
50HGP	  Compara	  families	  analysis	  
	  

We	   built	   a	   custom	   EnsemblCompara	   (Flicek	   et	   al.	   2013)	   database	   for	   the	   50	  
Helminth	  genome	  initiative.	  This	   includes	  91	  species	  (56	  Nematodes	  [4	  free-‐living],	  25	  
Platyhelminthes	   [1	   free-‐living],	   10	   outgroups	   species).	   From	   a	   combined	   dataset	   of	  
1,640,841	   genes	   (all	   genes	   in	   the	   91	   species),	   a	   total	   of	   109,571	   gene	   trees,	   based	   on	  
sequence	  similarity,	  were	  created	  by	  the	  EnsemblCompara	  pipeline,	  using	  several	  tree-‐
inference	  methods.	  Most	  of	  these	  families	  have	  sizes	  between	  2	  and	  5	  genes	  (Figure	  1),	  
however	   1655	   families	   have	  more	   than	   100	   genes,	  with	   the	   largest	   family	   containing	  
1219	  genes.	  
	  

	  
Figure	  1.	  2D	  histogram	  distribution	  of	  all	  50HG	  Compara	  gene	  families	  (without	  any	  filtering).	  
	  

While	   our	   50HG	   gene	   annotations	   went	   through	   an	   early	   step	   of	   filtering	   out	  
transposable-‐element-‐related	   genes,	   this	   was	   not	   done	   extensively	   for	   some	   species,	  
therefore	   we	   added	   post-‐filtering	   step	   for	   gene	   families	   where	   the	   majority	   of	   genes	  
contain	  transposon-‐related	  pfam	  domains.	  This	  excluded	  1223	  (updated	  21-‐May)	  gene	  
families	  from	  further	  analysis.	  

For	  our	  preliminary	  analysis	  we	  decided	  to	  use	  a	  subset	  of	  33	  species	  (instead	  of	  
the	  91	  species)	  for	  which	  we	  have	  more	  complete	  genome	  assemblies	  and	  more	  robust	  
gene	  annotations,	  this	  includes	  4	  nematode	  free-‐living	  species	  and	  excludes	  all	  outgroup	  
species.	  These	  33	  species	  subset	  has	  exemplary	  species	  from	  the	  all	   the	  nematode	  and	  
platyhelminth	  clades	  and	  classes	  under	  study.	  Moreover,	  as	  small	  gene	  families	  are	  not	  
highly	   informative,	  we	  decided	  to	  exclude	   from	  analysis	  gene	   families	  with	   less	   than	  6	  
genes.	   This	   smaller	   dataset	   for	   the	   33	   species	   (also	   including	   transposon	   filtering)	  
provides	  us	  357,053	  genes	  in	  18,436	  families	  for	  further	  analysis	  (Figure	  2).	  The	  median	  
and	  mean	  family	  size	  in	  this	  dataset	  is	  12	  and	  19.23	  genes,	  respectively.	  

	  



	  
Figure	  2.	  2D	  histogram	  of	  family	  size	  distribution	  for	  the	  subset	  of	  33	  species.	  
	  
Our	  preliminary	  analysis	  is	  based	  on	  these	  topics:	  

1) Presence	  of	  DNA	  methylation	  machinery	  
2) Presence	  of	  RNAi-‐related	  genes	  
3) Data	  mining	  for	  gene	  expansions	  and	  families	  potentially	  involved	  in	  parasitism	  
4) Exploring	  families	  potentially	  involved	  in	  parasitism	  

	  
	  
Presence	  of	  DNA	  methylation	  machinery	  
	  

Methylation	  of	  position	  5	  of	  cytosines	  on	  nuclear	  DNA	  has	  been	  found	  in	  every	  
vertebrate	   examined,	   as	   well	   as	   in	   certain	   fungi,	   plant	   and	   invertebrate	   species,	  
including	   some	   insect	   species	   (although	   at	   low	   prevalence),	   certain	   nematodes	   and	  
potentially	  all	  platyhelminthes	  (Antequera,	  Tamame,	  and	  Villanuevaz	  1984;	  Gao,	  Wang,	  
and	  Liu	  2014;	  Hu	  et	  al.	  2015;	  Law	  and	  Jacobsen	  2011;	  Raddatz	  et	  al.	  2013).	  	  

The	   DNA	   methylation	   rates	   are	   very	   different	   between	   organisms,	   and	   life-‐
stages.	   Cytosine	   DNA	   methylation	   often	   occurs	   in	   CpG	   dinucleotides,	   impacting	   gene	  
expression	   mostly	   through	   a	   close	   relationship	   with	   methyl-‐CpG-‐binding	   domain	  
proteins	   (MDB	   proteins)	   and	   subsequent	   recruitment	   of	   histone-‐related	   proteins	   that	  
eventually	   lead	  to	  formation	  of	  compact	   inactive	  chromatin	  (Roloff,	  Ropers,	  and	  Nuber	  
2003).	  	  

The	   addition	   of	   methyl	   groups	   to	   cytosines	   is	   performed	   by	   DNA	  
methyltransferases	   (DNMTs).	   In	   mammals,	   5	   candidate	   DNMTs	   exist,	   DNMT1,	  
DNMT2/TRDMT1,	  DNMT3A,	  DNMT3B,	  DNMT3L	   (see	  Box	  1)	   (Law	  and	   Jacobsen	  2011;	  
Manuscript	  2013).	  DNMT1	  is	  associated	  with	  maintenance	  of	  existing	  methylation	  sites	  
after	  DNA	  replication,	  while	  DNMT3(B/L)	   is	   responsible	   for	  de	  novo	  DNA	  methylation.	  
DNMT2	   in	   vertebrates	   shows	   to	   have	   more	   affinity	   for	   aspartic	   acid	   tRNA	   substrate	  
rather	   than	   DNA	   (Goll	   et	   al.	   2006),	   however,	   in	   some	   invertebrate	   and	   unicellular	  
eukaryote	  species	  this	  protein	  works	  as	  a	  (low	  efficiency)	  DNA	  methyltransferase,	  and	  is	  
in	   fact	   the	   only	   candidate	   protein	   for	   cytosine	   DNA	   methylation	   in	   several	   species	  
(Raddatz	  et	  al.	  2013;	  Schaefer	  and	  Lyko	  2010).	  In	  Platyhelminthes	  DNMT2	  seems	  to	  be	  
active	  on	  DNA	  (Geyer	  et	  al.	  2013)	  while	  in	  nematodes	  sequence	  analysis	  relates	  dnmt2	  
genes	  to	  tRNA	  methyltransferase	  genes	  (Gao	  et	  al.	  2012).	  

	  



	  
Box	  1.	  From	  (Law	  and	  Jacobsen	  2011).	  

	  
DNA	   methylation	   has	   been	   extensively	   studied,	   however,	   it	   has	   been	  

controversial	   for	   being	   missing	   (or	   with	   very	   low	   prevalence)	   from	   several	   model	  
organisms	   including	  Saccharomyces	  cerevisiae,	  Drosophila	  melanogaster	   and	  C.	  elegans,	  
but	  present	  in	  other	  related	  non-‐model	  species	  of	  fungi,	  nematodes	  and	  platyhelminths,	  
and	   in	   fact	   there	   is	   some	   astonishment	   as	   to	   how	   a	  mechanism	   that	   is	   essential	   in	   so	  
many	  organisms	  seems	  to	  have	  been	  lost	  multiple	  times	  throughout	  Metazoan	  evolution	  
(Capuano	  et	  al.	  2014;	  Gao,	  Wang,	  and	  Liu	  2014;	  Gao	  et	  al.	  2012;	  Geyer	  et	  al.	  2013).	  	  

In	   11	   surveyed	   nematode	   species	   (from	   genus:	   Ascaris,	   Strongyloides,	  
Melodogyne,	  Bursaphelenchus,	  Brugia,	  Pristionchus,	  Caenorhabditis)	  (from	  clades	  I,	  III,	  
IV	  and	  V),	  only	  Trichinella	  spiralis	  (clade	  I)	  possessed	  a	  complete	  set	  of	  DNA	  methylation	  
machinery:	  DNMT1,	  DNMT2	   and	  DNMT3	   (Gao,	  Wang,	   and	   Liu	   2014;	   Gao	   et	   al.	   2012).	  
Also,	   so	   far	  T.	   spiralis	   has	   been	   the	   only	   nematode	  where	   DNA	  methylation	   has	   been	  
clearly	  demonstrated	  at	  non-‐negligible	  levels	  (Gao,	  Wang,	  and	  Liu	  2014;	  Hu	  et	  al.	  2015).	  
Most	  nematode	  species	  retained	  the	  dnmt1	  gene,	  which	  seems	  not	  to	  be	  able	  to	  generate	  
de	   novo	   methylation	   (at	   least	   in	   C.	   elegans),	   while	   a	   few	   other	   nematode	   species	  
(including	  Ascaris	  suum)	  also	  contain	  the	  enigmatic	  dnmt2	  gene,	  which	  shows	  unknown	  
or	   reduced	  DNA	  methylation	   activity	   in	   nematodes.	   Also,	   some	  MBD	   genes	   have	   been	  
described	   for	   T.	   spiralis,	   without	   orthologs	   in	   other	   nematodes	   (Gao,	   Wang,	   and	   Liu	  
2014).	  

In	  Platyhelminthes,	  even	  tough	  initially	  controversial	  (Raddatz	  et	  al.	  2013),	  DNA	  
methylation	   has	   been	   demonstrated	   in	   Schistosoma	   mansoni,	   Echinoccocus	  
multilocularis,	   Protopolystoma	   xenopodis,	   Fasciola	   hepatica	   and	   Polycelis	   nigra,	   which	  
comprise	   all	   4	   Platyhelminth	   classes	   (Geyer	   et	   al.	   2013).	   Interestingly,	   in	   all	   these	  
species	   the	   only	   DNA	   methyltransferase	   candidate	   is	   a	   dnmt2-‐like	   gene,	   and	   its	  
expression	   has	   been	   show	   to	   be	   correlated	  with	  methylation	   levels.	   Also,	   human-‐like	  
mdb2/3	  genes	  have	  been	  found	  in	  S.	  mansoni,	  suggesting	  presence	  of	  epigenetic	  control	  
from	   DNA	   methylation	   as	   in	   vertebrate	   species,	   although	   the	   inheritance	   of	   DNA	  
methylation	  has	  not	  been	  described	  yet.	  
	   With	  the	  aim	  of	  exploring	  the	  presence	  of	  DNA	  methylation	  machinery	  on	  all	  our	  
50HGP	   species,	  we	   set	   to	   look	   for	   ortholog	   genes	   (from	  EnsemblCompara	   families)	   of	  
the	   literature-‐described	   DNMTs	   and	   MBD	   genes	   in	   Trichinella	   spiralis,	   Schistosoma	  



mansoni	  and	  Homo	  sapiens	  (Gao,	  Wang,	  and	  Liu	  2014;	  Gao	  et	  al.	  2012;	  Geyer	  et	  al.	  2013;	  
Law	   and	   Jacobsen	   2011;	   Roloff,	   Ropers,	   and	   Nuber	   2003)	   (Genes:	   T.	   spiralis:	  
EFV54759.1,EFV58204.1,EFV60295.1,EFV62390,EFV60964,EFV57780;	   S.	   mansoni:	  
NCBI	   accessions:	   HM991456,	   HM991455;	   H.	   sapiens:	  
ENSG00000130816,ENSG00000107614,ENSG00000119772,ENSG00000142182,ENSG0
0000169057,ENSG00000141644,ENSG00000134046,ENSG00000071655,ENSG000001
29071,ENSG00000076108,ENSG00000123636,ENSG00000136169,ENSG00000143379
).	  This	  search	  was	  also	  complemented	  by	  a	  search	  of	  Compara	  families	  containing	  Pfam	  
domains	  that	  are	  prevalent	  in	  the	  described	  DNMTs	  and	  MBDs	  genes	  (searching	  for	  DNA	  
Methyltransferases	   by	   the	   Pfam	   domain	   (PF00145)	   'C-‐5	   cytosine-‐specific	   DNA	  
methylase';	   searching	   for	   MBD	   proteins,	   keeping	   Compara	   families	   with	   any	  
combination	  between,	   'Methyl-‐CpG	  binding	  domain'	  and	  one	  or	  more	  of	   the	   following:	  
'SET	  domain',	  'Pre-‐SET	  motif',	  'Bromodomain',	  'PHD-‐finger').	  
	   The	  search	  for	  DNMTs	  and	  MBDs	  over	  our	  33	  high-‐quality	  helminth	  species	  set	  
returned	  a	  total	  of	  148	  genes	  in	  11	  families,	  53	  genes	  being	  DNMTs	  (Figure	  1).	  For	  the	  
full	  set	  of	  91	  species	  this	  harbored	  470	  genes	  (151	  DNMTs)	  also	  in	  11	  families	  (Figure	  
2).	  However,	   the	  presence	  or	  absence	  of	  a	  gene	   in	  any	  species	  outside	   the	  selected	  33	  
should	  not	  be	  considered	  hard	  evidence	  (that	  is	  the	  reason	  both	  figures	  are	  provided).	  
	  

	  
Figure	  1.	  Presence	  of	  DNA	  methylation-‐related	  genes	  over	  33	  helminth	  species.	  Compara	  families	  selected	  
from	   orthologs	   of	   T.	   spiralis,	   S.	   mansoni	   and	   H.	   sapiens	   DNMT	   and	   MBD	   genes	   and	   from	   presence	   of	  
methylation-‐related	  Pfam	  domains.	  
	  

Human	   dnmt1	   (first	   row	   in	   the	   figures)	   does	   not	   contain	   helminth	   orthologs	  
except	  for	  a	  single	  Romanomermis	  culcivorax	  gene.	  Presence	  of	  DNA	  methylation-‐related	  
genes	  non-‐orthologous	   to	  C.	  elegans	   in	  R.	  culcivorax	  has	  been	  suggested	   (Schiffer	  et	  al.	  
2013).	   The	   Compara	   tree	   building	   clustered	   this	   gene	   together	   with	   vertebrate	   and	  
insect	  genes	  (Figure	  2),	  however,	  as	  this	  is	  the	  only	  helminth	  with	  a	  gene	  in	  this	  cluster,	  
the	  most	  likely	  explanation	  for	  is	  an	  artifactual	  clustering,	  as	  the	  multi-‐alignment	  shows	  
R.	  culcivorax	  protein	  to	  be	  extremely	  diverse	  compared	  to	  its	  supposed	  orthologs.	  
	   No	  ortholog	  genes	  in	  the	  family	  containing	  the	  T.	  spiralis	  dnmt1	  (second	  row	  in	  
the	  figures)	  enclose	  a	  methyltransferase	  Pfam	  domain,	  however,	  such	  genes	  are	  present	  
in	   all	   high-‐quality	   nematode	   genomes	   except	   Nippostrongylus	   brasiliensis	   (Figure	   1).	  



Note	  that	  this	  gene	  is	  present	  in	  C.	  elegans,	  which	  is	  shown	  to	  have	  very	  low	  methylation	  
levels,	   therefore	   the	   presence	   of	   this	   single	   gene	   in	   nematodes	   is	   not	   indicative	   of	   a	  
functional	  DNA	  methylation	  system.	  
	   Of	  note,	  the	  described	  dnmt3	  gene	  in	  T.	  spiralis	  shows	  to	  be	  present	  in	  all	  Clade	  I	  
nematode	  species	  (Figure	  2),	  and	  is	  exclusive	  to	  Clade	  I,	  as	  reported	  by	  Gao	  et	  al.	  2012.	  
This	   gene	   is	   supposed	   to	   encode	   the	   DNA	  methyltransferase	   responsible	   for	   de	   novo	  
methylation	   in	   nematodes,	   and	   therefore	   the	   key	   for	   a	   DNA-‐methylation-‐active	  
nematode,	  therefore	  these	  results,	  combined	  with	  an	  inability	  to	  find	  alternative	  families	  
of	  DNA	  methyltransferase	  genes	  using	  Pfam	  domain	  searches,	   suggests	   that	   functional	  
DNA	  methylation	  machinery	  may	  only	  be	  present	  in	  Clade	  I	  nematodes.	  

	  

	  
Figure	  2.	  Presence	  of	  DNA	  methylation-‐related	  genes	  over	  all	  91	  50HGP	  species.	  Compara	  families	  selected	  
from	   orthologs	   of	   T.	   spiralis,	   S.	   mansoni	   and	   H.	   sapiens	   DNMT	   and	   MBD	   genes	   and	   from	   presence	   of	  
methylation-‐related	  Pfam	  domains.	  
	  

In	  nematodes,	  dnmt2	  genes	  seem	  to	  have	  been	  lost	  several	  times	  independently	  
(including	   in	   C.	   elegans	   and	   several	   other	   Clade	   V	   nematodes	   and	   lost	   in	   all	   Clade	   IV	  
nematodes),	   which	   again	   supports	   the	   notion	   that	   the	   DNMT2	   protein	   has	   limited	  
activity	   in	   nematodes.	   Note	   that	   we	   find	   dnmt2	   genes	   present	   in	   more	   clades	   than	  
shown	  in	  Gao	  et	  al.	  2012.	  Conversely,	   in	  Platyhelminthes,	  dnmt2	  genes	  (where	  its	  DNA	  
methyltransferase	   activity	   has	   been	   shown)	   are	   conserved	   in	   all	   9	   surveyed	   species,	  
confirming	   Geyer	   et	   al.	   2013	   results	   on	   the	   conservation	   of	   this	   gene	   across	   the	  
Platyhelminthes	  phylum.	  These	  results	  can	  be	  further	  confirmed	  when	  looking	  at	  the	  full	  
91	  species	  set,	  where	  all	  25	  Platyhelminthes	  except	  Echinostoma	  caproni	  (possibly	  due	  
to	  poor	  genome	  assembly	  and	  annotation)	  show	  presence	  of	  dnmt2	  orthologs	  (Figure	  2).	  
	   Phylogeny	   of	   the	   DNMT2	   family	   fits	   the	   species	   tree	   (Figure	   3),	   even	   though	  
nematode	   DNMT2	   has	   been	   classified	   as	   similar	   to	   the	   vertebrate	   tRNA	  
methyltransferase	   	   DNMT2/TRDMT1	   while	   DNMT2	   clearly	   works	   as	   a	   DNA	  
methyltransferase	  in	  Platyhelminthes	  (Gao	  et	  al.	  2012).	  This	  suggests	  that	  the	  substrate	  
affinity	  of	  these	  proteins	  may	  be	  attributed	  by	  small	  changes	  in	  the	  nucleotide	  sequence.	  	  	  
	  



	  
Figure	  3.	  Phylogeny	  of	  the	  DNMT2	  family	  on	  the	  91	  50HGP	  Compara	  species	  (based	  on	  ClustalW	  amino	  acid	  
alignments).	  	  
	  

In	  respect	  to	  MBD	  protein	  families,	  there	  is	  an	  increased	  amount	  of	  MBD-‐related	  
genes	   in	   Clade	   I	   species	   (Figure	   2),	   consistent	   with	   its	   potential	   DNA	   methylation	  
activity,	   while	   in	   Clade	   IV	   MBD	   proteins	   are	   missing,	   except	   for	   a	   single	   copy	   in	   the	  
plant-‐parasitic	   subclade.	   Platyhelminthes	   possess	   a	   larger	   repertoire	   of	  MBD	   proteins	  
than	  even	  Clade	  I	  nematodes.	  

In	   summary,	   this	   study	   confirms	   that	   cytosine	   DNA	  methylation	  machinery	   is	  
conserved	   across	  Platyhelminthes.	  Across	  nematodes	   only	  Trichinella	  spiralis	   (clade	   I)	  
has	  been	  described	  with	   functional	  DNA	  methylation	   activity,	   and	  here	  we	   suggest	   all	  
clade	  I	  nematodes	  may	  be	  capable	  of	  cytosine	  DNA	  methylation.	  We	  also	  confirm	  that	  no	  
other	   nematodes	   outside	   clade	   I	   retained	   DNMT3,	   the	   enzyme	   assumed	   to	   be	  
responsible	   for	   a	   functional	   DNA	   methylation	   in	   this	   phylum.	   MBD	   protein	   families	  
retained	  in	  nematodes	  and	  Platyhelminthes	  are	  different	  (except	  SETMBD2-‐like	  family),	  
also	   suggesting	  different	  usage	  of	   the	  DNA	  methylation	  machinery	  between	   these	   two	  
phyla.	  
	  
	  
	  
Presence	  of	  RNAi-‐related	  genes	  
	  

Genes	   known	   to	   be	   involved	   in	   C.	   elegans	   RNAi	   pathway	   were	   taken	   from	  
(Dalzell	  et	  al.	  2011;	  Maule	  et	  al.	  2011).	  These	  include	  genes	  involved	  in	  different	  aspects	  
of	  RNAi	  (see	  Box	  2	  from	  Dalzell	  2011).	  	  

	  



	  
	  

For	  each	  of	  the	  73	  RNAi-‐related	  C.	  elegans	  genes	  (73	  instead	  of	  77	  in	  the	  paper	  
because	  some	  have	  been	  removed	  or	  tagged	  as	  pseudogenes	  in	  wormbase)	  we	  identify	  
the	  Compara	  gene	  family	  where	  the	  gene	  belongs	  (if	  any)	  and	  analyze	  the	  gene	  presence	  
in	   our	   33	   species	   (the	   other	   genes	   the	   family	   are	   orthologs	   of	   the	   C.	   elegans	   gene)	  
(Figure	   3).	   This	   produced	   40	   Compara	   families	   of	   ortholog	   genes	   spanning	   the	   6	  
functional	   groupings	   of	   RNAi	   effectors.	   8	   out	   of	   the	   73	  C.	   elegans	   genes	   did	   not	   have	  
orthologs	  with	  other	  species.	  	  	  
	  
	  

	  
Figure	  1.	  Presence	  of	  RNAi-‐related	  genes,	  orthologous	  to	  C.	  elegans	  genes,	  over	  the	  33	  species	  of	  interest.	  
	  
	   Overall,	  we	  observe	   less	   conservation	  of	  RNAi-‐related	  genes	   in	  platyhelminths,	  
however	   this	   may	   due	   to	   the	   fact	   that	   these	   are	   more	   distant	   to	   C.	   elegans	   than	  
nematodes,	   as	  we	   can	  also	  observe	  better	   conservation	  of	   gene	  presence	   in	  nematode	  
clades	  V	  and	  III,	  compared	  to	  IV	  and	  I.	  Also	  note	  that	  several	  of	  the	  families	  may	  perform	  
the	  same	  of	  similar	  function	  (e.g.	  there	  are	  several	  xpo,	  argonaute	  and	  mes	  families),	  so	  
the	   absence	   of	   some	   families	   in	   some	   of	   the	   clades	  may	   be	   covered	   by	   and	   increased	  
presence	  of	  other	  families	  with	  same	  function.	  Having	  this	  in	  mind	  we	  observe	  that	  all	  6	  
functional	  categories	  of	  RNAi	  pathway	  are	  mostly	  covered	  in	  all	  species.	  Notably,	  the	  key	  
genes	   involved	   in	  small	  RNA	  biosynthesis	  and	   the	  RISC	  complex	   (dicer,	  drosha,	  pasha,	  
exportin,	   argonautes)	   seem	   to	   be	   present	   (albeit	   in	   different	   copy	   numbers)	   in	   all	  
species	   under	   study.	   However,	   some	   functions/genes	   deemed	   necessary	   for	   effective	  



RNAi	  seem	  to	  be	  missing.	  These	  missing	  genes	  include	  the	  C.	  elegans	  genes	  rde-‐4	  (dicer-‐
complex),	  some	  of	  the	  NRDE	  genes	  (RISC-‐complex),	  vig-‐1	  (RISC	  component).	  The	  lack	  of	  
piwi	   argonautes	   in	   platyhelminths	   clustering	   with	   the	   nematode	   piwi	   argonautes	   is	  
described	   in	   (Tsai	  et	  al.	  2013)	   (and	  some	  nematodes;	   see	  Sarkies	  2015),	  which	   is	  also	  
documented	   in	   Zheng	   2012	   when	   comparing	   nematode	   argonautes	   platyhelminths.	  
Trichinella	   spiralis	   shows	   an	   expansion	   of	   piwi	   argonautes	   (check	   if	   previously	  
described,	  perhaps	  in	  Bernardo’s	  paper).	  
	   To	   complement	  our	  analysis	  we	   look	   for	  other	  RNAi-‐related	  gene	   families	   that	  
might	  have	  been	  missed	   from	  using	  C.	  elegans	   orthology	  alone.	  For	   this	  we	  mined	  our	  
database	  of	  gene	  families	  for	  families	  with	  similar	  pfam	  domain	  presence	  as	  the	  families	  
retrieved	  with	  the	  C.	  elegans	  genes	  (Figure	  4).	  Note	   that	   this	  was	  not	  done	  extensively	  
and	  still	  many	  RNAi-‐related	  families	  may	  be	  missing.	  
	  

	  
Figure	  2.	  Gene	  distribution	  of	  other	  potentially	  RNAi-‐related	  families	  missed	  from	  the	  C.	  elegans	  orthology-‐
based	  approach.	  
	  

Looking	  for	  RNAi-‐related	  families	  independently	  of	  C.	  elegans	  orthlogy	  allow	  us	  
to	   find	   families	   of	   several	   RNAi	   effectors	   that	   were	   previously	   lacking	   in	   gene	   copy	  
numbers,	   particularly	   in	   platyhelminth	   species.	   With	   this	   approach	   we	   find	   a	   Piwi-‐
Argonaute-‐like	   family	   enriched	   in	   platyhelminthic	   species,	   but	   with	   a	   bilaterian	   root	  
(not	   shown	   here,	   but	   I	   have	   plot	  with	   outgroups).	   This	   is	   the	   family	   of	   platyhelminth	  
argonautes	  described	  in	  (Tsai	  et	  al.	  2013;	  Zheng	  2013)	  (I	  actually	  checked	  that	  the	  genes	  
in	  Zheng	  2013	  are	  the	  same	  as	  in	  my	  compare	  family),	  but	  regarded	  as	  distant	  from	  piwi	  
argonautes	   of	   nematodes	   and	   planaria.	   Also,	   NRDE-‐like,	   rde-‐4-‐like	   and	   vig-‐1-‐like	  
families	  have	  been	  found	  here	  in	  platyhelminths.	  
	  
	  
	  
	  
	  



Data	   mining	   for	   gene	   expansions	   and	   families	   potentially	   involved	   in	  
parasitism	  
	  

As	   we	   cannot	   closely	   inspect	   all	   the	   18,436	   families	   in	   our	   dataset	   (33	   high-‐
quality	   species),	   we	   defined	   ways	   to	   highlight	   the	   gene	   families	   and	   functions	   that	  
appear	  more	  promising	   in	   a	   parasitism	  point	   of	   view.	  We	   collected	   several	  metrics	   to	  
distinguish	   families	   (Table	   1).	   Processed	   by	   custom	   perl	   and	   python	   scripts,	   most	   of	  
these	  measures	  come	  from	  the	  Compara	  database	  (all	  measures	  related	  to	  number	  and	  
distribution	  of	  genes,	  and	  gene-‐tree-‐based	  measures	  such	  as	  duplications,	  losses,	  roots,	  
branch	  lengths).	  All	  functional	  annotation-‐related	  measures	  come	  from	  an	  independent	  
InterProScan	  5	  run	  for	  each	  species.	  

Previously	   described	   gene	   expansions	   in	   parasitic	   helminthes	   include	   genes	  
involved	   in	   tissue	   penetration,	   digestion	   of	   host	   tissue	   and	   evasion	   of	   host	   immune	  
response.	   Some	   examples	   of	   key	   parasitism	   genes	   include	   proteases	   such	   as	  
chymotrypsin	   A	   serine	   proteases,	   cysteine,	   aspartic	   and	  metallo-‐proteases,	   as	   well	   as	  
protease	   inhibitors	  (Foth	  et	  al.	  2014;	  Laing	  et	  al.	  2013);	  genes	   involved	   in	  hemoglobin	  
digestion	   and	   anti-‐coagulant	   activity	   (in	   blood-‐feeding	   parasites)	   (Laing	   et	   al.	   2013);	  
genes	   involved	   in	  detoxification	  of	  potentially	  damaging	   compounds	   such	  as	   	   secreted	  
hydrolases,	   glutathione	   peroxidase,	   fatty	   acid	   transporters	   and	   ABC	   transporters	  
(Kikuchi	  et	  al.	  2011;	  Tsai	  et	  al.	  2013;	  Zarowiecki	  and	  Berriman	  2014).	  
	  
	  
Table	  1.	  Gene	  family	  metrics	  for	  family	  mining.	  
	  
familyID	  -‐>	  internal	  Compara	  family	  identifier	  

Flag	  -‐>	  whether	  this	  family	  should	  be	  excluded	  from	  analysis	  (currently	  from	  being	  transposon-‐related)	  
#_species	  -‐>	  number	  of	  species	  in	  each	  family	  

#_genes	  -‐>	  number	  of	  genes	  in	  each	  family	  

Mean_genes_per_species	  -‐>	  mean	  number	  of	  genes	  per	  species	  in	  family	  

Median_genes_per_species	  -‐>	  median	  number	  of	  genes	  per	  species	  in	  family	  

Variation_coefficient_#_genes_per_species	  -‐>	  stdev/mean	  	  (of	  genes	  per	  spp)	  

#_paralogs	  -‐>	  number	  of	  paralogs	  per	  family	  =	  #	  of	  genes	  -‐	  #	  of	  species	  

Branch_name	  -‐>	  branch	  of	  root	  of	  family	  tree	  

Completeness_score	  -‐>	  (a.k.a.	  missingness),	  %	  of	  species	  (regarding	  root)	  present	  in	  family	  

Total_duplications	  -‐>	  total	  gene	  duplications	  in	  family	  (compara	  calculated)	  

Max_duplications_node	  -‐>	  Species	  tree	  node	  with	  most	  duplication	  events	  in	  family	  

Most_frequent_species	  -‐>	  Species	  with	  the	  highest	  number	  of	  genes	  in	  family	  

caenorhabditis_elegans	  -‐>	  number	  of	  genes	  in	  this	  free-‐living	  species	  

panagrellus_redivivus	  -‐>	  number	  of	  genes	  in	  this	  free-‐living	  species	  

pristionchus_pacificus	  -‐>	  number	  of	  genes	  in	  this	  free-‐living	  species	  

rhabditophanes_kr3021	  -‐>	  number	  of	  genes	  in	  this	  free-‐living	  species	  

schmidtea_mediterranea	  -‐>	  number	  of	  genes	  in	  this	  free-‐living	  species	  

Total_losses	  -‐>	  total	  gene	  losses	  in	  family	  (compara	  calculated)	  

Median_branch_length	  -‐>	  Median	  branch	  length	  of	  the	  gene	  tree	  (Notes:	  values	  >1000	  filtered	  out;	  this	  is	  now	  for	  pruned	  tree)	  
%_genes_with_Pfam	  -‐>	  %	  of	  genes	  in	  family	  with	  at	  least	  one	  pfam	  domain	  



%_genes_with_TMHMM	  -‐>	  %	  of	  genes	  in	  family	  with	  at	  least	  one	  TMHMM	  hit	  

%_genes_with_SignalP	  -‐>	  %	  of	  genes	  in	  family	  with	  at	  least	  one	  SinalP_EUK	  hit	  

Pfam_perc_in_family	  -‐>	  Percentage	  of	  genes	  in	  family	  with	  at	  least	  one	  of	  those	  domains	  in	  family	  (top	  3	  
pfams).	  

Pfam_all_in_family	  -‐>	  Frequency	  of	  each	  pfam	  domain	  found	  in	  family,	  sorted	  by	  frequency.	  
	  

	  
As	  a	  first	  approach	  to	  mine	  our	  dataset	  of	  >18.000	  gene	  families,	  we	  searched	  for	  

clade/species-‐expanded	   families	   by	   ranking	   large	   families	   (>=100	   genes)	   by	   their	  
variation	   coefficient	   of	   the	   number	   of	   genes	   per	   species,	   where	   high	   values	   are	  
indicative	  of	  gene	  expansions	  in	  a	  species	  or	  a	  subset	  of	  species.	  We	  had	  a	  closer	  look	  at	  
the	  gene	  distribution	  over	  the	  33	  species	  for	  the	  50	  large	  families	  with	  higher	  variation	  
coefficient	   (Figure	   1).	   Looking	   at	   the	   Pfam	   domains	   of	   those	   potentially	   expanded	  
families	  and	  performing	  a	  GO	  term	  enrichment	  on	  all	  these	  families,	  we	  identify	  several	  
protease	   families	   (cysteine,	   serine,	   aspartyl),	   and	   gene	   related	   to	   carbohydrate/lipid	  
metabolism	   and	   response	   to	   stress,	   but	   also	   many	   general-‐purpose	   and	   core	   biology	  
protein	   families	   such	   as	   histones,	   zinc	   finger,	   major	   facilitator	   superfamily,	   whose	  
potential	  role	  in	  parasitism	  is	  harder	  to	  assess.	  
	  

	  



	  
Figure	  1.	  A)	  Gene	  distribution	  of	   top	  50	   families	  with	  highest	   variation	   coefficient	   and	  with	   size	  more	  or	  
equal	  100	  genes.	  B)	  Biological	  process	  GO	  term	  enrichment	  (TopGO)	  of	  all	   families	  described	   in	  A)	  (these	  
include	  genes	  from	  all	  species	  not	  just	  the	  33),	  plotted	  by	  REVIGO,	  reduced	  to	  tiny.	  All	  p-‐values	  <0.05.	  	  
	  
	   Next,	   as	   parasites	   often	   use	   excretory/secretory	   products	   for	   host	   entry,	  
migration	  and	  host	  tissue	  digestion,	  we	  looked	  for	  large	  gene	  families	  where	  >=40%	  of	  
the	  genes	   contain	  a	   signal	  peptide	   (from	  SignalPHMM	   interproscan).	  This	   returned	  26	  
families	   (Figure	   2A),	   several	   of	   which	   are	   excreted	   peptidase	   families,	   and	   GO	   term	  
enrichment	   analysis	   return	   several	   terms	   related	   to	   response	   to	   stimuli,	   immune	  
response,	   synaptic	   transmission	  and	  metabolism	  (Figure	  2B).	  As	  expected,	   the	  cellular	  
components	  attributed	  to	   these	  genes	  related	  to	  membrane,	  synaptic	  and	  extracellular	  
space	   (Figure	   2C).	   Many	   of	   these	   families,	   such	   as	   astacins,	   trypsin,	   cathepsins,	   are	  
known	   to	   be	   involved	   in	   parasitism	   or	   are	   found	   to	   be	   differentially	   expressed	   in	  
parasitic	  life-‐stages	  (Foth	  et	  al.	  2014;	  Mak	  and	  Ko	  2001;	  Robinson,	  Dalton,	  and	  Donnelly	  
2008;	  Williamson	   et	   al.	   2006).	   	  Other	   families	   highlighted	  with	   this	   approach	   are	   ShK	  
toxin,	  CAP	  domain	  and	  Transthyretin,	  which	  will	  be	  explored	  further.	  

	  



	  

	  
Figure	  2.	  A)	  Gene	  distribution	  of	  families	  where	  >40%	  contain	  a	  signal	  peptide	  and	  with	  size	  more	  or	  equal	  
100	  genes.	  B)	  Biological	  processes	  and	  C)	  Cell	  components	  from	  GO	  term	  enrichment	  (TopGO)	  of	  all	  families	  
described	  in	  A)	  (these	  include	  genes	  from	  all	  species	  not	  just	  the	  33),	  plotted	  by	  REVIGO,	  reduced	  to	  large.	  
All	  p-‐values	  <0.05.	  
	  
	   Further	   to	   the	   two	   previous	   approaches,	   we	   looked	   to	   find	   gene	   families	   that	  
would	  be	  present	  or	  expanded	  on	  parasitic	  species	  and	  not	  free-‐living	  species.	  Because	  
our	  33	  species	  short-‐list	  set	  do	  not	  include	  any	  flatworm	  free-‐living	  species,	  we	  used	  the	  
dataset	  of	   all	   species,	   excluding	  outgroups	   (total	  of	  81	   species).	   Families	  were	   filtered	  
out	  by	  the	  following	  criteria:	  1)	  families	  where	  any	  of	  the	  5	  free-‐living	  species	  contribute	  
with	  >0.625%	   (half	   the	   expected	   in	  81-‐species	   equality)	   of	   the	   genes	   in	   the	   family,	   2)	  
families	  with	  less	  than	  100	  genes,	  3)	  families	  where	  less	  than	  50%	  of	  genes	  have	  a	  Pfam	  
annotation.	  This	  query	  returned	  25	   ‘parasite-‐specific’	   large	   families	  (Figure	  3A).	  These	  
families	   contain	  many	  of	   the	  previously	  described	  proteases	   involved	   in	  parasitism	  as	  
well	   as	   some	   putative	   peptidases	   and	   highlights	   several	   clade	   specific	   families	   (e.g.	  



FAR1,	   tetraspanins,	  F-‐box-‐like,	  LicD/Fukutin).	  There	  are	  also	  some	   transposon-‐related	  
families	   that	  have	  escaped	  our	   filters	  (endonuclease-‐reverse	   transcriptase;	  DDE	  family	  
pfams	  are	  not	  in	  our	  transposon-‐pfams	  list).	  
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Figure	  3.	  A)	  Gene	  distribution	  of	  parasite-‐specific	  families	  (described	  in	  text).	  B)	  Biological	  process	  GO	  term	  
enrichment	  (TopGO)	  of	  all	  families	  described	  in	  A).	  All	  p-‐values	  <0.05.	  
	  
	   It	  is	  worth	  noting	  that	  since	  we	  do	  not	  have	  free-‐living	  species	  comparators	  for	  
every	  clade,	  this	  approach	  is	  more	  prone	  to	  find	  clade-‐specific	  families	  where	  there	  is	  no	  
free-‐living	  species	   in	   that	  clade.	  Also,	  note	   that	  as	   there	  are	   less	  platyhelminth	  species	  
than	  nematode	  species	   in	  our	  sampling	  (either	   full	  species	   list	  or	  33	  species	  shortlist),	  
and	   that	   we	   are	   taking	   the	   gene	   family	   size	   into	   account,	   we	   might	   have	   increased	  
chance	  of	  finding	  nematode	  families	  of	  interest	  over	  platyhelminthic	  ones.	  
	  
	   From	  these	  rankings	  and	  selections	  of	  expanded	  families,	  secreted	  families	  and	  
parasite-‐specific	   families	  some	  gene	  families	  were	  highlighted	  as	  potentially	   important	  
for	   parasites	   and	  we	   sought	   to	   explore	   them	   further.	   Note	   that	   often	   species	   contain	  
several	   gene	   families	  with	   the	   same	   or	   similar	   function,	   either	   because	   they	   originate	  



from	  different	  genes,	  or	  have	  diverged	  enough	   to	  not	  be	  clustered	   together,	   therefore,	  
we	  will	  now	  search	   for	  all	   families	  with	  a	  certain	   function,	  using	  Pfam	  domain	  search.	  
These	  will	  now	  be	  described	  in	  separate	  subtopics.	  
	  
(note	  to	  self:	  plots	  were	  made	  with	  different	  versions	  of	  my	  parser	  script,	  meaning	  some	  
will	  show	  number	  of	  pfam	  domains,	  others	  will	  show	  percentages	  instead.	  Also	  on	  ealier	  
plots	   I	   required	   at	   least	   6	   pfam	   domains	   of	   interest	   to	   be	   present	   (e.g.	   >5	   astacin	  
domains	  present	  in	  family	  to	  be	  considered	  ‘astacin	  family’),	  and	  later	  I	  changed	  this	  to	  
at	  least	  10%	  of	  genes	  needing	  that	  pfam	  domain.)	  
(notes/methods	   about	   the	   plots	   (all	   of	   them	   except	  RNAi	   and	  DNA	  methylation:	   plots	  
use	  hclust	  with	  euclidian	  distance	  function	  for	  the	  family	  sorting/clustering,	  so	  that	  we	  
can	  better	  visualize	  of	  clade-‐specific	  families.	  The	  lighter	  colours	  on	  the	  species/clades	  
legend	   represent	   free-‐living	   species.	   All	   gene	   numbers	   are	   plain	   copy	   numbers	   (not	  
transformed	   in	   any	   way),	   however	   the	   color	   progression	   is	   scaled	   in	   a	   way	   that	   the	  
colour	  looks	  similar	  when	  high	  numbers,	  but	  contrast	  is	  higher	  with	  low	  numbers.	  	  Plots	  
from	  by	  R	  gplots	  library,	  heatmap.2	  function,	  wrapped	  in	  python	  code.)	  
	  
	  
Astacin	  metallopeptidases	  
	  

Astacins	  are	  a	   family	  of	  metallopeptidases	  belonging	   to	   the	  MEROPS	  peptidase	  
family	   M12.	   They	   are	   usually	   secreted	   or	   associated	   with	   plasma	  membrane	   and	   are	  
involved	   in	   activation	   of	   growth	   factors,	   processing	   of	   extracellular	   proteins	   and	  
degradation	   of	   polypeptides	   (Dumermuth	   et	   al.	   1991).	   Astacin	   expression	   have	   been	  
identified	  in	  infective	  life-‐states	  of	  nematodes	  from	  different	  clades	  and	  are	  regarded	  as	  
important	  for	  nematode	  parasitism	  (Borchert	  et	  al.	  2007;	  Mak	  and	  Ko	  2001;	  Williamson	  
et	  al.	  2006))	  (V.	  Hunt	  Strongyloides	  manuscript	  in	  preparation).	  
	  

	  



Figure	  4.	  Gene	  distribution	  of	  candidate	  Astacin	  families.	  These	  were	  found	  by	  searching	  for	  families	  with	  
‘Astacin’	  Pfam	  domain	  in	  the	  '33_shortlisted_species'	  table.	  Families	  with	  <6	  Astacin	  domains	  were	  filtered	  
out.	  
	  
	   A	   total	   of	   15	   potential	   astacin	   families,	   comprising	   a	   total	   of	   more	   than	   1000	  
genes	  were	  found	  in	  the	  33	  high-‐quality	  genomes.	  443	  of	  these	  genes	  are	  clustered	  in	  a	  
single	  family	  enriched	  in	  clade	  V	  species,	  but	  several	  other	  families,	  specific	  to	  clade	  IV	  
are	  found	  (Figure	  4).	  Platyhelminthes	  are	  not	  enriched	  for	  these	  peptidases.	  

Trypsin	  serine	  proteases	  

Trypsin	  (EC	  3.4.21.4)	  is	  a	  serine	  protease,	  hydrolysing	  proteins.	  These	  have	  been	  
identified	  in	  Apicomplexan	  parasites	  (Arenas	  et	  al.	  2010),	  and	  also	  expression	  of	  
chymotrypsin	  A-‐like	  serine	  proteases	  has	  been	  described	  in	  Trichuris	  muris	  nematode	  
(Foth	  et	  al.	  2014).	  Also,	  trypsin	  inhibitors	  have	  been	  suggested	  as	  an	  important	  factor	  in	  
Ascaris	  species	  specificity	  (Hawley	  and	  Peanasky	  1992).	  	  

	  

	  
Figure	  5.	  Gene	  distribution	  of	  candidate	  Trypsin	  families.	  These	  were	  found	  by	  searching	  for	  families	  with	  
‘Trypsin’	  Pfam	  domain	  description	   in	  the	   '33_shortlisted_species'	   table.	  Families	  with	  <6	  Trypsin	  domains	  
were	  filtered	  out.	  

	  
This	  search	  harboured	  a	  total	  of	  501	  candidate	  Trypsin	  genes	  clustered	  in	  23	  

families	  (Figure	  5).	  These	  seem	  particularly	  expanded	  in	  Clade	  I	  species	  (described	  in	  T.	  
muris	  (Foth	  et	  al.	  2014)),	  particularly	  Romanomermis	  culcivorax,	  but	  also	  present	  in	  
large	  numbers	  in	  Dyctioculus	  viviparus	  and	  Panagrellus	  redivivus	  (a	  free-‐living	  
nematode).	  
	  



Serpin	  (serine	  protease	  inhibitor)	  
	  
	   Serpin	  name	  comes	  from	  its	  usual	  function	  as	  inhibitor	  of	  chymotrypsin-‐like	  
serine	  proteases.	  This	  proteins	  have	  been	  described	  in	  helminth	  infections,	  used	  to	  
protect	  against	  the	  host	  proteases,	  in	  Trichostrongylus	  vitrines	  (a	  strongylid	  nematode,	  
black	  scour	  worm)	  and	  Schistosoma	  japonicum	  (Knox	  2007;	  MacLennan,	  McLean,	  and	  
Knox	  2005;	  Yan	  et	  al.	  2005).	  
	  

	  
Figure	  6.	  Gene	  distribution	  of	   candidate	  Serpin	   families.	  These	  were	   found	  by	   searching	   for	   families	  with	  
‘Serpin’	   Pfam	   domain	   description	   in	   the	   '33_shortlisted_species'	   table.	   Families	   where	   less	   than	   10%	   of	  
genes	  had	  Serpin	  domains	  were	  filtered	  out.	  
	  

We	  find	  a	  total	  of	  302	  Serpin	  genes	  clustered	  into	  8	  families	  (Figure	  6).	  Two	  
large	  families,	  one	  of	  nematodes	  and	  another	  of	  Platyhelminthes,	  these	  genes	  have	  been	  
described	  in	  both	  phyla.	  Romanomermis	  culcivorax	  presents	  three	  other	  species-‐specific	  
Serpin	  families.	  
	  
	  
Papain	  family	  cysteine	  proteases	  (cathepsin)	  
	  
	   Cysteine	  proteases	  (thiol	  proteases)	  are	  commonly	  found	  in	  fruits,	  including	  
papaya,	  pineapple	  and	  figs.	  These	  proteins	  have	  been	  associated	  to	  host	  entry,	  tissue	  
migration	  and	  suppression	  of	  immune	  responses	  in	  several	  platyhelminth	  parasites	  
(Robinson,	  Dalton,	  and	  Donnelly	  2008).	  	  
	  



	  
Figure	  7.	  Gene	  distribution	  of	  candidate	  Papain	  cysteine	  protease	  families.	  These	  were	  found	  by	  searching	  
for	   families	   with	   ‘Papain’	   Pfam	   domain	   in	   the	   '33_shortlisted_species'	   table.	   Families	   with	   <6	   Papain	  
domains	  were	  filtered	  out.	  
	  

This	  search	  returned	  698	  genes	  in	  11	  families	  (Figure	  7).	  The	  Fasciola	  hepatica	  and	  
trematode	  families	  previously	  described	  were	  found	  here,	  but	  more	  interestingly,	  
papain	  cysteine	  proteases	  are	  highly	  prevalent	  in	  nematode	  species	  as	  well,	  especially	  in	  
Haemonchus	  contortus	  and	  Ancylostoma	  ceylanicum.	  
	  
	  
Eukaryotic	  aspartyl	  protease	  
	  

Aspartic	  proteases	  use	  aspartate	  residues	  for	  the	  catalysis	  of	  peptides,	  having	  
optimal	  activity	  in	  acid	  pH.	  Families	  of	  these	  proteases	  have	  been	  found	  in	  several	  
Strongyloides	  species,	  Onchocerca	  volvulus,	  Brugia	  malayi	  and	  strongylid	  blood	  feeders	  
such	  as	  Haemonchus	  contortus,	  Ancylostoma	  caninum	  and	  Necator	  americanus,	  where	  its	  
role	  in	  haemoglobin	  digestion	  has	  been	  described	  (Mello	  et	  al.	  2009).	  In	  hookworms,	  
aspartic	  proteases	  have	  also	  been	  associated	  to	  skin	  penetration	  by	  degrading	  skin	  
macromolecules	  (McKerrow	  et	  al.	  1990).	  
	  



	  
Figure	   8.	   Gene	   distribution	   of	   candidate	   Aspartyl	   protease	   families.	   These	   were	   found	   by	   searching	   for	  
families	  with	  ‘Eukaryotic	  Aspartyl	  protease’	  Pfam	  domain	  in	  the	  '33_shortlisted_species'	  table.	  Families	  with	  
<6	  Aspartyl	  domains	  were	  filtered	  out.	  
	  

We	  find	  418	  potential	  aspartyl	  proteases	  spread	  over	  5	  families	  (Figure	  8).	  
Blood	  feeding	  species	  (H.	  contortus,	  A.	  ceylanicum,	  N.	  brasiliensis,	  N.	  necator)	  are	  
especially	  enriched	  in	  these	  proteases	  (except	  D.	  viviparus,	  but	  is	  this	  really	  a	  blood-‐
feeder?).	  Also	  clade	  IV	  species	  contain	  several	  of	  these	  proteases.	  

	  
	  
Cysteine-‐rich	  secretory	  protein	  family	  (CAP-‐domain,	  SCP/TAPS)	  
	  
	   CAP	  protein	  families	  	  (cysteine-‐rich	  secretory	  proteins,	  antigen	  5,	  and	  
pathogenesis-‐related	  1	  proteins)	  are	  found	  both	  in	  prokaryotes	  and	  eukaryotes.	  
Subfamilies	  of	  these	  proteins	  include	  Golgi-‐associated	  pathogenesis	  related	  (GAPR1),	  
peptidase	  inhibitors	  15	  and	  16,	  cysteine-‐rich	  secretory	  proteins	  (CRISPs).	  These	  
proteins	  are	  often	  secreted,	  and	  show	  to	  be	  expressed	  in	  strongylid	  nematodes	  (and	  
Strongyloides)	  during	  host	  invasion	  (Cantacessi	  and	  Gasser	  2012).	  
	  



	  
Figure	  9.	  Gene	  distribution	  of	  candidate	  CAP	  domain	  (SCP/TAPS)	  families.	  These	  were	  found	  by	  searching	  
for	  families	  with	  ‘Cysteine-‐rich	  secretory	  protein	  family’	  Pfam	  domain	  in	  the	  '33_shortlisted_species'	  table.	  
Families	  with	  <6	  CAP	  domains	  were	  filtered	  out.	  
	  
	   CAP	  domain	  families	  are	  spread	  over	  47	  families	  (Figure	  9),	  suggesting	  sequence	  
similarity	  of	  these	  genes	  is	  low,	  and	  gene	  expansions	  occurring	  independently,	  even	  
within	  the	  same	  species.	  These	  families	  are	  particularly	  enriched	  in	  parasitic	  clade	  V	  and	  
parasitic	  clade	  IV	  nematodes,	  as	  previously	  described.	  
	  
Transthyretin-‐like	  families	  
	  

HIUase/Transthyretin	  family	  original	  function	  is	  HIU	  hydrolysis.	  Transthyretin-‐like	  
is	  a	  nematode-‐specific	  family	  that	  has	  weak	  similarity	  to	  transthyretin,	  and	  its	  function	  
is	  unknown.	  However,	  these	  have	  been	  described	  in	  plant-‐parasite	  Radopholus	  similis	  
and	  other	  nematode	  parasites	  (being	  expressed	  at	  parasitic	  stages)	  (Jacob	  et	  al.	  2007;	  
Saverwyns	  et	  al.	  2008),	  and	  also	  found	  in	  C.	  elegans,	  where	  it	  mediates	  recognition	  of	  
apoptotic	  cells	  (Wang	  et	  al.	  2010).	  	  
	  



	  
Figure	  10.	  Gene	  distribution	  of	  candidate	  Transthyretin	  families.	  These	  were	  found	  by	  searching	  for	  families	  
with	   ‘Transthyretin’	   Pfam	   domain	   in	   the	   '33_shortlisted_species'	   table.	   Families	   with	   <6	   Transthyretin	  
domains	  were	   filtered	  out.	  Note	   that	   this	  not	  only	   includes	  Transthyretin-‐like	   families	  but	  also	  contains	  a	  
HIUase/Transthyretin	  family	  with	  14	  members.	  
	  
	   15	   families	   of	   transthyretin-‐like	   (732	   genes)	   and	   1	   family	   of	  
HIUase/Transthyretin	  (14	  genes)	  are	  found	  (Figure	  10).	  We	  confirm	  that	  transthyretin-‐
like	   families	   are	   exclusive	   to	   nematode	   species,	   and	   show	   to	   be	   prevalent	   in	   all	  
nematodes,	  more	  expanded	  in	  clade	  V,	  but	  also	  in	  free-‐living	  species.	  
	  
DNase	  II	  (deoxyribonuclease	  II)	  
	  
	   DNases	   degrade	   DNA	   by	   hydrolysing	   phosphodiester	   linkages	   in	   the	   DNA	  
backbone.	   	   DNases	   are	   present	   in	   metazoans	   and	   DNase	   II	   has	   been	   found	   highly	  
enriched	   in	   the	  Trichinella	   spiralis	   nematode	   (166	   copies),	   expressed	   at	   high	   levels	   in	  
the	  anterior	  region,	  which	  is	  in	  contact	  with	  the	  cytoplasm	  of	  the	  host	  cells	  (Foth	  et	  al.	  
2014).	  
	  	  



	  
Figure	  11.	  Gene	  distribution	  of	  candidate	  DNase	  II	  families.	  These	  were	  found	  by	  searching	  for	  families	  with	  
‘Deoxyribonuclease	   II’	  Pfam	  domain	   in	   the	   '33_shortlisted_species'	   table.	  Families	  where	   less	   than	  10%	  of	  
genes	  had	  DNase	  II	  domains	  were	  filtered	  out.	  
	  

We	  find	  140	  DNase	  II	  genes	  in	  T.	  spiralis,	  short	  of	  the	  166	  described	  in	  (Foth	  et	  
al.	  2014),	  and	  conclude	  that	  this	  expansion	  is	  exclusive	  for	  Trichuris	  species.	  
	  
	  
Stichodactyla	  (ShK)	  toxin	  
	  

Stichodactyla	  toxin	  is	  a	  peptide	  toxin	  that	  blocks	  voltage-‐gated	  potassium	  
channels	  (Kv).	  It	  has	  been	  suggested	  that	  helminth	  ShK-‐related	  peptides	  are	  associated	  
with	  the	  beneficial	  effects	  of	  probiotic	  helminth	  therapy	  in	  human	  autoimmune	  diseases	  
(Chhabra	  et	  al.	  2014).	  
	  



	  
Figure	  12.	  Gene	  distribution	  of	  candidate	  ShK	  families.	  These	  were	  found	  by	  searching	  for	  families	  with	  ‘ShK	  
domain’	  Pfam	  domain	  in	  the	  '33_shortlisted_species'	  table.	  Families	  where	  less	  than	  10%	  of	  genes	  had	  ShK	  
domains	  were	  filtered	  out.	  
	  

We	  found	  a	  total	  of	  1659	  genes	  in	  54	  families,	  most	  present	  in	  nematode	  species	  
(Figure	  12).	  ShK	  genes	  presence	  in	  several	  clades	  of	  nematodes	  and	  in	  S.	  mansoni	  has	  
been	  described.	  Note	  that	  the	  first	  4	  families,	  with	  a	  nematode-‐wide	  presence,	  contain	  
more	  than	  10%	  genes	  with	  ShK	  domain	  but	  also	  contain	  other	  domains,	  likely	  
conferring	  other	  functions.	  Focusing	  on	  the	  remaining	  families	  we	  observe	  an	  
enrichment	  of	  ShK	  genes	  in	  Dracunculus	  medinensis	  and	  Haemonchus	  contortus.	  	  
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