American	
   Type	
   Culture	
   Collection,	
  Manassas,	
   VA,	
   USA)	
  

used	
  in	
  these	
  experiments	
  was	
  originally	
  isolated	
  in	
  1936	
  from	
  chickens	
  in	
  Sri	
  Lanka	
  (Brumpt	
  1937)	
  

and	
   has	
   been	
   since	
   kept	
   in	
   laboratories	
   across	
   the	
  world	
   (largely	
   through	
   intraperitoneal	
   passage	
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between	
  chickens	
  and	
  with	
  occasional	
  transmission	
  via	
  infected	
  mosquitoes)	
  as	
  a	
  model	
  species	
  for	
  

malaria	
  research	
  in	
  the	
  laboratory	
  (Williams	
  2005).	
  The	
  P.	
  gallinaceum	
  8A	
  strain	
  was	
  cycled	
  through	
  

White	
   Leghorn	
   chickens	
   and	
   Aedes	
   aegypti	
   mosquitoes,	
   passage	
   one	
   (P1)	
   parasites	
  

(105parasites/chick)	
   were	
   used	
   to	
   infect	
   twenty	
   chickens,	
   and	
   blood	
   was	
   collected	
   as	
   previously	
  

described	
  (Patra	
  and	
  Vinetz	
  2012).	
  Approximately,	
  a	
  total	
  of	
  100	
  ml	
  of	
  infected	
  blood	
  sample	
  (>10%	
  

parasitemia)	
  was	
  collected,	
  centrifuged,	
  the	
  buffy	
  coat	
  was	
  removed,	
  and	
  the	
  RBC	
  pellet	
  was	
  washed	
  

four	
  times	
  with	
  cold	
  phosphate	
  buffered	
  saline	
  (PBS)	
  pH	
  7.40.	
  Washed	
  RBCs	
  were	
  lysed	
  by	
  saponin	
  

(0.05%	
  in	
  PBS)	
  and	
  genomic	
  DNA	
  (gDNA)	
  was	
  extracted	
  using	
  a	
  standard	
  phenol-­‐chloroform	
  method.	
  

Because	
   chicken	
   RBC	
   are	
   nucleated	
   only	
   a	
   small	
   proportion	
   of	
   isolated	
   DNA	
   was	
   that	
   of	
   P.	
  

gallinaceum.	
  Hence	
  Hoechst	
  33258-­‐Cesium	
  chloride	
  (Cs-­‐Cl)	
  ultracentrifugation	
  was	
  used	
  to	
  separate	
  

AT	
   rich	
   Plasmodium	
  DNA	
   from	
   the	
   chicken	
   DNA	
   (Dame	
   and	
   Mccutchan	
   1987).	
   Isolated	
   P.	
  

gallinaceum	
   DNA	
   was	
   extensively	
   dialyzed	
   against	
   autoclaved	
   Milli-­‐Q	
   water,	
   precipitated	
   with	
  

isopropanol	
  and	
  the	
  DNA	
  pellet	
  washed	
  with	
  70%	
  ethanol.	
  The	
  DNA	
  pellet	
  was	
  suspended	
  in	
  TE	
  (10	
  

mM	
  Tris-­‐HCl,	
  1	
  mM	
  EDTA,	
  pH	
  8)	
  buffer	
  and	
  visualized	
  in	
  0.7%	
  agarose	
  gel	
  electrophoresis	
  to	
  confirm	
  

the	
  quality	
  of	
  the	
  DNA	
  preparation.	
  The	
  DNA	
  was	
  stored	
  at	
  -­‐800C	
  or	
  on	
  dry	
  ice	
  prior	
  to	
  use.	
  

	
  

Host	
  DNA	
  depletion	
  and	
  whole	
  genome	
  sequencing	
  of	
  P.	
  gallinaceum	
  	
  

Purified	
   P.	
   gallinaceum	
   genomic	
   DNA	
   from	
   a	
   batch	
   prepared	
   in	
   2003	
   was	
   used	
   to	
   produce	
   an	
  

amplification-­‐free	
   Illumina	
   library	
   of	
   400-­‐600	
  base	
  pairs	
   (bp)	
   (Quail	
   et	
   al.	
   2012)	
   and	
  100bp	
  paired	
  

end	
   reads	
   were	
   generated	
   on	
   an	
   Illumina	
   HiSeq	
   2000	
   according	
   to	
   the	
   manufacturer's	
   standard	
  

sequencing	
  protocol.	
  To	
  reduce	
  host	
  contamination	
  and	
  enrich	
  for	
  P.	
  gallinaceum	
  DNA,	
  2	
  µg	
  of	
  the	
  

DNA	
  sample	
  was	
  mixed	
  with	
  320	
  µl	
  of	
  methyl	
  binding	
  domain-­‐Fc	
  protein	
  A	
  beads	
  complex	
  (Feehery	
  

et	
  al.	
  2013).	
  The	
  mixture	
  was	
   incubated	
  at	
  room	
  temperature	
  for	
  15	
  minutes	
  with	
  gentle	
  rotation.	
  

Incubated	
   mixture	
   was	
   placed	
   on	
   a	
   magnetic	
   rack	
   for	
   3	
   minutes	
   to	
   separate	
   the	
   beads	
   and	
   the	
  

supernatant.	
  A	
  clear	
  supernatant	
  containing	
  enriched	
  P.	
  gallinaceum	
  DNA	
  was	
  pipetted	
  in	
  to	
  a	
  clean	
  

tube	
  without	
   disturbing	
   the	
   beads.	
   The	
   supernatant	
  was	
   purified	
   using	
   1.8x	
   volume	
  of	
   Agencourt	
  

AMPure®	
  XP	
  beads	
  (Beckman	
  Coulter	
  #A63880)	
  following	
  manufacturer's	
  instructions.	
  The	
  DNA	
  was	
  

eluted	
  in	
  80	
  µl	
  of	
  1x	
  TE	
  buffer	
  (pH	
  7.5).	
  

An	
  amplification-­‐free	
   Illumina	
   library	
  of	
  400-­‐600bp	
  was	
  prepared	
   from	
  the	
  enriched	
  genomic	
  DNA	
  

(Quail	
   et	
   al.	
   2012)	
   and	
   150bp	
   paired	
   end	
   reads	
   were	
   generated	
   on	
   an	
   Illumina	
   MiSeq	
   using	
   v2	
  

chemistry	
  according	
  to	
  the	
  manufacturer's	
  standard	
  sequencing	
  protocol.	
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From	
  20ng	
  of	
   the	
  enriched	
  genomic	
  DNA	
  whole	
  genome	
  amplification	
   (WGA)	
  was	
  performed	
  with	
  

REPLI-­‐g	
   Mini	
   Kit	
   (Qiagen)	
   following	
   a	
   modified	
   protocol	
   (Oyola	
   et	
   al.	
   2014)	
   (Supplemental	
  

Information).	
  	
  

This	
   material	
   was	
   then	
   used	
   to	
   prepare	
   a	
   3-­‐4kb	
   Illumina	
   mate-­‐paired	
   library	
   using	
   an	
   improved	
  

(Sanger)	
  mate-­‐paired	
  protocol	
  (Park	
  et	
  al.	
  2013)	
  and	
  100bp	
  paired	
  end	
  reads	
  were	
  generated	
  on	
  an	
  

Illumina	
  HiSeq	
  2500	
  according	
  to	
  the	
  manufacturer's	
  standard	
  sequencing	
  protocol.	
  

	
  

Collection	
  of	
  parasites,	
  preparation	
  of	
  genomic	
  DNA	
  from	
  P.	
  relictum	
  and	
  sequencing	
  

Experimental	
   procedures	
   were	
   approved	
   by	
   the	
   Ethical	
   Committee	
   for	
   Animal	
   Experimentation	
  

established	
   by	
   the	
   CNRS	
   under	
   the	
   auspices	
   of	
   the	
   French	
   Ministry	
   of	
   Education	
   and	
   Research	
  

(permit	
   number	
   CEEA-­‐	
   LR-­‐1051).	
   Plasmodium	
   relictum	
   (lineage	
   SGS1-­‐like,	
   recently	
   renamed	
  

DONANA05	
   (Bensch	
  et	
   al.	
   2009),	
  GenBank	
  KJ579152)	
  was	
  originally	
   isolated	
  by	
  G.	
   Sorci	
   from	
  wild	
  

sparrows	
   (Passer	
   domesticus)	
   caught	
   in	
   2009	
   in	
   the	
   region	
   of	
   Dijon	
   (France)	
   and	
   subsequently	
  

passaged	
  to	
  naïve	
  canaries	
  (Serinus	
  canaria)	
  by	
  intra	
  peritoneal	
  injection.	
  The	
  strain	
  was	
  maintained	
  

in	
  an	
  animal	
  house	
  by	
  carrying	
  out	
   regular	
  passages	
  between	
  our	
   stock	
   canaries,	
   and	
  occasionally	
  

through	
  Cx	
  pipiens	
  mosquitoes	
  every	
  ca.	
  3	
  weeks	
  (for	
  details	
  see	
  Pigeault	
  et	
  al.	
  2015).	
  

Midguts	
  were	
  obtained	
  from	
  heavily	
  infected	
  mosquitos	
  (see	
  Supplemental	
  Information).	
  	
  

An	
  amplification-­‐free	
  Illumina	
  library	
  of	
  400-­‐600	
  base	
  pair	
  (bp)	
  was	
  prepared	
  from	
  the	
  genomic	
  DNA	
  

of	
   infected	
  mosquito	
  midguts	
   and	
   150bp	
   paired	
   end	
   reads	
  were	
   generated	
   on	
   an	
   Illumina	
  MiSeq	
  

using	
  v2	
  chemistry	
  according	
  to	
  the	
  manufacturer's	
  standard	
  sequencing	
  protocol.	
  

	
  

Genome	
  assembly	
  and	
  annotation	
  of	
  P.	
  gallinaceum	
  and	
  P.	
  relictum	
  

Due	
   to	
   the	
   better	
   ratio	
   of	
   parasite	
   versus	
   host,	
   the	
   P.	
   relictum	
   assembly	
   generated	
   better	
   contig	
  

results.	
  Low	
  quality	
  regions	
  for	
  the	
  reads	
  were	
  clipped	
  with	
  SGA	
  version	
  0.9.1	
  (Simpson	
  and	
  Durbin	
  

2012)	
  and	
  contigs	
  were	
  scaffolded	
  with	
  SSPACE	
   (Boetzer	
  et	
  al.	
  2011).	
  The	
  assembly	
  was	
   improved	
  

using	
  PAGIT	
  (Swain	
  et	
  al.	
  2012)	
  (see	
  Supplemental	
  Information).	
  

The	
  P.	
  gallinaceum	
   data	
  were	
   similarly	
  assembled	
  but	
  with	
  more	
   iterative	
   steps	
  of	
  PAGIT,	
   SSPACE	
  

and	
  REAPR	
  (made	
  possible	
  due	
  to	
  a	
  3kb	
  mate-­‐pair	
  library).	
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Annotation	
  was	
  performed	
  using	
   the	
  Artemis	
  and	
  ACT	
  software	
   (Carver	
  et	
  al.	
  2013a).	
  Gene	
  model	
  

structures	
  were	
  corrected	
  based	
  on	
  orthology	
  and	
  transcriptome	
  data	
  (Lauron	
  et	
  al.	
  2014).	
  The	
  RNA-­‐

seq	
   reads	
   from	
   Lauron	
   et	
   al.	
   were	
   mapped	
   with	
   tophat2	
   (Kim	
   et	
   al.	
   2013)	
   against	
   the	
   new	
   P.	
  

gallinaceum	
  genome.	
  Based	
  on	
  aligned	
  RNA-­‐seq	
  data,	
  326	
  gene	
  models	
  were	
  modified	
  and	
  a	
  further	
  

eight	
   identified.	
  Functional	
  descriptions	
  were	
  extracted	
   from	
   literature	
  or	
  based	
  on	
  assessment	
  of	
  

BLAST	
   and	
   FASTA	
   similarity	
   searches	
   against	
   public	
   databases	
   and	
   searches	
   in	
   protein	
   domain	
  

databases	
   such	
   as	
   InterPro	
   and	
   Pfam	
   (Finn	
   et	
   al.	
   2014).	
   Transmembrane	
   domains	
  were	
   identified	
  

using	
   TMHMMv2.0	
   (Krogh	
   et	
   al.	
   2001)	
   and	
   Rfamscan	
   (Nawrocki	
   et	
   al.	
   2015)	
  was	
   used	
   to	
   identify	
  

non-­‐coding	
  RNA	
  genes.	
  OrthoMCL	
  38	
  (Li	
  et	
  al.	
  2003)	
  was	
  used	
  to	
  identify	
  orthologs	
  and	
  paralogs.	
  	
  

	
  

Phylogenetic	
  analysis	
  	
  

OrthoMCL	
  v2.0	
  (default	
  parameters	
  and	
  an	
  inflation	
  parameter	
  of	
  1.5)	
  was	
  used	
  to	
  identify	
  a	
  total	
  of	
  

881	
   clusters	
   proteins	
   that	
   were	
   single-­‐copy	
   and	
   present	
   in	
   19	
   species	
   of	
  Apicomplexan	
   parasites	
  

(Supplemental	
  Methods).	
  	
  

For	
   phylogentic	
   analysis	
   (Supplemental	
  Methods),	
   eight	
   independent	
  MCMC	
   chains,	
   each	
   with	
   at	
  

least	
  60,000	
  steps	
  were	
  run.	
  The	
  final	
  1500	
  trees	
  from	
  each	
  chain	
  were	
  concatenated	
  for	
  inference	
  

(discarding	
  approximately	
  20,000	
  steps	
  per	
  chain	
  as	
  burn-­‐in).	
  To	
  generate	
  the	
  RBP	
  and	
  TE	
  trees,	
  we	
  

trimmed	
   the	
   alignments	
   with	
   Gblocks	
   in	
   Seaview	
   version	
   4.3.1	
   (Galtier	
   et	
   al.	
   1996)	
   allowing	
   the	
  

loosest	
  settings.	
  	
  

	
  

Dating	
  

G-­‐PhoCS	
  (Gronau	
  et	
  al.	
  2011)	
  (a	
  Bayesian	
  coalescence	
  method)	
  has	
  been	
  used	
  previously	
  to	
  estimate	
  

divergence	
   times	
   of	
   P.	
   malariae	
   and	
   P.	
   malariae-­‐like	
   (Rutledge	
   et	
   al.	
   2017).With	
   only	
   a	
   single	
  

representative	
  sample	
  for	
  each	
  avian-­‐infective	
  species,	
  it	
  is	
  not	
  possible	
  to	
  use	
  G-­‐PhoCS.	
  We	
  used	
  a	
  

method	
  based	
  on	
  a	
  Total	
  Least	
  Squares	
  regression	
  and	
  the	
  existence	
  of	
  a	
  molecular	
  clock	
  specific	
  to	
  

Plasmodium	
  (Silva	
  et	
  al.	
  2015)	
  to	
  estimate	
  dating	
  (see	
  Supplemental	
  Methods).	
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Transposon	
  analysis	
  

LTRharvest	
  (from	
  GenomeTools	
  v1.5.2)	
  (Ellinghaus	
  et	
  al.	
  2008)	
  was	
  used	
  to	
  search	
  for	
  putative	
  LTR	
  

retrotransposon	
   insertions	
   in	
   the	
   sequence	
   scaffold	
   on	
  which	
   the	
  ORF	
   (4455	
   bp)	
   in	
   question	
  was	
  

located.	
   It	
   successfully	
   identified	
   two	
   flanking	
  LTR	
  sequences	
  of	
  459	
  bp	
   (5'LTR)	
  and	
  469	
  bp	
   (3'LTR)	
  

length	
   and	
  90%	
   similarity.	
   Subsequent	
   annotation	
  of	
   this	
   element	
  using	
   LTRdigest	
   (Steinbiss	
   et	
   al.	
  

2009)	
   revealed	
   the	
   presence	
   of	
   several	
   profile	
   HMM	
   matches	
   to	
   retrotransposon-­‐associated	
  

domains	
  (Gag,	
  protease,	
  reverse	
  transcriptase,	
  RNase	
  H,	
  integrase).	
  Profiles	
  used	
  in	
  this	
  search	
  were	
  

collected	
   from	
   the	
   Pfam	
   (Finn	
   et	
   al.	
   2014)	
   (PF00075,	
   PF00077,	
   PF00078,	
   PF00098,	
   PF00385,	
  

PF00552,	
   PF00665,	
   PF00692,	
   PF01021,	
   PF01393,	
   PF02022,	
   PF03732,	
   PF04094,	
   PF04195,	
   PF05380,	
  

PF06815,	
   PF06817,	
   PF07253,	
   PF07727,	
   PF08284)	
   and	
   GyDB	
   databases	
   (Llorens	
   et	
   al.	
   2011).	
   The	
  

LTRdigest	
   run	
   also	
   detected	
   a	
   primer	
   binding	
   site	
   of	
   length	
   15,	
   complementary	
   to	
   a	
   tRNASer	
  

(anticodon	
   GCT).	
   For	
   this	
   purpose	
   P.	
   gallinaceum	
   tRNA	
   sequences	
   were	
   predicted	
   ab	
   initio	
   using	
  

ARAGORN	
   v1.2.36	
   (Laslett	
   and	
   Canback	
   2004).	
   Moreover	
   a	
   polypurine	
   tract	
   of	
   length	
   27	
  

(AAAAAAAAAAAAAAAAAAAAAAAAAGA)	
   was	
   identified	
   manually	
   by	
   examination	
   of	
   the	
   area	
  

upstream	
   of	
   the	
   3'LTR.	
   Filtering	
   and	
   manual	
   inspection	
   of	
   the	
   results	
   of	
   genome-­‐wide	
  

LTRharvest/LTRdigest	
  runs	
  discovered	
  at	
  least	
  four	
  more	
  potential	
  near-­‐full-­‐length	
  copies.	
  However,	
  

none	
  of	
  these	
  retains	
  a	
  complete	
  ORF.	
  

RepeatMasker	
  (version	
  open-­‐4.0.2,	
  with	
  ABBlast/WUBlast	
  2.0MP-­‐WashU,	
  -­‐nolow,	
  default	
  sensitivity)	
  

was	
  used	
  to	
  identify	
  fragmented	
  insertions	
  of	
  the	
  element	
  in	
  the	
  genome	
  DNA	
  sequence	
  using	
  the	
  

DNA	
  sequence	
  of	
  the	
  full-­‐length	
  element	
  as	
  a	
  custom	
  library.	
  All	
  hits	
  of	
  length	
  less	
  than	
  400	
  bp	
  were	
  

disregarded.	
  

	
  

Prediction	
  of	
  exported	
  proteins	
  

All	
   genes	
   of	
   the	
   reference	
   genomes	
   were	
   analysed	
   for	
   the	
   presence	
   of	
   a	
   PEXEL-­‐motif	
   using	
   the	
  

updated	
  HMM	
  algorithm	
  ExportPred	
  v2.0	
  (Boddey	
  et	
  al.	
  2013).	
  As	
  a	
  cutoff	
  value	
  1.5	
  was	
  used	
  as	
  in	
  

(Boddey	
   et	
   al.	
   2013).	
   To	
   compare	
   genes	
   with	
   PEXEL-­‐motifs	
   between	
   the	
   species	
   we	
   used	
   only	
  

orthologous	
  genes	
  with	
  a	
  one-­‐to-­‐one	
  relationship	
  in	
  the	
  11	
  reference	
  species.	
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Analysis	
  of	
  conserved	
  motifs	
  	
  

To	
  predict	
  new	
  motifs	
  we	
  used	
  MEME	
  version	
  4.9.1.	
  For	
  the	
  STP1	
  and	
  SURFIN	
  analysis	
  we	
  searched	
  

for	
   96	
   motifs	
   of	
   the	
   length	
   between	
   10-­‐150	
   amino	
   acids	
   on	
   all	
   the	
   existing	
   STP1	
   and	
   SURFIN	
  

sequences	
   of	
   the	
   used	
   9	
   genomes.	
   Next,	
   the	
   conceptual	
   proteomes	
   of	
   9	
   Plasmodium	
   spp	
   were	
  

searched	
  for	
  the	
  presence	
  of	
  those	
  STP1/SURFIN	
  meme	
  motifs	
  using	
  fimo,	
  a	
  tool	
  from	
  the	
  meme	
  suit	
  

that	
   finds	
   predicted	
   MEME	
   motifs	
   in	
   new	
   sequences	
   (cut-­‐off	
   1.0E-­‐6;	
   seg	
   used	
   to	
   exclude	
   low	
  

complexity	
  amino	
  acid	
  regions).	
  Genes	
  with	
  less	
  than	
  5	
  hits	
  were	
  excluded.	
  The	
  output	
  was	
  parsed	
  

with	
   a	
   PERL	
   script	
   into	
   a	
  matrix	
   and	
   visualized	
   in	
   R,	
   using	
   the	
   heatmap.2	
   function	
   and	
   the	
   ward	
  

clustering.	
   The	
   phylogenetic	
   trees	
   in	
   Fig.	
   6	
   were	
   built	
   with	
   PhyML	
   (Guindon	
   et	
   al.	
   2009).	
   The	
  

alignments	
   for	
   those	
   trees	
   are	
   based	
   on	
   the	
   three	
  meme	
  motifs	
   each.	
  We	
   tried	
   to	
  maximize	
   the	
  

occurrence	
  of	
  number	
  of	
  sequences	
  and	
  species	
  for	
  the	
  tree.	
  

For	
  the	
  RBP	
  analysis	
  we	
  took	
  15	
  RBP	
  from	
  each	
  species.	
  We	
  chose	
  15	
  to	
  have	
  the	
  same	
  number	
  of	
  

sequences	
   per	
   species.	
   We	
   joined	
   the	
   two	
   Laverania	
   samples	
   and	
   down	
   sampled	
   randomly	
   the	
  

amount	
  of	
  sequences	
  if	
  needed.	
  Motifs	
  were	
  predicted	
  with	
  the	
  parameters	
  -­‐nmotifs	
  96	
  -­‐minw	
  10	
  -­‐

maxw	
  150.	
  

All	
  structural	
  predictions	
  were	
  performed	
  on	
  the	
  I-­‐Tasser	
  web	
  server	
  (Yang	
  et	
  al.	
  2015)	
  using	
  default	
  

parameter.	
  To	
  determine	
  Pfam	
  domain	
  enrichment	
  we	
  ran	
  InterProScan	
  (Mitchell	
  et	
  al.	
  2015),	
  and	
  

parsed	
  the	
  output	
  in	
  a	
  table	
  for	
  further	
  analysis.	
  

	
  

dN/dS	
  analysis	
  

From	
   the	
   orthologues	
   we	
   aligned	
   the	
   nucleotides	
   after	
   trimming	
   low	
   complexity,	
   with	
   muscle.	
  

Amino	
  acids	
   alignments	
  were	
   trimmed	
  with	
  GBlocks	
   (default	
   settings)	
   and	
  against	
   filtered	
   for	
   low	
  

complexity	
  with	
   the	
   Seg	
  program.	
   To	
   calculate	
   the	
  dN/dS	
  we	
  used	
  paml	
   and	
   the	
   “Nei	
  &	
  Gojobori”	
  

method	
  (Nei	
  and	
  Gojobori	
  1986).	
  We	
  calculated	
  the	
  dN/dS	
  twice,	
  once	
  just	
  with	
  alignments	
  between	
  

the	
  two	
  avian	
  species	
  and	
  once	
  with	
  all	
  eight	
  genomes.	
  

The	
  dN	
  values	
  were	
  generated	
   in	
   the	
  dN/dS	
   analysis	
  and	
  parsed	
   for	
  each	
  comparison.	
   Intersections	
  

between	
   the	
   top	
   250	
   genes	
   for	
   each	
   of	
   the	
   six	
   comparisons	
   were	
   visualized	
   with	
   the	
   R	
   package	
  

UpSetR	
  (Lex	
  et	
  al.	
  2014).	
  The	
  product	
  descriptions	
  were	
  obtained	
  from	
  the	
  June	
  2017	
  version	
  of	
  P.	
  

falciparum	
  from	
  GeneDB	
  (Logan-­‐Klumpler	
  et	
  al.	
  2012).	
  	
  

The	
  GO	
  enrichment	
  with	
  TopGO	
  (Alexa	
  and	
  Rahnenfuhrer	
  2016)	
  was	
  performed	
  for	
  17	
  comparisons	
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and	
  the	
  resulting	
  P-­‐values	
  were	
  multiplied	
  by	
  17	
  to	
  adjust	
  for	
  multiple	
  testing.	
  	
  

	
  

Determining	
  the	
  number	
  of	
  RBP	
  copies	
  in	
  P.	
  relictum	
  

The	
   long	
   coding	
   sequences	
   (>	
   7.5	
   kb)	
   with	
   large	
   blocks	
   of	
   highly	
   similar	
   sequence	
   between	
   RBPs	
  

confounded	
  the	
  assembly	
  process	
  and	
  made	
  determining	
  the	
  true	
  number	
  of	
  RBPs	
  a	
  challenge.	
  

In	
   the	
   P.	
   relictum	
   assembly,	
   18	
   full-­‐length	
   RBP	
   genes	
   were	
   annotated,	
   of	
   which	
   five	
   were	
  

pseudogenes.	
   In	
  addition,	
  the	
  P.	
  relictum	
  assembly	
  contained	
  numerous	
  gene	
  fragments	
  that	
  were	
  

truncated	
  by	
   the	
  assembly	
  process.	
  Despite	
   the	
  high	
  degree	
  of	
  polymorphism,	
   the	
  order	
  of	
  meme	
  

motifs	
   in	
   the	
   full	
   length	
   RBP	
   genes	
  was	
   conserved	
   and	
   this	
   information	
  was	
   used	
   to	
   classify	
   and	
  

count	
   RBP	
   fragments	
   corresponding	
   to	
   the	
  N	
   and	
   C	
   termini.	
  Of	
   fifteen	
   incomplete	
   genes	
   8	
   and	
   6	
  

were	
  classified	
  as	
  unambiguously	
  representing	
  N-­‐	
  and	
  C-­‐terminal	
  fragments,	
  respectively.	
  To	
  identify	
  

copy	
  number	
  variants	
  (CNVs)	
  amongst	
  near-­‐identical	
  RBPs,	
  Illumina	
  reads	
  were	
  mapped	
  back	
  against	
  

the	
  genome	
  using	
  BWA	
  (default	
  parameters)	
  (Li	
  and	
  Durbin	
  2010)	
  and	
  Bamview	
  in	
  Artemis	
  (Carver	
  et	
  

al.	
  2013b).	
  A	
  CNV	
  was	
  assumed	
  where	
  read	
  depth	
  increased	
  by	
  a	
  factor	
  of	
  2,	
  3	
  or	
  4,	
  relative	
  to	
  the	
  

median	
  coverage	
  depth	
  for	
  the	
  whole	
  genome.	
  The	
  occurrence	
  of	
  heterozygous	
  SNPs	
  within	
  a	
  CNV	
  

provided	
  additional	
  supporting	
  evidence.	
  Four	
  almost	
  base-­‐perfect	
  copies	
  of	
  one	
  full	
  length	
  RBP	
  had	
  

been	
  collapsed	
  into	
  a	
  single	
  copy	
  in	
  the	
  assembly	
  process.	
  	
  

	
  

Expression	
  of	
  P.	
  gallinaceum	
  transposase	
  in	
  P.	
  berghei	
  

A	
  6.4	
  kb	
  fragment	
  carrying	
  the	
  P.	
  gallinaceum	
  gag-­‐pol	
  (without	
  the	
  LTR	
  repeats)	
  was	
  synthesised	
  by	
  

GeneArt	
   Gene	
   Synthesis	
   service	
   (Thermo	
   Fischer	
   Scientific).	
   The	
   P.	
   gallinaceum	
   gag-­‐pol	
   was	
   sub-­‐

cloned	
   into	
   pL1694	
   (obtained	
   from	
   the	
   Leiden	
  Malaria	
   Group)	
   using	
   BamHI	
   and	
  NotI,	
   placing	
   its	
  

expression	
   under	
   control	
   of	
   the	
   constitutive	
   pbhsp70	
   promoter.	
   In	
   the	
   resulting	
   vector,	
   the	
  

expression	
   cassette	
   pbhsp70	
   5'utr:pgtransp:pbhsp70	
   3'utr	
   is	
   flanked	
   by	
   homology	
   arms	
   to	
   the	
  

P.	
  berghei	
   p230p	
   gene.	
   The	
   vector	
   was	
   linearised	
   by	
   SacII	
   prior	
   to	
   transfection	
   into	
   the	
   1596	
  

P.	
  berghei	
   GIMO	
   (gene	
   in	
   marker	
   out)	
   mother	
   line	
   (Leiden	
   Malaria	
   Group),	
   with	
   transfectant	
  

parasites	
   injected	
   intravenously	
   into	
  Balb/c	
  mice	
   followed	
  by	
  administration	
  of	
  5-­‐fluorocytosine	
   in	
  

the	
  drinking	
  water	
  (Janse	
  et	
  al.	
  2006;	
  Lin	
  et	
  al.	
  2011;	
  Braks	
  et	
  al.	
  2006).	
  

Parasites	
   typically	
   appeared	
   10	
   day	
   post-­‐transfection,	
   and	
  were	
   genotyped	
   for	
   integration	
   of	
   the	
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pbhsp70	
   5'utr:pgtransp:pbhsp70	
   3'utr	
   expression	
   cassette	
   (L1694-­‐GT-­‐F	
  

AGCGATAAAAATGATAAACCA,	
   L1694-­‐Pgtransp.-­‐GT-­‐R	
   CGATTGACGCTAAATCATTCGG).	
   Transfection	
  

was	
   attempted	
   at	
   four	
   independent	
   occasions,	
   in	
   the	
   presence	
   of	
   a	
   positive	
   control	
   without	
  

integration	
  of	
  the	
  P.	
  gallinaceum	
  transposase	
  expression	
  cassette	
  ever	
  being	
  detected.	
  	
  

	
  

Data	
  Access	
  

All	
   data	
   generated	
   in	
   this	
   study	
   have	
   been	
   submitted	
   to	
   the	
   European	
   Nucleotide	
   Archive	
   (ENA;	
  

http://www.ebi.ac.uk/ena)	
   under	
   accession	
   numbers	
   PRJEB9073	
   (P.	
   gallinaceum	
   8A	
   genome	
  

assembly),	
   PRJEB9074	
   (P.	
   relictum	
   SGS1	
   genome	
   assembly),	
   PRJEB2470	
   (P.	
   gallinaceum	
   Illumina	
  

reads)	
  and	
  PRJEB2579	
  (P.	
  relictum	
  SGS1	
  Illumina	
  reads).	
  The	
  assembly	
  and	
  annotation	
  are	
  available	
  

in	
  GeneDB	
  (http://www.genedb.org)	
  and	
  PlasmoDB	
  (http://www.plasmodb.org).	
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