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1. Introduction 

1.2 Origin	
  and	
  domestication	
  of	
  the	
  dog	
  

Selective	
  breeding	
  in	
  the	
  dog	
  has	
  been	
  carried	
  out	
  over	
  centuries.	
  It	
  is	
  generally	
  believed	
  that	
  

the	
  closest	
  living	
  ancestor	
  to	
  the	
  domestic	
  dog	
  (Canis	
  lupus	
  familiaris)	
   is	
  the	
  gray	
  wolf	
  (Canis	
  

lupus)	
   (Vila	
  et	
  al.	
  1997;	
   Lindblad-­‐Toh	
  et	
  al.	
  2005).	
  Analysis	
  of	
  mitochondrial	
  DNA	
  and	
  Single	
  

Nucleotide	
   Polymorphism	
   (SNP)	
   suggests	
   that	
   the	
   domestication	
   process	
   started	
   around	
  

15,000	
  years	
  ago	
  (Pang	
  et	
  al.	
  2009;	
  Larson	
  et	
  al.	
  2012;	
  Thalmann	
  et	
  al.	
  2013).	
  However,	
  some	
  

aspects	
  of	
   the	
  domestication	
  process	
  of	
   the	
  dog	
  remain	
  unclear.	
   It	
  has	
  been	
  suggested	
  that	
  

the	
  domestication	
  has	
  been	
  driven	
  by	
  selection	
  on	
  desirable	
   traits	
  associated	
  with	
  behavior	
  

(Ding	
   et	
   al.	
   2012),	
   such	
   as	
   reduced	
   fear	
   and	
   increased	
   stress	
   tolerance	
   (Jensen	
   2014),	
  

adapatation	
   to	
   carbohydrate-­‐rich	
   food	
   (Axelsson	
   et	
   al.	
   2013),	
   as	
  well	
   as	
   for	
   size	
   and	
   shape	
  

(Larson	
  et	
  al.	
  2012).	
  	
  

Historical	
  events	
  have	
  shaped	
  the	
  dog	
  genome	
  by	
  two	
  major	
  bottlenecks.	
  The	
  first	
  bottleneck	
  

occurred	
   15,000	
   years	
   ago	
   when	
   dogs	
   were	
   domesticated	
   from	
   a	
   small	
   number	
   of	
   wolves	
  

(Lindblad-­‐Toh	
   et	
   al.	
   2005).	
   The	
   second	
   bottleneck	
   took	
   place	
   approximately	
   200	
   years	
   ago,	
  

when	
   purebred	
   dogs	
   and	
   breed	
   standards	
   were	
   introduced	
   based	
   on	
   certain	
   desired	
  

morphological	
  traits,	
  such	
  as	
  skull	
  shape,	
  coat	
  color,	
  body	
  size,	
  etc.,	
  as	
  well	
  as	
  behavioral	
  traits	
  

like	
  hunting,	
  guarding,	
  guiding,	
  retrieving,	
  pointing	
  etc.	
  (Ostrander	
  and	
  Wayne	
  2005).	
  This	
  has	
  

resulted	
   in	
   about	
   400	
   different	
   breeds	
   with	
   unique	
   characteristics	
   (Wilcox	
   and	
   Walkowicz	
  

1995).	
  Additionally,	
  genetic	
  variation	
  has	
  been	
  further	
  reduced	
  in	
  some	
  breeds	
  due	
  to	
  breed	
  

popularity	
   and	
   breed-­‐specific	
   bottlenecks,	
   resulting	
   in	
   singular	
   pattern	
   of	
   linkage	
  

disequilibrium	
  (LD)	
  for	
  each	
  breed	
  (Ostrander	
  and	
  Wayne	
  2005).	
  	
  

1.2	
  The	
  domestic	
  dog	
  as	
  a	
  model	
  

The	
  genomic	
   landscape	
  of	
  the	
  dogs	
   is	
  characterized,	
  by	
   long	
  haplotype	
  blocks	
  within	
  breeds	
  

and	
   between	
   breeds	
   LD	
   is	
   equivalent	
   humans.	
   This	
   make	
   the	
   dog	
   an	
   attractive	
   model	
   for	
  

studies	
  on	
  inherited	
  diseases	
  and	
  traits	
  (Andersson	
  2001;	
  Neff	
  and	
  Rine	
  2006).	
  The	
  domestic	
  

dog	
  was	
   already	
   recognized	
   as	
   a	
  model	
   for	
  mammalian	
   evolution	
  by	
  Charles	
  Darwin	
  whom	
  

noted	
   that	
   the	
   artificial	
   selection	
  has	
   resulted	
   in	
   a	
   remarkable	
   phenotypical	
   and	
  behavioral	
  

variation	
  between	
  dog	
   (Darwin	
  1871).	
  The	
  strict	
  breeding	
  practices	
  have	
  also	
   resulted	
   in	
  an	
  

enrichment	
  of	
  unfavorable	
  traits,	
  and	
  dog	
  diseases	
  have	
  striking	
  similarities	
  with	
  some	
  human	
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diseases,	
  including	
  cancer,	
  heart	
  diseases,	
  epilepsy,	
  autoimmune	
  and	
  metabolic	
  diseases	
  and	
  

allergies,	
  among	
  others	
  (Patterson	
  2000;	
  Ostrander	
  and	
  Wayne	
  2005;	
  Karlsson	
  and	
  Lindblad-­‐

Toh	
  2008).	
  Understanding	
   the	
  genetics	
  underpinning	
  of	
   these	
  disorders	
   is	
  more	
  plausible	
   in	
  

dogs	
   than	
   in	
  humans.	
  Firstly,	
  certain	
  diseases	
  appear	
  only	
   in	
  a	
   restricted	
  number	
  of	
  breeds,	
  

implying	
   pre-­‐breed	
   ancestors	
   from	
   whose	
   genetic	
   characters	
   are	
   overrepresented	
   in	
   the	
  

current	
   population.	
   Moreover,	
   disease	
   presentation	
   can	
   be	
   highly	
   uniform	
   if	
   the	
   animals	
  

belong	
   to	
   the	
   same	
   dog	
   family	
   since	
   they	
  will	
   present	
   resembling	
   genetic	
   background.	
   The	
  

number	
  of	
  genetic	
  traits	
  and	
  disorders	
  estimated	
  in	
  dogs	
  is	
  about	
  250	
  according	
  to	
  the	
  Online	
  

Mendelian	
   Inheritance	
   in	
   Animals	
   (OMIA)	
   database	
   (http://omia.angis.org.au/home/),	
   and	
  

elucidation	
  of	
  the	
  molecular	
  nature	
  of	
  these	
  diseases	
  has	
  been	
  achieved	
  in	
  more	
  than	
  three-­‐

quarters	
  of	
   the	
   total.	
  Notwithstanding,	
   there	
   is	
   still	
   a	
   relative	
  gap	
  of	
  undetermined	
  variants	
  

associated	
  to	
  rare	
  or	
  complex	
  genetic	
  diseases	
  that	
  needs	
  to	
  be	
  gauged.	
  

1.3	
  Advances	
  on	
  the	
  molecular	
  genetics	
  tools	
  

Since	
  the	
  discovery	
  of	
  the	
  DNA	
  structure	
  (Watson	
  and	
  Crick	
  1953),	
  the	
  field	
  of	
  genetics	
  have	
  

had	
  a	
   remarkable	
  development	
   for	
   five	
  decades.	
   Prior	
   to	
   the	
   current	
   genomic	
   technologies	
  

such	
  as	
  SNP-­‐typing	
  and	
  whole	
  genome	
  sequencing	
  (WGS),	
  linkage	
  analysis	
  was	
  the	
  main	
  tool	
  

used	
  for	
  mapping	
  mendelian	
  and	
  complex	
  diseases.	
  The	
  linkage	
  analysis	
  approach	
  was	
  used	
  to	
  

identify	
   a	
   region	
   of	
   the	
   genome	
   associated	
   to	
   the	
   disease	
   of	
   interest	
   by	
   evaluating	
   the	
  

segregation	
   of	
   the	
   trait	
   with	
   genetic	
   markers	
   in	
   multiple	
   family	
   members	
   (Katsanis	
   and	
  

Katsanis	
   2013).	
   Later,	
   Quantitative	
   trait	
   loci	
  mapping	
   (QTL	
  mapping)	
  was	
   used	
   for	
   studying	
  

quantitative	
   traits	
   that	
   presented	
   polygenic	
   characteristics.	
   In	
   recent	
   years,	
   the	
   focus	
   has	
  

turned	
   to	
   genome-­‐wide	
   association	
   studies	
   (GWAS).	
   This	
   method	
   uses	
   Single	
   Nucleotide	
  

Polymorphism	
  markers	
  (SNPs)	
  and	
  is	
  suitable	
  for	
  studying	
  both	
  mendelian-­‐	
  and	
  complex	
  traits	
  

and	
   diseases.	
   It	
   is	
   produced	
   more	
   efficient	
   mapping	
   since	
   unrelated	
   affected	
   and	
   control	
  

organisms	
   are	
   used,	
   surmounting	
   the	
   large	
   linked	
   regions	
   due	
   to	
   a	
   limited	
   recombination	
  

within	
  a	
  pedigree	
  family	
  (Karlsson	
  et	
  al.	
  2007).	
  In	
  the	
  case	
  of	
  dogs,	
  since	
  LD	
  is	
  extensive	
  over	
  

large	
  regions	
  due	
  to	
  population	
  isolation,	
  just	
  a	
  few	
  markers	
  are	
  required.	
  Lindblad-­‐Toh	
  et	
  al.	
  

(2005)	
   performed	
   simulations	
   and	
   proposed	
   that	
   as	
   few	
   as	
   20	
   cases	
   and	
   20	
   controls	
   were	
  

needed	
  for	
  mapping	
  a	
  recessive	
  trait	
  in	
  dogs	
  by	
  GWAS,	
  but	
  in	
  fact,	
  with	
  only	
  10	
  cases	
  and	
  10	
  

controls	
  successful	
  results	
  were	
  already	
  obtained	
  (Karlsson	
  et	
  al.	
  2007;	
  Salmon	
  Hillbertz	
  et	
  al.	
  

2007).	
   In	
   recent	
   years	
   the	
   genomics	
   technologies	
   has	
   evolved	
   further	
   and	
   one	
   of	
   the	
  most	
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important	
   technological	
   developments	
   is	
   different	
   Next	
   Generation	
   Sequencing	
   (NGS)	
  

technologies.	
  

The	
   pioneer	
   method	
   for	
   DNA	
   sequencing	
   was	
   firstly	
   introduced	
   by	
   Maxam	
   and	
   Gillbert	
  

(Maxam	
  and	
  Gilbert	
  1977).	
   Shortly	
  after,	
   Sanger	
   reported	
  a	
  new	
  method	
   for	
  determine	
   the	
  

order	
   of	
   nucleotides	
   in	
   a	
   sequence	
   (Sanger	
   et	
   al.	
   1977),	
   known	
   as	
   the	
   ‘first-­‐generation’	
  

technology.	
   Even	
   though	
   its	
   limitations,	
   it	
   must	
   be	
   highlighted	
   that	
   Sanger’s	
   method	
  

accomplished	
  one	
  the	
  biggest	
  breakthrough	
  in	
  the	
  genomic	
  era,	
  the	
  sequence	
  of	
  the	
  human	
  

genome	
   (Lander	
   et	
   al.	
   2001;	
   Venter	
   et	
   al.	
   2001).	
   Afterwards,	
   with	
   the	
   arrival	
   of	
   NGS,	
   also	
  

known	
  as	
  Massive	
  Parallel	
  Sequencing	
   (MPS),	
   it	
  was	
  offered	
  the	
  possibility	
   to	
  produce	
   large	
  

amounts	
  of	
  data	
  with	
  relatively	
  low	
  cost.	
   In	
  recent	
  years,	
  Whole	
  Genome	
  Sequencing	
  (WGS)	
  

has	
   become	
   very	
   attractive	
   for	
   its	
   broader	
   coverage	
   and	
   decreasing	
   cost,	
   changing	
   the	
  

landscape	
  of	
  rare	
  genetic	
  diseases	
  and	
  offering	
  the	
  advantage	
  to	
  identify	
  the	
  causative	
  genes	
  

in	
   an	
   accelerate	
   time	
   (van	
   El	
   et	
   al.	
   2013).	
   This	
   promising	
   technology	
   has	
   been	
   successfully	
  

used	
  for	
  performing	
  WGS	
  to	
  identify	
  the	
  causative	
  mutations	
  for	
  rare	
  diseases	
  (Boycott	
  et	
  al.	
  

2013).	
  

1.4	
  Genomic	
  resources	
  in	
  dog	
  

Several	
  genomic	
   resources	
  have	
  been	
  produced	
   in	
  C.	
   lupus	
   familiaris.	
  The	
  resources	
   include	
  

canine	
  meiotic	
  linkage	
  map	
  (Lingaas	
  et	
  al.	
  1997;	
  Mellersh	
  et	
  al.	
  1997;	
  Neff	
  et	
  al.	
  1999;	
  Werner	
  

et	
  al.	
  1999),	
  low-­‐	
  and	
  high-­‐resolution	
  radiation	
  hybrid	
  (RH)	
  maps	
  (Vignaux	
  et	
  al.	
  1999;	
  Breen	
  et	
  

al.	
  2001;	
  Guyon	
  et	
  al.	
  2003;	
  Breen	
  et	
  al.	
  2004;	
  Hitte	
  et	
  al.	
  2005),	
  and	
  BAC	
   libraries	
   (Li	
  et	
  al.	
  

1999).	
   Additionally,	
   the	
   first	
   dog	
   genome	
   assembly	
   became	
   available	
   in	
   2005,	
   when	
   the	
  

sequence	
  of	
   the	
   female	
  boxer	
  Tasha	
  was	
  published	
   (Lindblad-­‐Toh	
  et	
  al.	
   2005).	
  Presenting	
  a	
  

genome	
   size	
   of	
   2.4	
   Gb	
   and	
   covering	
   up	
   ~	
   99	
   %	
   of	
   euchromatic	
   genome,	
   it	
   contains	
   38	
  

autosomal	
  chromosomes	
  and	
  the	
  sex	
  chromosomes.	
  The	
  dog	
  genome-­‐sequencing	
  project	
  also	
  

identified	
  >	
  2.5	
  M	
  SNPs,	
  meaning	
  1	
  SNP	
  per	
  Kb,	
  and	
  the	
  information	
  was	
  used	
  to	
  create	
  a	
  SNPs	
  

genotyping	
  array	
   for	
  performing	
  Genome-­‐Wide	
  Association	
  Mapping	
   (GWAM).	
  The	
  first	
  SNP	
  

genotyping	
   array	
   contained	
   27,000	
   genes	
   (Karlsson	
   et	
   al.	
   2007)	
   and	
   was	
   produced	
   by	
  

Affymetrix,	
  the	
  current	
  Illumina´s	
  CanineHD	
  SNP	
  chip	
  array	
  contains	
  up	
  to	
  170K	
  SNPs	
  evenly	
  

distributed	
  in	
  canine	
  genome	
  (Vaysse	
  et	
  al.	
  2011).	
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1.5	
  Genetics	
  of	
  retinal	
  atrophies	
  

More	
   than	
   230	
   genes	
   for	
   inherited	
   retinal	
   diseases	
   (RDs)	
   have	
   been	
   identified	
   in	
   humans	
  

(https://sph.uth.edu/Retnet)	
   (Figure	
   1).	
   With	
   the	
   improvement	
   of	
   canine-­‐specific	
   genetic	
  

resources	
   it	
   has	
  been	
  possibly	
   to	
   identifiy	
   over	
   24	
  mutations	
   in	
   18	
  different	
   genes	
   from	
  58	
  

different	
   breeds	
   (Miyadera	
   et	
   al.	
   2012).	
   Whereas	
   extensive	
   and	
   heterogenic	
   clinical	
   and	
  

molecular	
  varieties	
  are	
  encompassed	
   in	
  human	
  RDs,	
  most	
  of	
   the	
   forms	
  of	
  RDs	
   in	
  dogs	
  have	
  

been	
   found	
   to	
   be	
   phenotypically	
   and	
   genetically	
   uniform	
   within	
   a	
   specific	
   breed,	
   due	
   to	
  

breeding	
   isolation	
   and	
   genetic	
   homogeneity,	
   or	
   shared	
   across	
   different	
   breeds,	
   suggesting	
  

that	
   the	
   common	
   ancestor	
   population	
   presented	
   the	
   mutation	
   associated	
   with	
   the	
   retinal	
  

disorder	
  (Miyadera	
  et	
  al.	
  2012).	
  	
  

	
  

	
  

	
  

	
  

	
  

	
  

Figure	
   1.	
   Graphic	
   showing	
   the	
   accumulation	
   of	
   identified	
   genes	
   in	
   human	
   RD	
   from	
   1980	
   to	
   2014.	
   Image	
   extracted	
   and	
  

modified	
  from	
  RetNet	
  (https://sph.uth.edu/Retnet/).	
  

	
  

The	
   dog	
   structure	
   of	
   the	
   retina	
   is	
   to	
   a	
   certain	
   extent	
   as	
   in	
   humans,	
   composed	
   of	
   different	
  

layers	
  of	
   specialized	
  cells.	
  The	
  most	
  external	
  cell	
   layer	
  of	
   the	
  neuroretina	
  contains	
   the	
  cone	
  

and	
  rod	
  photoreceptors,	
  which	
  are	
  in	
  contact	
  and	
  nourished	
  by	
  the	
  retinal	
  pigment	
  epithelium	
  

(RPE;	
  the	
  outermost	
  cell	
  layer	
  of	
  the	
  entire	
  retina).	
  Below	
  there	
  is	
  the	
  inner	
  nuclear	
  layer	
  (INL)	
  

containing	
   the	
   nuclei	
   of	
   the	
   secondary	
   and	
   some	
   tertiary	
   neurons	
   and	
   the	
  Müller	
   glia.	
   The	
  

innermost	
  layer	
  of	
  cells,	
  known	
  as	
  ganglion	
  cell	
  layer	
  (GCL)	
  receives	
  the	
  signals	
  orginating	
  from	
  

the	
  photoreceptors	
  and	
  transmits	
  the	
  signals	
  to	
  the	
  brain	
  (Miyadera	
  et	
  al.	
  2012).	
  	
  

One	
   group	
   of	
  well-­‐known	
   and	
   serious	
   hereditary	
   RDs	
   in	
   dogs	
   is	
   progressive	
   retinal	
   atrophy	
  

(PRA),	
   most	
   frequently	
   characterized	
   by	
   an	
   initial	
   degradation	
   of	
   rod	
   photoreceptors	
   and	
  

initially	
   resulting	
   in	
   night	
   blindness	
   and	
   later	
   in	
   both	
   day	
   and	
   night	
   blindness.	
   Although	
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sometimes	
  only	
  one	
  form	
  of	
  RD	
  is	
  associated	
  to	
  a	
  single	
  variant	
  and	
  segregates	
  uniformly	
  in	
  a	
  

breed,	
  clinical	
  studies	
  in	
  dogs	
  have	
  shown	
  high	
  heterogeneity	
  within	
  and	
  across	
  breeds.	
  Age	
  of	
  

onset,	
  rate	
  of	
  progression,	
  visual-­‐behavioral	
  abnormalities	
  and	
  allelic	
  heterogeneity	
  may	
  vary	
  

(Miyadera	
  et	
  al.	
  2012).	
  The	
  prcd	
  gene	
  is	
  associated	
  to	
  one	
  form	
  of	
  PRA	
  reported	
  in	
  more	
  than	
  

22	
  breeds	
  (Optigen,	
  http://www.optigen.com/)	
  including	
  the	
  Labrador	
  retriever.	
  	
  

Interestingly,	
  two	
  Swedish	
  Labrador	
  retriever	
  littermates	
  that	
  had	
  been	
  tested	
  normal	
  for	
  the	
  

known	
   mutation	
   in	
   the	
   PRCD-­‐gene,	
   were	
   examined	
   and	
   diagnosed	
   with	
   a	
   PRA-­‐like	
  

retinopathy.	
   Thus,	
   Labrador	
   retrievers	
   are	
   carrying	
   a	
   yet	
   another	
   form	
   of	
   retinopathy	
  with	
  

unknown	
  genetic	
  reason.	
  	
  

	
  

Aim	
  

The	
   aim	
   of	
   this	
   thesis	
   it	
   to	
   perform	
   a	
   WGS	
   approach	
   to	
   uncover	
   a	
   presumed	
   autosomal	
  

recessive	
   form	
   of	
   retinopathy	
   in	
   Labrador	
   retrievers	
   using	
   the	
   Illumina	
   NextSeq®	
   500	
  

sequencing	
  platform.	
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2. Materials and methods 

 2.1	
  Animal	
  samples	
  	
  

Blood	
  samples	
  were	
  collected	
  from	
  four	
  members	
  of	
  a	
  Labrador	
  retriever	
  family.	
  The	
  samples	
  

included	
  the	
  parents,	
  assumed	
  to	
  be	
  carriers	
  for	
  retinopathy,	
  and	
  two	
  offsprings	
  affected	
  by	
  

retinopathy	
  (Figure	
  2).	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Figure	
   2.	
   Family	
   pedigree	
   of	
   the	
   Labrador	
   retriever	
   family	
   studied.	
   Open	
   symbols	
   indicate	
   healthy	
   animals	
  

whilst	
   solid	
   symbols	
   indicate	
   affected	
   animals.	
   Crossed	
   symbols	
   indicate	
   deceased	
   animal.	
   The	
   four	
   dogs	
   that	
  

were	
   whole	
   genome	
   sequenced	
  were	
   denoted	
   as	
   Sire	
   I:1	
   and	
   Dam	
   I:2	
   and	
   the	
   littermates	
   Offspring	
   II:1	
   and	
  

Offspring	
  II:2.	
  

2.2	
  Clinical	
  assessment	
  

Two	
   family	
  members:	
   offspring	
   II:1	
   and	
   II:2	
  were	
   clinically	
   evaluated	
   by	
   Swedish	
   veterinary	
  

ophthalmologists.	
  

2.3	
  DNA	
  extraction	
  and	
  quantification	
  

Blood	
   samples	
   were	
   collected	
   in	
   EDTA	
   tubes	
   and	
   genomic	
   DNA	
   was	
   isolated	
   using	
   the	
  

QIAsymphony®	
  SP	
  automated	
  system	
  (Qiagen,	
  Hilden,	
  Germany)	
  with	
  the	
  QIAsymphony	
  DSP	
  

DNA	
  Midi	
  Kit	
   (Appendix	
  A.	
  Protocol	
  1).	
  For	
   the	
  unaffected	
  sire,	
  genomic	
  DNA	
  was	
  extracted	
  

from	
   a	
   pre-­‐treated	
   sperm	
   sample	
   (Appendix	
   A.	
   Protocol	
   2)	
   on	
   the	
   QIAsymphony®	
   SP	
  

instrument	
  with	
  the	
  QIAsymphony	
  DSP	
  DNA	
  Midi	
  Kit.	
  	
  

To	
   determine	
   DNA	
   concentration	
   of	
   genomic	
   DNA,	
   3	
   μl	
   of	
   the	
   samples	
  was	
   analyzed	
   on	
   a	
  

Qubit®	
  2.0	
  Fluorometer	
  (Life	
  Technologies™,	
  Stockholm,	
  Sweden)	
  using	
  the	
  dsDNA	
  BR	
  Assay.	
  

	
   	
  
I	
  
	
  
	
  
	
  
	
  
	
  
	
  
II	
  

1	
   	
   	
   	
   	
   	
  	
  	
  	
  	
  	
  	
  2	
  

1	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  2	
   	
   	
  	
  	
  	
  	
  	
  	
  3	
   	
   	
  	
  4	
  	
  	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  5	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  6	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  7	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  8	
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2.4	
  Whole	
  Genome	
  Sequencing	
  

Whole	
  Genome	
  Sequencing	
   (WGS)	
  was	
  performed	
  on	
  DNA	
  samples	
  prepared	
   from	
  the	
   four	
  

family	
  members.	
  For	
  each	
  of	
  the	
  four	
  dogs,	
  two	
  different	
  library	
  sizes	
  of	
  350	
  and	
  550	
  bp	
  were	
  

prepared	
   following	
   Illumina	
   Low	
   Sample	
   (LS)	
   protocol	
   TruSeq®	
   DNA	
   PCR-­‐Free	
   Library	
   Prep	
  

(Illumina®,	
  San	
  Diego,	
  CA).	
  Briefly,	
  genomic	
  DNA	
  from	
  each	
  of	
  the	
  four	
  dogs	
  was	
  fragmented	
  

using	
  the	
  Covaris	
  M220	
  (Covaris,	
  Inc.,	
  Woburn,	
  MA)	
  to	
  obtain	
  a	
  library	
  insert	
  size	
  of	
  350	
  and	
  

550	
   bp	
   for	
   run	
   1	
   and	
   2,	
   respectively.	
   Then,	
   the	
   fragmented	
   DNA	
   was	
   end-­‐repaired	
   by	
  

removing	
   3’	
   overhangs	
   and	
   filling	
   the	
   5’	
   overhangs.	
   Afterwards,	
   sample	
   size	
   selection	
   to	
  

remove	
  large	
  and	
  small	
  DNA	
  fragments	
  was	
  performed	
  with	
  Sample	
  Purification	
  Beads.	
  Next,	
  

an	
   ‘A’	
  nucleotide	
  was	
  added	
   in	
   the	
  3’	
  ends	
  of	
   the	
  purified	
   fragments	
   to	
  prevent	
   them	
  from	
  

ligating	
  each	
  other.	
  Finally,	
  Illumina	
  indexes	
  were	
  ligated	
  for	
  each	
  of	
  the	
  samples	
  (Appendix	
  A.	
  

Table	
  1).	
  The	
  libraries	
  were	
  quantified	
  using	
  the	
  KAPA	
  Library	
  Quantification	
  Kit	
  for	
  Illumina®	
  

platforms	
  (Kapa	
  Biosystems,	
  Inc.,	
  Wilmington,	
  MA)	
  on	
  a	
  StepOnePlus™	
  Real-­‐Time	
  PCR	
  System	
  

(Life	
   Technologies™)	
   (Appendix	
   A.	
   Protocol	
   3).	
   The	
   size	
   distributions	
   of	
   the	
   libraries	
   were	
  

analyzed	
  on	
  an	
  Agilent	
  2100	
  Bioanalyzer	
  Instruments	
  (Agilent	
  Technologies,	
  Santa	
  Clara,	
  CA).	
  

The	
  quantified	
   libraries	
  were	
   then	
  normalized	
  and	
  pooled	
   into	
  a	
  single	
   tube.	
  Before	
   loading	
  

for	
  sequencing,	
  the	
  pooled	
   library	
  was	
  denatured	
  and	
  diluted	
  to	
  a	
  final	
  concentration	
  of	
  1.8	
  

and	
  1.9	
  pM	
  (for	
  run	
  1	
  and	
  2,	
  respectively).	
  For	
  quality	
  sequencing	
  control,	
  the	
  libraries	
  were	
  

“spiked”	
   with	
   1%	
   PhiX	
   DNA.	
   Lastly,	
   the	
   combined	
   library	
   was	
   loaded	
   onto	
   the	
   Illumina	
  

NextSeq®	
  500	
  platform	
  using	
  the	
  NextSeq®	
  500	
  High	
  Output	
  Kit	
  (300	
  cycles)	
  and	
  NextSeq®	
  500	
  

High	
  Output	
  v2	
  Kit	
  (300	
  cycles)	
  for	
  run	
  1	
  and	
  2,	
  respectively.	
  The	
  platform	
  generated	
  BLC	
  base	
  

call	
  per-­‐cycle	
  files	
  as	
  100	
  and	
  150	
  bp	
  pair-­‐end	
  reads	
  for	
  run	
  1	
  and	
  2,	
  respectively	
  (See	
  Table	
  1	
  

for	
  a	
  summary	
  of	
  the	
  2	
  Whole	
  Genome	
  Sequencing	
  runs	
  carried	
  out).	
  

Table	
  1.	
  Whole	
  Genome	
  Sequence	
  summary	
  of	
  the	
  differences	
  between	
  the	
  two	
  runs	
  performed.	
  

	
  
Insert	
  size	
   Input	
  DNA	
  per	
  sample	
   NextSeq®500	
  sequencing	
  kit	
   Read	
  length	
  

Concentration	
  of	
  

library	
  loaded	
  

Run	
  1	
   350	
  bp	
   1	
  μg	
   High	
  Output	
  Kit	
  (300	
  cycles)	
   101	
  bp	
  x	
  2	
   1.8	
  pM	
  

Run	
  2	
   550	
  bp	
   2	
  μg	
   High	
  Output	
  Kit	
  v2	
  (300	
  cycles)	
   150	
  bp	
  x	
  2	
   1.9	
  pM	
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2.5	
  Reads,	
  mapping	
  and	
  variant	
  calling	
  

BCL	
   files	
   were	
   converted	
   and	
   demultiplexed	
   into	
   FastQ	
   files	
   using	
   the	
   Illumina	
   software	
  

bclfastq2	
   (version	
   v.2.15.0).	
   Raw	
   FastQ	
   reads	
  were	
   checked	
   using	
   FastQC	
   (version	
   v.0.11.2)	
  

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/).	
   Short	
   reads	
   (<	
   30	
   bp)	
   and	
  

bases	
  with	
  a	
  quality	
  score	
  below	
  20	
  were	
  trimmed	
  using	
  the	
  software	
  Trimmomatic	
  (version	
  

v.0.32)	
   (Bolger	
  et	
  al.	
  2014)	
   (Appendix	
  B.	
  1).	
  The	
  high-­‐quality	
  reads	
  were	
  then	
  aligned	
  to	
  the	
  

dog	
   reference	
   genome	
   sequence	
   (CanFam3.1)	
   using	
   BWA	
   (version	
   v.0.7.8)	
   (Li	
   and	
   Durbin	
  

2009)	
  	
  (Appendix	
  B.	
  2).	
  A	
  personalized	
  variant	
  calling	
  workflow	
  was	
  created	
  using	
  the	
  software	
  

Genome	
  Analysis	
  Toolkit	
  (GATK)	
  (version	
  v.3.3.0)	
  (DePristo	
  et	
  al.	
  2011)	
  and	
  following	
  the	
  Best	
  

Practices	
   recommendations	
   (Van	
   der	
   Auwera	
   et	
   al.	
   2013)	
   for	
   Pre-­‐processing	
   and	
   Variant	
  

Discovery	
  steps	
  (Appendix	
  B.	
  3).	
  Final	
  filtered	
  candidate	
  variants,	
  both	
  SNPs	
  and	
  Indels,	
  were	
  

obtained	
  by	
  analyzing	
   the	
   two	
  trios	
  separately	
   (Trio	
  1	
  was	
   formed	
  by	
  parents	
  and	
  Offspring	
  

II:1	
   and	
   Trio	
   2	
   included	
   the	
   parents	
   and	
   Offspring	
   II:2).	
   Annotation	
   was	
   done	
   using	
   the	
  

software	
  ANNOVAR	
  (Wang	
  et	
  al.	
  2010)	
  with	
  the	
  CanFam3.1	
  annotation.	
  (Appendix	
  B.	
  4).	
  

	
   2.6	
  Variant	
  annotation	
  and	
  further	
  filtration	
  

After	
  the	
  annotation	
  of	
  the	
  variants	
  with	
  ANNOVAR,	
  custom-­‐made	
  Perl	
  scripts	
  were	
  created	
  

to	
   subdivide	
   the	
   obtained	
   output	
   and	
   to	
   create	
   new	
   files	
   for	
   each	
   annotated	
   region	
   (e.g.	
  

exonic,	
  splicing,	
  5’	
  UTR,	
  3’	
  UTR,	
  etc.).	
  The	
  scripts	
  were	
  also	
  used	
  to	
  count	
  and	
  subdivide	
  each	
  

of	
   the	
   files	
   according	
   to	
   their	
   pattern	
   of	
   inheritance	
   (Appendix	
   B.	
   5.1-­‐5.2).	
   Three	
   possible	
  

conditional	
  filtering	
  schemas	
  were	
  evaluated:	
  

Schema	
  1.	
  Parents	
  presented	
  a	
  heterozygous	
  genotype	
  for	
  a	
  given	
  allele	
  and	
  the	
  offspring	
  was	
  

homozygous	
  recessive	
  but	
  different	
  from	
  the	
  reference	
  genome	
  for	
  the	
  given	
  loci	
  (Fig.	
  3)	
  

	
  

	
  

	
  

	
  

Figure	
  3.	
  Example	
  of	
  pedigree	
  for	
  a	
  given	
  locus	
  that	
  could	
  explain	
  the	
  mode	
  of	
  inheritance	
  of	
  the	
  disease	
  studied.	
  Left	
  trio	
  1	
  

and	
  right	
  trio	
  2.	
  Hypothetical	
  example	
  in	
  which	
  the	
  reference	
  genome	
  for	
  a	
  given	
  locus	
  presented	
  the	
  alleles	
  A/A,	
  the	
  parents	
  

were	
  heterozygous	
  for	
  a	
  variant	
  allele	
  A/C	
  and	
  the	
  offspring	
  is	
  homozygous	
  for	
  the	
  variant	
  allele.	
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Schema	
   2.	
   In	
   this	
   subgroup,	
   any	
   other	
   type	
   of	
   inheritance	
   pattern	
   was	
   included.	
   These	
  

patterns	
  of	
  inheritance	
  could	
  not	
  explain	
  the	
  mode	
  of	
  inheritance	
  of	
  the	
  disease	
  in	
  our	
  study.	
  

See	
  some	
  examples	
  in	
  Figure	
  4.	
  	
  

	
  

	
  

	
  

	
  

Figure	
  4.	
  Examples	
  of	
  pedigrees	
   for	
  a	
  given	
   locus	
  that	
  could	
  not	
  explain	
  the	
  mode	
  of	
   inheritance	
  of	
   the	
  disease	
  studied.	
  

Left,	
  parents	
  are	
  heterozygous	
  for	
  a	
  variant	
  and	
  offspring	
  is	
  homozygous	
  for	
  the	
  same	
  alleles	
  as	
  the	
  reference.	
  Right,	
  one	
  of	
  

the	
  parents	
  was	
  heterozygous	
  for	
  a	
  variant	
  allele	
  and	
  the	
  offspring	
  inherited	
  the	
  variant	
  allele	
  too.	
  	
  

Schema	
   3.	
   The	
   last	
   subgroup	
   contained	
   those	
   variants	
   annotated	
   in	
   which	
   one	
   or	
   more	
  

individuals	
  from	
  the	
  trio	
  did	
  not	
  present	
  reads	
  for	
  that	
  given	
  locus.	
  See	
  examples	
  in	
  Figure	
  5.	
  

	
  

	
  

	
  

	
  

Figure	
  5.	
  Examples	
  of	
  pedigrees	
  in	
  which	
  one	
  family	
  member	
  presented	
  no	
  data	
  for	
  a	
  given	
  locus.	
  The	
  three	
  pedigrees	
  show	
  

different	
  examples	
  where	
  one	
  of	
  the	
  family	
  members	
  did	
  not	
  present	
  reads	
  for	
  the	
  given	
  locus.	
  

Once	
  the	
  variants	
  were	
  divided	
   in	
   these	
  three	
  subgroups	
   for	
  SNPs	
  and	
   Indels	
   in	
  both	
  of	
   the	
  

trios,	
  another	
  custom-­‐made	
  Perl	
  script	
  was	
  applied	
  to	
  check	
  if	
  the	
  two	
  analyzed	
  trios	
  shared	
  

the	
  same	
  variant	
  as	
  well	
  as	
  shared	
  genes	
  matching	
  any	
  of	
  the	
  previously	
  described	
  genes	
   in	
  

dogs	
  causing	
  inherited	
  retinal	
  diseases	
  (Miyadera	
  et	
  al.	
  2012)	
  (Appendix	
  B.	
  5.3).	
  

In	
  order	
  to	
  prioritize	
  the	
  analysis	
  I	
  focused	
  on	
  those	
  variants	
  which	
  satisfied	
  an	
  AR	
  inheritance	
  

(schema	
   1),	
   and	
   specifically,	
   those	
   variants	
   annotated	
   within	
   an	
   exonic	
   region,	
   that	
   were	
  

further	
   subdivided	
   (See	
   Appenix	
   A.	
   Table	
   3).	
   To	
   evaluate	
   known	
   function	
   and	
   disease	
  

association	
  of	
  genes,	
   the	
  GeneCards	
  database	
   (www.genecards.org)	
   (Safran	
  M.	
  et	
  al.,	
  2010)	
  

was	
  used.	
  Additionally,	
   the	
  genes	
  with	
  previously	
   reported	
  disease	
   retinal	
   genes	
   in	
  humans	
  

were	
  checked	
  in	
  the	
  RetNet	
  database	
  	
  (http://sph.uth.edu/Retnet/).	
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   2.7	
  Variant	
  validation	
  

In	
   order	
   to	
   validate	
   the	
   detected	
   variant	
   associated	
   with	
   retinopathy	
   in	
   the	
   investigated	
  

Labrador	
   retriever	
   family,	
   two	
   different	
   genotyping	
   methods	
   were	
   developed:	
   Sanger	
  

Sequencing	
  and	
  fragment	
  length	
  polymorphism	
  detection	
  with	
  capillary	
  electrophoresis	
  .  

For	
   both	
   Sanger	
   sequencing	
   and	
   length	
   polymorphism	
   detection	
   with	
   capillary	
  

electrophoresis,	
  primers	
  flanking	
  the	
  insertion	
  c.4176insC	
  (p.V1390fs)	
  in	
  the	
  ABCA4	
  gene	
  were	
  

designed	
  using	
  Primer	
  3	
  (Untergasser	
  et	
  al.	
  2012).	
  PCR	
  reactions	
  were	
  performed	
  according	
  to	
  

the	
   BigDye®	
   Direct	
   Cycle	
   Sequencing	
   Kit	
   Protocol	
   (Applied	
   Biosystems®,	
   Inc.,	
   	
   [ABI],	
   Foster	
  

City,	
  USA)	
  manufacturer’s	
  manual	
  (Appendix	
  A.	
  Protocol	
  4).	
  PCR	
  reactions	
  were	
  performed	
  in	
  

a	
  ProFlex™	
  PCR	
  System	
  (Applied	
  Biosystems®),	
  later	
  PCR-­‐amplified	
  fragments	
  were	
  purified	
  

with	
   BigDye®	
   Direct	
   Cycle	
   Sequencing	
   Kit	
   (Applied	
   Biosystems®)	
   following	
   manufacturer’s	
  

instructions.	
   Templates	
   were	
   prepared	
   to	
   be	
   sequenced	
   both	
   in	
   forward	
   and	
   reverse	
  

orientation.	
   PCR	
   sequence	
   products	
   were	
   analyzed	
   on	
   the	
   ABI	
   3500XL	
   Genetic	
   Analyzer	
  

(Applied	
  Biosystems®).	
  

For	
   genotyping	
   based	
   on	
   fragment	
   length	
   polymorphism	
   detection	
   with	
   capillary	
  

electrophoresis,	
   fluorescent	
   primers	
   were	
   (Cfa_ABCA4_FAM_F:	
   5’-­‐Fam-­‐

CACCCACATTGCCATGTTTA-­‐3’	
  and	
  Cfa_ABCA4_R:	
  5’-­‐AACACATGGGGGTGAATGAT-­‐3’)	
  were	
  used	
  

for	
   amplification	
   on	
   a	
   ProFlex™	
   PCR	
   System	
   (Applied	
   Biosystems,).	
   PCR	
   reactions	
   were	
  

performed	
   in	
   a	
   ProFlex™	
   PCR	
   System.	
   The	
   PCR-­‐products	
   with	
   an	
   internal	
   size	
   standard	
  

(GeneScan™	
   600	
   LIZ®	
   dye	
   Size	
   Standard	
   v2.0)	
   were	
   loaded	
   and	
   analyzed	
   on	
   a	
   ABI	
   3500XL	
  

Genetic	
   Analyzer	
   and	
   genotypes	
   were	
   called	
   using	
   the	
   GeneMapper®	
   Software	
   (Applied	
  

Biosystems).	
  The	
  expected	
  amplification	
  length	
  was	
  201	
  bp	
  for	
  the	
  wild	
  type	
  allele	
  and	
  202	
  

bp	
  for	
  the	
  mutant	
  allele.	
  

	
   2.8	
  RNA	
  extraction,	
  cDNA	
  synthesis	
  and	
  RT-­‐PCR	
  

RNA	
  extraction	
   from	
  blood	
  of	
   control	
   dog	
  was	
   performed	
  using	
   TempusTM	
  Blood	
  RNA	
   Tube	
  

and	
  TempusTM	
  Spin	
  RNA	
  Isolation	
  Kit	
  (Applied	
  Biosystems®),	
  and	
  following	
  manufacturer’s	
  

instructions.	
  cDNA	
  synthesis	
  and	
  RT-­‐PCR	
  was	
  performed	
  using	
  the	
  OneStep	
  RT-­‐PCR	
  Kit	
  

(Qiagen)	
  followings	
  instructor’s	
  manual	
  (See	
  primers	
  at	
  Appendix	
  A.	
  Table	
  2).	
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3. Results 

 3.1	
  Clinical	
  description	
  	
  

In	
  a	
  litter	
  of	
  eight	
  Swedish	
  Labrador	
  retrievers,	
  one	
  female	
  and	
  one	
  male	
  were	
  diagnosed	
  with	
  

a	
  PRA-­‐like	
  retinopathy	
  at	
  the	
  age	
  of	
  nine	
  and	
  five	
  years,	
  respectively.	
  Both	
  the	
  parents	
  were	
  

tested	
   negative	
   for	
   the	
   disease-­‐causing	
   allele	
   in	
   the	
   PRCD	
   locus	
   (Zangerl	
   et	
   al.	
   2006).	
   	
   An	
  

ophthalmic	
   re-­‐examination	
   of	
   the	
   affected	
   male	
   offspring	
   has	
   been	
   performed	
   yearly	
   and	
  

validated	
  the	
  diagnosis	
  of	
  a	
  very	
  slowly	
  progressive,	
  generalized,	
  bilateral	
  retinopathy.	
  

	
   3.2	
  Whole	
  Genome	
  Sequencing	
  

	
   	
   3.2.1	
  Quantification	
  and	
  quality	
  control	
  of	
  the	
  libraries	
  

	
  Quantification	
  of	
  the	
  DNA	
  libraries	
  showed	
  that	
  all	
  the	
  concentration	
  of	
  indexed	
  DNA	
  libraries	
  

were	
   above	
   2nM	
   (minimum	
   required	
   for	
   high	
   quality	
   results).	
   The	
   final	
   DNA	
   libraries	
  

concentrations	
  for	
  both	
  runs	
  are	
  presented	
  in	
  Appendix	
  C.	
  1.	
  Moreover,	
  quality	
  control	
  of	
  the	
  

libraries	
  as	
  well	
  as	
  the	
  quality	
  control	
  from	
  the	
  DNA	
  samples	
  after	
  the	
  fragmentation	
  step	
  is	
  

shown	
  in	
  Appendix	
  C.	
  2.	
  	
  Results	
  showed	
  that	
  the	
  peaks	
  obtained	
  were	
  larger	
  than	
  expected.	
  

	
   	
   3.2.2	
  NextSeq®	
  500	
  sequencing	
  system	
  performance	
  

The	
  sequencing	
  system	
  performance	
  parameters	
  from	
  both	
  runs	
  are	
  summarized	
  in	
  Table	
  2.	
  

Run	
  1	
  presented	
  the	
  flowcell	
  ID:	
  H5MT2BGXX	
  and	
  run	
  2:	
  H5KWMBGXX,	
  and	
  the	
  data	
  is	
  stored	
  

in	
  the	
  Animal	
  Breeding	
  and	
  Genetics	
  disk	
  storage	
  space.	
  

1. 	
  Total	
   time	
   of	
   the	
   run	
   is	
   subject	
   to	
   the	
   read	
   length	
   set	
   to	
   sequence	
   including	
   cluster	
   generation,	
   sequencing	
   and	
   base	
  
calling.	
  
2. 	
  Cluster	
   density	
   is	
   dependent	
   on	
   the	
   concentration	
   of	
   DNA	
   inserted	
   into	
   the	
   flowcell	
   (ideally	
   200-­‐210	
   k/mm2).	
   Too	
   high	
  
cluster	
  density	
  can	
  reduce	
  the	
  amount	
  of	
  data	
  obtained	
  due	
  to	
  cluster	
  overlap.	
  
3. 	
  Read	
  whose	
  cluster	
  is	
  sufficiently	
  separated	
  from	
  other	
  clusters	
  in	
  the	
  flowcell.	
  This	
  filter	
  is	
  calculated	
  for	
  each	
  cluster	
  over	
  
the	
  first	
  25	
  bases	
  of	
  the	
  sequences.	
  
4. 	
  Quality	
  scores	
  are	
  predicted	
  as	
  the	
  probability	
  of	
  an	
  error	
  in	
  a	
  base	
  calling.	
  The	
  percentage	
  of	
  bases	
  with	
  quality	
  over	
  30	
  is	
  
averaged	
  across	
  the	
  run.	
  
	
  

Table	
  2.	
  Summary	
  of	
  the	
  NextSeq®	
  500	
  sequencing	
  system	
  performance	
  parameters.	
  

	
   Read	
  length	
   Total	
  time1	
   Cluster	
  density2	
   Estimated	
  yield	
  

output	
  

Clusters	
  

passing	
  filter3	
  

Quality	
  scores4	
  

Run	
  1	
   2	
  x	
  101	
  bp	
  	
   ~	
  20	
  h	
   165	
  K/mm2	
   76.9	
  Gb	
   86.7	
  %	
   79.4	
  %	
  >	
  Q30	
  

Run	
  2	
   2	
  x	
  150	
  bp	
   ~	
  29	
  h	
   185	
  K/mm2	
   126.2	
  Gb	
   85.8%	
   81.7%	
  >	
  Q30	
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3.2.3	
  Reads:	
  quality	
  control,	
  pre-­‐processing	
  and	
  mapping	
  

The	
   quality	
   control	
   of	
   the	
   reads	
   was	
   performed	
   with	
   the	
   software	
   FastQC	
  

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/).	
   Sequence	
   quality	
   per	
   base	
  

before	
  and	
  after	
   trimming	
  can	
  be	
  seen	
  at	
  Appendix	
  C.	
  3.	
   In	
  general,	
  more	
  reads	
  and	
  higher	
  

quality	
  was	
  obtained	
  in	
  run	
  2.	
  Table	
  1	
  from	
  Appendix	
  C	
  shows	
  the	
  amount	
  of	
  reads	
  before	
  and	
  

after	
   trimming	
   as	
   well	
   as	
   the	
   number	
   of	
   mappable	
   reads	
   to	
   the	
   Canis	
   lupus	
   familiaris	
  

reference	
  genome	
  sequence,	
  CanFam3.1.	
  The	
  fraction	
  of	
  aligned	
  paired-­‐end	
  reads	
  that	
  was	
  ~	
  

98	
  %	
  in	
  run	
  1	
  	
  and	
  99	
  %	
  in	
  run	
  2.	
  The	
  average	
  coverage	
  obtained	
  was	
  6.88	
  and	
  11.29	
  x	
  per	
  run	
  

1	
  and	
  2,	
  respectively.	
  

When	
  merging	
  sequence	
  data	
  from	
  both	
  runs,	
  the	
  average	
  genome	
  sequence	
  depth	
  increased	
  

to	
  ~18x	
  	
  per	
  dog	
  (Table	
  3).	
  

3.2.4	
  Variant	
  calling	
  and	
  filtering	
  

An	
  overview	
  of	
  the	
  variant	
  reduction	
  process	
  is	
  illustrated	
  in	
  Figure	
  6	
  for	
  run	
  1	
  and	
  Figure	
  3	
  for	
  

the	
  merged	
   runs.	
   Briefly,	
   the	
   first	
   step	
   of	
   the	
   variant	
   calling	
   process	
   was	
   performed	
   using	
  

HaplotypeCaller	
   software	
   (DePristo	
  et	
  al.	
  2011),	
  which	
   resulted	
   in	
   ~	
  880	
  M	
   (run	
  1)	
  and	
   ~	
  1	
  B	
  

(merged	
  run)	
  unfiltered	
  SNPs	
  and	
  Indels	
  calls	
  for	
  each	
  sample,	
  respectively.	
  Afterwards,	
  when	
  

all	
  the	
  samples	
  were	
  merged	
  and	
  new	
  re-­‐annotation	
  was	
  performed,	
  the	
  number	
  of	
  unfiltered	
  

SNPs	
  and	
  Indels	
  calls	
  was	
  reduced	
  to	
  ~	
  6,6	
  (run	
  1)	
  and	
  ~	
  7,8	
  M	
  (merged	
  run)	
  variants.	
  	
  

	
  

Table	
  3.	
  Summary	
  of	
  the	
  final	
  data	
  used	
  for	
  the	
  bioinformatics	
  analysis.	
  

	
   Sample	
   Trimmed	
  reads	
   Trimmed	
  reads	
  (x2)	
   Aligned	
  reads	
  (PE)	
   Genome	
  Coverage	
  

M
er
ge
d	
  
re
ad

s	
  

Sire	
  I:1	
   	
  180,425,877	
  	
   	
  360,851,754	
  	
   	
  357,599,644	
  	
   18.33	
  

Dam	
  I:2	
   	
  194,182,364	
  	
   	
  388,364,728	
  	
   	
  385,367,484	
  	
   19.68	
  

Offspring	
  II:1	
   	
  181,286,735	
  	
   	
  362,573,470	
  	
   	
  359,094,300	
  	
   18.22	
  

Offspring	
  II:2	
   	
  164,408,226	
  	
   	
  328,816,452	
  	
   	
  324,449,983	
  	
   16.39	
  

Total	
   	
  720,303,202	
  	
   	
  1,440,606,404	
  	
   	
  1,426,511,411	
  	
   18.161	
  

1. Average	
  coverage	
  from	
  all	
  the	
  samples.	
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The	
  four	
  dogs	
  were	
  then	
  analyzed	
  as	
  two	
  family	
  trios	
  where	
  each	
  trio	
  included	
  both	
  parents	
  

and	
  one	
  of	
  the	
  offspring.	
  Thus,	
  the	
  same	
  raw	
  variants	
  were	
  analyzed	
  in	
  the	
  two	
  different	
  trios	
  

and	
  used	
  for	
  further	
  analysis.	
  Then,	
  the	
  raw	
  variants	
  from	
  each	
  trio	
  were	
  separated	
  into	
  SNPs	
  

and	
   Indels	
   (same	
  number	
   of	
   variants	
   called	
   for	
   each	
   trio	
  was	
   given)	
   and	
   after	
   applying	
   the	
  

recommended	
  filters	
  using	
  the	
  software	
  VariantFiltration	
  the	
  number	
  of	
  variants	
  called	
  were	
  

slightly	
  reduced.	
  Last	
  step	
  consisted	
  in	
  annotating	
  the	
  variants	
  with	
  ANNOVAR.	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Figure	
  6.	
  	
  Schematic	
  representation	
  of	
  the	
  variant	
  reduction	
  process	
  for	
  merged	
  runs.	
  From	
  raw	
  variants	
  called	
  for	
  each	
  of	
  

the	
  samples	
  until	
  the	
  annotation	
  of	
  the	
  variants	
  that	
  passed	
  the	
  filters.	
  See	
  text	
  for	
  explanation.	
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3.2.5	
  Analysis	
  of	
  the	
  annotated	
  variants	
  

	
   	
   	
   3.2.5.1	
  Variant	
  filtration	
  from	
  run	
  1	
  

A	
  total	
  of	
  5.7	
  M	
  of	
  SNPs	
  and	
  1.8	
  M	
  of	
   Indel	
  variants	
  were	
  annotated	
   for	
  both	
   the	
  analyzed	
  

trios.	
  These	
  variants	
  were	
  subdivided	
  according	
  to	
  the	
  genome	
  annotation	
  (e.g.	
  exonic,	
  intron)	
  

and	
  also	
  subdivided	
  according	
  to	
  their	
  conditional	
  filtering	
  schema.	
  Results	
  are	
  shown	
  in	
  the	
  

tables	
  from	
  Appendix	
  C.	
  4.1.	
  	
  

A	
   conditional	
   filtering	
   schema	
  was	
   applied	
   assuming	
   an	
   autosomal	
   recessive	
   (AR)	
  mode	
   of	
  

inheritance	
  where	
  both	
  healthy	
  parents	
  were	
  assumed	
  to	
  be	
  heterozygous	
  and	
  the	
  offspring	
  

in	
  each	
  trio	
  was	
  assumed	
  to	
  be	
  homozygous.	
  Results	
  showed	
  that	
  none	
  of	
  the	
  variants	
  called	
  

within	
  the	
  exonic	
  region	
  that	
  satisfied	
  an	
  AR	
  inheritance	
  pattern	
  was	
  shared	
  between	
  the	
  two	
  

littermates.	
  Each	
  of	
  the	
  variations	
  was	
  analyzed	
  but	
  none	
  had	
  been	
  previously	
  described	
  as	
  a	
  

retinal	
  inherited	
  disease	
  gene	
  (Table	
  4).	
  

Table	
  4.	
  Shared	
  variants	
  found	
  in	
  the	
  output	
  of	
  run	
  1	
  that	
  presented	
  an	
  AR	
  inheritance.	
  	
  

Variant	
  region	
   SNPs	
   Indels	
  

Exonic	
   0	
   0	
  

Splicing	
   0	
   0	
  

5’	
  UTR	
   0	
   0	
  

3’	
  UTR	
   2	
  (SCN5A,	
  HIF1A)	
   0	
  

Upstream	
   12	
   (CTNNB1,	
   CYP4A38,	
   RNASEL,	
   BMPR1B,	
  
C31H21orf62,	
   SLCO2A1,	
   UBASH3A1,	
   MIR487A,	
   LHB,	
  
MIR578)	
  	
  

3	
  (SEP15,	
  MMP7,	
  DPT)	
  

Downstream	
   12	
   (B3GAT1,	
   MIR8862,	
   MGST3,	
   C31H21orf621,	
  
KLRD11,	
  TFF2,	
  NTF42)	
  

0	
  

1. 	
  Two	
  different	
  variants	
  in	
  this	
  gene	
  were	
  found.	
  2.	
  Four	
  different	
  variants	
  in	
  this	
  gene	
  were	
  found.	
  

3.2.5.2	
  Variant	
  filtration	
  from	
  the	
  merged	
  run1	
  and	
  2	
  

Next,	
  the	
  merged	
  data	
  set	
  from	
  the	
  two	
  sequence	
  runs	
  was	
  analyzed	
  (Appendix	
  C.	
  4.2).	
  This	
  

resulted	
  in	
  the	
  identification	
  of	
  an	
  insertion	
  in	
  exon	
  28	
  of	
  the	
  ATP-­‐Binding	
  Cassete,	
  subfamily	
  

A	
  gene	
   (ABC1).	
  The	
   insertion	
  c.4176insC	
   (p.F1393LfsX3)	
   results	
   in	
  a	
   frame	
  shift	
   that	
  cause	
  a	
  

premature	
  stop	
  codon	
  at	
  position	
  1395.	
  The	
  insertion	
  was	
  visualized	
  in	
  IGV,	
  see	
  Figure	
  7.	
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Figure	
  7.	
  Visualization	
  of	
  the	
  insertion	
  of	
  a	
  nucleotide	
  in	
  the	
  different	
  family	
  members	
  with	
  IGV.	
  Sire	
  I:1	
  and	
  Dam	
  I:2	
  were	
  

carriers	
  of	
  the	
  mutated	
  allele	
  (purple	
  line).	
  The	
  number	
  of	
  reads	
  that	
  confirmed	
  the	
  presence	
  of	
  the	
  mutated	
  allele	
  was	
  6	
  out	
  

of	
  17	
  for	
  the	
  sire	
  and	
  3	
  out	
  of	
  12	
  reads	
  for	
  the	
  dam.	
  Offspring	
  II:1	
  and	
  II:2	
  presented	
  a	
  read	
  depth	
  of	
  the	
  target	
  variant	
  of	
  21	
  x	
  

and	
  10	
  x	
  respectively.	
  

	
  

Despite	
   the	
   fact	
   that	
   the	
   candidate	
   mutation	
   most	
   likely	
   was	
   identified,	
   2	
   other	
   variants	
  

annotated	
  were	
  annotated.	
   The	
   first	
  was	
  a	
   variant	
   annotated	
   in	
   an	
  exonic	
   region	
   causing	
  a	
  

nonsynonymous	
  	
  SNV:	
  FDX1,	
  but	
  the	
  amino	
  acid	
  change	
  has	
  a	
  neutral	
  effect	
  on	
  the	
  prortein	
  

according	
  to	
  PolyPhen	
  2	
  (Adzhubei	
  et	
  al.	
  2010).	
  The	
  second	
  variant	
  was	
  a	
  splicing	
  variant	
  at	
  

B3GAT1,	
  also	
  with	
  neutral	
  effects.	
  

3.3	
  Validation	
  of	
  the	
  mutation	
  

Sanger	
  sequencing	
  could	
  validate	
  the	
  insertion	
  of	
  a	
  nucleotide	
  ‘C’	
  in	
  the	
  target	
  position.	
  As	
  it	
  

can	
  be	
  seen	
  in	
  Figure	
  8.	
  

	
  

	
  
	
  

Figure	
   8.	
   Visualization	
   of	
   the	
   insertion	
   with	
   Sanger	
   sequencing.	
   The	
   output	
   from	
  both	
   forward-­‐	
   and	
   reverse	
   sequencing	
  

primers	
  validated	
  that	
  the	
  insertion	
  is	
  only	
  found	
  in	
  the	
  affected	
  dog	
  (Offspring	
  II:1)	
  and	
  not	
  in	
  the	
  control.	
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Additionally,	
   the	
   fragment	
   length	
   polymorphism	
   detection	
   method	
   could	
   also	
   validate	
   the	
  

insertion	
  of	
   a	
  nucleotide	
   in	
   the	
  affected	
  dog,	
  obtaining	
  a	
   fragment	
   length	
  polymorphism	
  of	
  

202	
  bp	
  whilst	
  the	
  control	
  dog	
  presented	
  an	
  amplified	
  fragment	
   length	
  polymorphism	
  of	
  201	
  

bp	
  (images	
  not	
  shown).	
  

	
  

	
   3.4	
  RNA	
  expression	
  study	
  

Amplification	
  products	
  from	
  the	
  RT-­‐PCR	
  didn’t	
  show	
  the	
  expected	
  fragment	
  length	
  (image	
  not	
  

shown),	
  thus	
  is	
  highly	
  probable	
  that	
  the	
  amplified	
  products	
  obtained	
  are	
  unwanted	
  regions.	
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4. Discussion 

 4.1	
  Whole	
  Genome	
  Sequencing	
  of	
  a	
  small	
  pedigree	
  of	
  Labrador	
  retriever	
  reveals	
  the	
  

mutation	
  implicated	
  to	
  a	
  rare	
  form	
  of	
  retinopathy	
  

To	
   identify	
   the	
   genetic	
   cause	
   of	
   a	
   previously	
   undescribed	
   autosomal	
   recessive	
   form	
  

generalized,	
   bilateral	
   retinopathy,	
   whole	
   genome	
   sequencing	
   of	
   a	
   small	
   pedigree	
   of	
   four	
  

Labrador	
  retriever	
  dogs	
  was	
  performed	
  using	
  the	
  Illumina	
  NextSeq500	
  platform-­‐based.	
  It	
  was	
  

assumed	
   that	
   both	
   the	
   healthy	
   parents	
   were	
   heterozygous	
   carriers	
   and	
   that	
   the	
   two	
  

offspring’s	
  were	
  homozygous	
  for	
  the	
  disease	
  causing	
  allele.	
  

In	
   the	
   first	
  WGS	
   experiment,	
   a	
   genome	
   coverage	
   of	
   6.5	
   x	
   per	
   individual	
  was	
   achieved	
   and	
  

more	
  than	
  5	
  x	
  106	
  (M)	
  of	
  SNPs	
  and	
  1.5	
  M	
  of	
  Indels	
  were	
  found.	
  However,	
  this	
  level	
  of	
  coverage	
  

appeared	
  not	
   to	
  be	
   sufficient	
   to	
  detect	
   the	
  causative	
  mutation	
   for	
   this	
  autosomal	
   recessive	
  

disease	
   in	
  which	
   the	
  parents	
  were	
  heterozygous	
   carriers	
   for	
   the	
  mutation	
   and	
   the	
   affected	
  

offspring	
  was	
  homozygous	
  recessive	
  for	
  the	
  mutation.	
  The	
  WGS	
  experiment	
  was	
  repeated	
  and	
  

when	
  output	
  data	
  from	
  the	
  first	
  and	
  second	
  sequencing	
  rounds	
  were	
  merged	
  and	
  used	
  for	
  the	
  

analysis,	
   5.9	
  M	
   of	
   SNPs	
   and	
   1.9	
  M	
   of	
   Indels	
  with	
   an	
   average	
   18.1	
   x	
   depth	
   per	
   animal	
  was	
  

sufficient	
  to	
  be	
  able	
  to	
  identify	
  the	
  mutation.	
  Thus,	
  having	
  a	
  relatively	
  deep	
  coverage	
  is	
  crucial	
  

for	
   successfully	
   identify	
   causative	
   mutations	
   using	
   this	
   approach.	
   Since	
   none	
   of	
   the	
   two	
  

sequencing	
  runs	
  was	
  done	
  with	
  optimal	
  cluster	
  density	
  (200-­‐210	
  K/	
  mm2),	
  a	
  higher	
  yield	
  than	
  

the	
  obtained	
  77	
  Gb	
  (first	
  run)	
  and	
  126	
  Gb	
  (second	
  run)	
  could	
  potentially	
  have	
  been	
  achieved.	
  

Compared	
  to	
  the	
  first	
  run,	
  the	
  second	
  run	
  using	
  the	
  Illumina	
  High	
  Output	
  kit	
  v2	
  with	
  150bp	
  PE	
  

reads	
  from	
  a	
  library	
  with	
  a	
  fragment	
  size	
  of	
  550bp	
  produced	
  significantly	
  more	
  sequence	
  data	
  

and	
  maintained	
  the	
  sequence	
  quality.	
  

For	
   the	
   bioinformatics	
   analysis,	
   computer	
   resources	
   provided	
   by	
   the	
  Swedish	
   National	
  

Infrastructure	
   for	
   Computing	
   at	
   the	
   Uppsala	
   Multidisciplinary	
   Center	
   for	
   Advanced	
  

Computational	
  Science	
  (UPPMAX)	
  were	
  used.	
  The	
  same	
  bioinformatics	
  workflow	
  was	
  used	
  for	
  

the	
  analysis	
  of	
  the	
  output	
  data	
  from	
  run	
  1	
  and	
  for	
  the	
  merged	
  runs.	
  In	
  the	
  first	
  run	
  performed,	
  

the	
   causal	
   variant	
   associated	
   with	
   the	
   disease	
   did	
   not	
   surpass	
   any	
   of	
   the	
   thresholds	
   of	
  

confidence,	
  bias	
  or	
  read	
  position	
  condition	
  and	
  might	
  have	
  been	
  filtered	
  out	
  and	
  consequently	
  

missed,	
  whereas	
  when	
   the	
  data	
   from	
  the	
  merged	
   runs	
  was	
  analyzed	
   the	
  causal	
  variant	
  was	
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not	
  passed	
  over	
  and	
  was	
   included	
   in	
   further	
  steps	
  of	
   the	
  analysis.	
  Using	
  both	
   the	
  adequate	
  

command	
   lines	
   as	
   well	
   as	
   personalized	
   perl	
   scripts	
   to	
   analyze	
   ANNOVAR	
   output	
   aided	
   to	
  

speed	
   up	
   the	
   bioinformatics	
   analysis.	
   The	
   software	
   ANNOVAR	
   (Wang	
   et	
   al.	
   2010)	
   gives	
   by	
  

default	
  two	
  files:	
  a	
   file	
  with	
  all	
   the	
  variants	
   included	
  and	
  a	
  file	
  with	
  only	
  the	
  exonic	
  variants	
  

(for	
  SNPs	
  and	
  Indels	
  and	
  for	
  both	
  trios).	
  Since	
  these	
  files	
  had	
  >	
  5	
  M	
  SNPs	
  and	
  >	
  1.4	
  M	
  Indels	
  

variants	
   annotated,	
   manual	
   analysis	
   of	
   each	
   of	
   the	
   variants	
   would	
   have	
   been	
   extremely	
  

tedious	
  and	
  quotidian	
  software	
  such	
  as	
  Microsoft	
  Excel	
  cannot	
  deal	
  with	
  such	
  big	
  files.	
  Thus,	
  

the	
  scripts	
  were	
  created	
  to	
  satisfy	
  a	
  quickly	
  and	
  successful	
  analysis	
  of	
  the	
  two	
  different	
  format	
  

files	
   given.	
   In	
   the	
   end,	
   after	
   conditional	
   filtering	
   a	
   single	
   insertion	
   variant	
  was	
   observed	
   in	
  

both	
  affected	
  individuals	
  that	
  was	
  predicted	
  to	
  result	
  in	
  frameshift	
  and	
  premature	
  stop	
  codon	
  

of	
  the	
  ABCA4.	
  

4.2 The	
  ABCA4	
  gene	
  

The	
  ABCA4	
   has	
   already	
   been	
   evaluated	
   and	
   characterized	
   in	
   previous	
   studies	
   in	
   dogs	
   as	
   a	
  

potential	
  candidate	
   to	
  be	
  associated	
  with	
   retinal	
  diseases	
   (Kijas	
  et	
  al.	
  2004;	
  Lippmann	
  et	
  al.	
  

2006),	
  nevertheless,	
  no	
  genetic	
  variants	
  were	
   found	
  to	
  be	
  associated	
  with	
  a	
   retinal	
  disease.	
  

Thus,	
   our	
   project	
   is	
   the	
   first	
   study	
   that	
   reports	
   a	
   genetic	
   variant	
   associated	
   to	
   a	
   canine	
  

retinopathy.	
  

Belonging	
  to	
  the	
  ATP	
  binding	
  cassette	
  (ABC)	
  transporter	
  family,	
  the	
  ABCA4	
  gene	
  in	
  dogs	
  (Gene	
  

ID:	
  444852)	
  comprises	
  50	
  exons	
  covering	
  127,856	
  bp	
  of	
  genomic	
  sequence	
  transcribed	
  from	
  

the	
   forward	
   strand	
   of	
   chromosome	
   6	
   (55,058,361..55,186,263).	
   There	
   are	
   three	
   alternative	
  

transcripts	
   reported	
   (Cunningham	
   et	
   al.	
   2015):	
  ABCA4-­‐202	
   (ENSCAFT00000032029),	
  ABCA4-­‐

203	
   (ENSCAFT00000042929)	
   and	
   ABCA4-­‐201	
   (ENSCAFT00000005367),	
   composed	
   by	
   49,	
   47	
  

and	
  51	
  coding	
  exons,	
  spanning	
  7,208,	
  6,985	
  and	
  6,897	
  bp	
  and	
  final	
  protein	
  products	
  consisting	
  

of	
  2,268,	
  2,134	
  and	
  2,283	
  amino	
  acid	
  (aa)	
  residues,	
  respectively	
  (Figure	
  9).	
  

Figure	
  9.	
  Transcripts	
  from	
  the	
  ABCA4	
  gene	
  in	
  dogs.	
  Screenshot	
  from	
  Ensembl.	
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   4.2.1	
  Introduction	
  to	
  the	
  ABC	
  Transporter	
  Family	
  

The	
   ATP	
   binding	
   cassette	
   (ABC)	
   family	
   of	
   transporters	
   is	
   the	
   largest	
   known	
   family	
   of	
  

transmembrane	
  (TM)	
  proteins.	
  In	
  both	
  eukaryotic	
  and	
  prokaryotic	
  cells,	
  the	
  ABC	
  transporters	
  

use	
   energy	
  originated	
   from	
  ATP	
  hydrolysis	
   to	
   translocate	
   a	
  wide	
   range	
  of	
   substrates	
   across	
  

membranes,	
   including	
   ions,	
   sugars	
   and	
   peptides	
   (Dean	
   and	
   Allikmets	
   1995).	
   Proteins	
   are	
  

recognized	
   as	
   ABC	
   transporters	
   depending	
   on	
   their	
   ATP	
   binding	
   domains,	
   also	
   known	
   as	
  

Nucleotide	
  Binding	
  Domains	
   (NBDs).	
  A	
   functional	
  ABC	
  transporter	
  protein	
  normally	
  contains	
  

two	
  NBDs	
  and	
  two	
  TM	
  domains.	
  Each	
  TM	
  domain	
  can	
  be	
  composed	
  of	
  six	
  to	
  11	
  membrane-­‐

spanning	
  α-­‐helices	
   that	
   provide	
   specificity	
   for	
   the	
   substrates	
   and	
   form	
   the	
   translocation	
  

path,	
  whilst	
  the	
  NBDs	
  supply	
  energy	
  for	
  the	
  transport	
  of	
  the	
  substrates.	
  	
  

The	
   ABC	
   proteins	
   unidirectionally	
   translocate	
   different	
   substrates.	
   In	
   bacteria	
   the	
   ABC	
  

transporters	
  are	
  mostly	
  implicated	
  in	
  the	
  import	
  of	
  basic	
  substrates	
  into	
  the	
  cell,	
  whereas	
  in	
  

eukaryotes,	
  the	
  compounds	
  are	
  transported	
  from	
  the	
  cytoplasm	
  to	
  the	
  exterior	
  of	
  the	
  cell	
  or	
  

into	
  cellular	
  vesicles	
  (Vasiliou	
  et	
  al.	
  2009).	
  

To	
  date,	
  49	
  ABC	
  genes	
  have	
  been	
  annotated	
  in	
  the	
  human	
  genome,	
  and	
  they	
  are	
  divided	
  into	
  

seven	
  different	
  subfamilies	
  labeled	
  from	
  A	
  –	
  G,	
  based	
  on	
  divergent	
  evolution,	
  gene	
  structure	
  

and	
   amino	
   acid	
   sequence	
   similarity	
   (Vasiliou	
   et	
   al.	
   2009).	
   Since	
   these	
   family	
   members	
   are	
  

involved	
   in	
   crucial	
   steps	
   of	
   many	
   cellular	
   processes,	
   various	
   diseases	
   displaying	
  Mendelian	
  

inheritance	
  have	
  been	
  reported	
  due	
  to	
  mutations	
  occurring	
  in	
  some	
  of	
  the	
  genes	
  (Dean	
  and	
  

Allikmets	
  1995).	
   Subfamily	
  A	
   is	
   composed	
  of	
  12	
  proteins,	
  mostly	
   reported	
   to	
  be	
   involved	
   in	
  

lipid	
   transport	
   in	
   several	
   organs	
   and	
   cell	
   types.	
   The	
   members	
   of	
   this	
   family	
   present	
   two	
  

topologically	
  similar	
  halves	
  with	
  final	
  protein	
  products	
  ranging	
  in	
  size	
  from	
  1,543	
  (ABCA10)	
  to	
  

5,058	
  aa	
  residues	
  (ABCA13)	
  (Cunningham	
  et	
  al.	
  2015).	
  A	
  distinguishing	
  trait	
  of	
  members	
  from	
  

the	
  A	
  family	
  is	
  the	
  presence	
  of	
  a	
  large	
  extracellular	
  domain	
  in	
  the	
  N-­‐terminal	
  half.	
  Mutations	
  

in	
  this	
  family	
  have	
  also	
  been	
  reported	
  in	
  humans,	
  like	
  the	
  Tangier	
  disease	
  in	
  ABCA1	
  (Zarubica	
  

et	
  al.	
  2007),	
  harlequin	
  type	
  ichthyosis	
  in	
  ABCA12	
  (Akiyama	
  et	
  al.	
  2005)	
  and	
  importantly	
  for	
  this	
  

study,	
  the	
  ABCA4,	
  where	
  a	
  large	
  number	
  of	
  different	
  mutations	
  responsible	
  for	
  several	
  visual	
  

disorders	
   in	
   human	
   have	
   been	
   reported,	
   including	
   the	
   Stargardt	
   disease	
   (Allikmets	
   et	
   al.	
  

1997).	
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4.2.2	
  Molecular	
  view	
  of	
  ABCA4	
  

4.2.2.1	
  Structure	
  

The	
  genomic	
  sequence	
  of	
  the	
  ABCA4	
  gene	
  is	
  available	
  from	
  several	
  species.	
  This	
  data	
  can	
  be	
  

used	
  for	
  sequence	
  alignments,	
  for	
  example,	
  identity	
  scores	
  range	
  from	
  95	
  %	
  (dog	
  vs.	
  cat)	
  to	
  65	
  

%	
  of	
   identity	
  (dog	
  vs.	
  alpaca)	
  (Cunningham	
  et	
  al.	
  2015).	
  The	
  high	
  similarity	
  can	
  be	
  explained	
  

since	
  the	
  primary	
  structure	
  is	
  formed	
  by	
  conserved	
  motifs	
  (Figure	
  10).	
  The	
  primary	
  structure	
  is	
  

organized	
  into	
  two	
  symmetrical	
  but	
  non-­‐identical	
  regions,	
  named	
  N-­‐half	
  (the	
  region	
  near	
  the	
  

N-­‐terminal	
   of	
   the	
   polypeptide)	
   and	
   C-­‐half	
   (the	
   region	
   near	
   the	
   C-­‐terminus),	
   both	
   halves	
  

contain	
   a	
   single	
   transmembrane	
   helix	
   followed	
   by	
   an	
   exocytoplasmic	
   domain	
   (ECD),	
   next	
  

there	
   is	
   a	
   transmembrane	
   domain	
   (TMD)	
   with	
   five	
   membrane-­‐spanning	
   α -­‐helices	
   and	
  

followed	
   by	
   the	
   nuclear	
   binding	
   domain	
   (NBD).	
   Conserved	
   motifs	
   are	
   mostly	
   found	
   in	
   the	
  

NBDs,	
  they	
  present	
  the	
  Walker	
  A	
  motif,	
  the	
  ABC	
  signature	
  motif	
  and	
  the	
  Walker	
  B.	
  Not	
  only	
  

the	
  NBDs	
  present	
  preserved	
  motifs,	
  the	
  TMD1	
  presents	
  the	
  EAA	
  motif	
  with	
  unique	
  differences	
  

among	
  species	
  (Mourez	
  et	
  al.	
  1997)	
  suggesting	
  that	
  this	
  ABC	
  transporter	
  act	
  as	
  an	
  ‘importer’	
  

(Rees	
  et	
  al.	
  2009)	
  in	
  divergence	
  to	
  the	
  rest	
  of	
  eukaryotic	
  ABC	
  transporters,	
  which	
  have	
  been	
  

shown	
  to	
  act	
  as	
  ‘exporters’.	
  In	
  actual	
  fact,	
  not	
  until	
  the	
  publication	
  of	
  the	
  study	
  of	
  Quazi	
  et	
  al.	
  

(2012)	
  was	
   confirmed	
   that	
   ABCA4	
   functions	
   as	
   ‘importer’.	
   Furthermore,	
   a	
   highly	
   conserved	
  

‘VFVNFA’	
  motif	
  close	
  to	
  the	
  C-­‐terminus	
  has	
  been	
  reported	
  to	
  be	
  essential	
  for	
  a	
  correct	
  folding	
  

of	
  ABCA4	
  into	
  a	
  functional	
  protein	
  (Zhong	
  et	
  al.	
  2009).	
  Last	
  but	
  not	
  the	
  least,	
  there	
  are	
  three	
  

conserved	
  single-­‐residue	
  motifs,	
  the	
  H-­‐loop,	
  A-­‐loop	
  and	
  Q-­‐loop	
  (not	
  shown	
  in	
  Figure	
  B).	
  The	
  

first	
  two	
  are	
  involved	
  in	
  actual	
  binding	
  of	
  the	
  substrate	
  whereas	
  the	
  function	
  of	
  the	
  Q-­‐loop	
  is	
  

to	
  transfer	
  the	
  energy	
  produced	
  by	
  the	
  NBDs	
  to	
  the	
  TMDs	
  (Davidson	
  and	
  Chen	
  2004).	
  

	
  

	
  

	
  

Figure	
  10.	
  Figure	
  of	
  the	
  primary	
  structure	
  of	
  the	
  ABCA4	
  gene	
  depicting	
  conserved	
  motifs.	
  Transmembrane	
  (TM)	
  

as	
  well	
  as	
  transmembrane	
  domains	
  (TMDs)	
  1	
  and	
  2	
  are	
  shown	
  in	
  green.	
  Exocytoplasmic	
  domains	
  (ECDs)	
  1	
  and	
  2	
  

are	
  shown	
  in	
  light	
  grey.	
  Nucleotide	
  Binding	
  Domains	
  (NBDs)	
  1	
  and	
  2	
  are	
  shown	
  in	
  dark	
  grey.	
  ‘*’	
  represents	
  start	
  

codon	
  and	
  ‘x’	
  end	
  codon.	
  Figure	
  modified	
  from	
  Tsybovsky	
  et	
  al.	
  (2010).	
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4.2.2.2	
  Localization	
  

ABCA4	
  was	
  shown	
  to	
  be	
  localized	
  on	
  the	
  outer	
  segment	
  of	
  cones	
  and	
  rods	
  photoreceptor	
  cells	
  

(Papermaster	
   et	
   al.	
   1978;	
   Molday	
   et	
   al.	
   2000).	
   	
   In	
   fact,	
   the	
   outer	
   segment	
   of	
   the	
  

photoreceptor	
  cells	
  presents	
  hundreds	
  of	
   flattened	
  enclosed	
  entities	
  known	
  as	
  disks	
   (Figure	
  

11.	
  A).	
  ABCA4	
  is	
  specifically	
  found	
  in	
  the	
  edge	
  of	
  these	
  disks	
  (Figure	
  11.	
  B).	
  Despite	
  that	
  the	
  

reason	
  for	
  this	
  specific	
  location	
  remains	
  unclear,	
  it	
  is	
  hypothesized	
  that	
  this	
  allocation	
  of	
  the	
  

protein	
  is	
  given	
  due	
  to	
  the	
  large	
  exocytoplasmic	
  domain	
  1	
  (ECD1),	
  comprising	
  up	
  to	
  610	
  amino	
  

acid	
  residues	
  encoded	
  by	
  the	
  dog	
  transcript	
  (Harpaz	
  et	
  al.	
  1994)	
  

	
  

	
  

	
  

	
  

	
  

	
  

Figure	
  11.	
  Localization	
  of	
  ABCA4.	
  A.	
   	
  Schematic	
  figure	
  of	
  rod	
  and	
  cone	
  photoreceptor	
  cells	
  which	
  are	
  in	
  contact	
  

with	
   the	
   retinal	
   pigment	
   epithelium	
   monolayer	
   of	
   cells.	
   The	
   molecules	
   of	
   ABCA4	
   are	
   localized	
   in	
   the	
   disks	
  

situated	
   in	
   the	
   outer	
   segment	
   of	
   the	
   cells.	
  B.	
   Zoom	
   in	
   of	
   a	
   cross-­‐section	
   from	
   a	
   disk.	
   The	
   ABCA4	
  membrane	
  

protein	
  is	
  localized	
  in	
  the	
  rim	
  of	
  the	
  disk.	
  

4.2.2.3	
  Expression	
  of	
  ABCA4	
  

For	
   several	
   years,	
   expression	
  of	
  ABCA4	
  was	
   thought	
   to	
  be	
  exclusively	
   in	
   the	
   retina	
   (Azarian	
  

and	
   Travis	
   1997).	
   Nevertheless,	
   posterior	
   studies	
   showed	
   that	
   expression	
   of	
  ABCA4	
   is	
   also	
  

found	
  in	
  the	
  brain,	
  precisely	
  located	
  in	
  the	
  lateral	
  ventricles	
  of	
  the	
  rat	
  brain	
  (Bhongsatiern	
  et	
  

al.	
   2005).	
   Since	
   then,	
  mRNA	
   expression	
   of	
  ABCA4	
   in	
   the	
   brain	
   has	
   been	
   studied	
   in	
   various	
  

mammals	
  including	
  humans,	
  pigs	
  and	
  cows	
  (Warren	
  et	
  al.	
  2009).	
  

A	
   B	
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Hoeppner	
   et	
   al.	
   (2014)	
   provided	
   a	
   new	
   and	
   improved	
   assembly	
   of	
   transcripts	
   for	
   the	
   dog	
  

genome	
   for	
   coding	
   and	
   non-­‐coding	
   genes	
   from	
   different	
   tissues	
   types:	
   blood,	
   brain,	
   heart,	
  

kidney,	
  liver,	
  lung,	
  ovary,	
  skeletal	
  muscle,	
  skin,	
  and	
  testis	
  (BioProject:	
  PRJNA78827;	
  Accession:	
  

SRX111061	
   -­‐	
   SRX111071;	
   SRX146606	
   -­‐	
   SRX146608).	
   The	
  data	
   available	
   from	
  different	
   tissue	
  

types	
  was	
  blasted	
  against	
  the	
  ABCA4	
  cDNA	
  sequence	
  (ENSCAFT00000032029).	
  	
  

Results	
   might	
   suggest	
   that	
   expression	
   of	
   ABCA4	
   can	
   be	
   found	
   in	
   more	
   tissues	
   than	
   the	
  

previously	
   reported	
   retina	
  and	
  brain.	
   Even	
   though	
  gene	
  expression	
  data	
   from	
  canine	
   retina	
  

tissue	
  samples	
  is	
  not	
  available	
  up	
  to	
  date,	
  thus	
  no	
  clear	
  comparison	
  of	
  output	
  obtained	
  with	
  

blastn	
  (Camacho	
  et	
  al.	
  2009)	
  can	
  be	
  done,	
   it	
  seems	
  that	
  the	
  expression	
  of	
  ABCA4	
  in	
  brain	
   is	
  

similar	
  to	
  its	
  expression	
  in	
  kidney,	
  ovary	
  and	
  testis,	
  and	
  in	
  lower	
  extent,	
   in	
  blood	
  tissue	
  (See	
  

blast	
  alignments	
  at	
  Appendix	
  C).	
  	
  

4.2.3	
  Mode	
  of	
  transport	
  of	
  ABCA4	
  

ABCA4	
  is	
  the	
  only	
  importer	
  from	
  the	
  eukaryotic	
  ABC	
  transporter	
  family	
  (Quazi	
  et	
  al.	
  2012).	
  Its	
  

proposed	
  mode	
  of	
  transport	
  is	
  based	
  then	
  on	
  previous	
  knowledge	
  obtained	
  from	
  comparisons	
  

with	
  the	
  prokaryotic	
  type	
  I	
  ABC	
  importers	
  (Hollenstein	
  et	
  al.	
  2007).	
  Known	
  as	
  the	
  ‘alternating	
  

access’	
  or	
  ‘toppling’	
  mechanism,	
  it	
  is	
  suggested	
  that	
  when	
  ATP	
  binds	
  to	
  its	
  ATP-­‐binding	
  site	
  in	
  

the	
  NBDs,	
   bringing	
  NBDs	
   to	
   close	
   proximity	
   until	
   they	
   form	
  a	
   dimer.	
   This	
   change	
   induces	
   a	
  

conformational	
   rearrangement	
   in	
   the	
  TMDs	
   causing	
  a	
   closure	
  of	
   the	
  high-­‐affinity	
   substrate-­‐

binding	
  site	
  (lumen	
  side)	
  which	
  results	
  in	
  the	
  translocation	
  of	
  the	
  substrate	
  to	
  the	
  low-­‐affinity	
  

side	
   of	
   the	
   membrane	
   (cytoplasmic	
   side).	
   Then	
   ATP	
   is	
   hydrolyzed,	
   and	
   ADP	
   and	
   inorganic	
  

phosphate	
  (Pi)	
  are	
  released	
  along	
  with	
  the	
  dissociation	
  of	
  the	
  NBDs,	
  hence	
  the	
  transport	
  cycle	
  

is	
  complete	
  (Figure	
  12)	
  (Kos	
  and	
  Ford	
  2009;	
  Slotboom	
  2014).	
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Figure	
  12.	
  Schematic	
  representation	
  of	
  the	
  proposed	
  ‘alternating	
  access’	
  mechanism	
  model.	
  ABCA4	
  acts	
  as	
  an	
  

importer	
  transporter.	
  The	
  figure	
  shows	
  the	
  configurations	
  of	
  ABCA4	
  during	
  the	
  transport	
  of	
  the	
  substrate	
  (in	
  red)	
  

across	
  the	
  membrane.	
  	
  

4.2.4	
  ABCA4	
  in	
  the	
  visual	
  cycle	
  

A	
   choromophore	
   undergoes	
   thorough	
   several	
   transformations	
   in	
   the	
   visual	
   cycle.	
   11-­‐cis-­‐

retinal	
  is	
  isomerized	
  to	
  all-­‐trans-­‐retinal	
  when	
  light	
  absorption	
  takes	
  place.	
  Following,	
  all-­‐trans-­‐

retinal	
   is	
   disassociated	
   from	
   rhodopsin	
   and	
   is	
   converted	
   to	
   all-­‐trans-­‐retinol	
   by	
   retinol	
  

dehydrogenase	
   (RDH)	
   and	
   transported	
   from	
   the	
   cytoplasmic	
   side	
   to	
   the	
   retinal	
   pigment	
  

epithelium	
   (RPE)	
  before	
  entering	
   to	
   the	
   visual	
   cycle	
   so	
  as	
   to	
   regenerate	
  11-­‐cis-­‐retinal	
   again	
  

(Figure	
  13)	
  (Rees	
  et	
  al.	
  2009;	
  Miyadera	
  et	
  al.	
  2012).	
  	
  

Figure	
  13.	
  Schematic	
  diagram	
  of	
   the	
  chromophore	
   in	
  

the	
   retinoid	
   cycle.	
   	
   Light	
   absorption	
   converts	
   11-­‐cis-­‐

retinal	
   bound	
   to	
   opsin	
   (Rho)	
   into	
   all-­‐trans-­‐retinal,	
  

which	
   will	
   be	
   reduced	
   to	
   all-­‐trans-­‐retinol	
   by	
   the	
  

photoreceptor	
   retinol	
  dehydrogenase	
   (RDH).	
   Then	
  all-­‐

trans-­‐retinol	
   is	
   exported	
   from	
   the	
   retinal	
   outer	
  

segment	
  (ROS)	
  to	
  the	
  retinal	
  pigment	
  epithelium	
  (RPE),	
  

where	
   it	
   is	
   esterified	
   to	
   all-­‐trans-­‐retinyl	
   ester	
   by	
  

lecithin	
   retinol	
   acyltransferase	
   (LRAT).	
   Afterwards,	
  

converted	
  to	
  11-­‐cis-­‐retinol	
  by	
  RP65	
  and	
  oxidized	
  to	
  11-­‐

cis-­‐retinal	
   by	
   11-­‐cis-­‐retinol	
   dehydrogenase	
   and	
  

transported	
  back	
   to	
   the	
  outer	
   segment	
   to	
   reassociate	
  

again	
  with	
  opsin.	
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ABCA4	
  acts	
  as	
  a	
  critical	
  active	
  transporter	
  in	
  the	
  visual	
  cycle	
  by	
  flipping	
  the	
  N-­‐retinylidene-­‐PE,	
  

its	
  preferable	
  substrate	
  through	
  the	
  photoreceptor	
  disk	
  membranes,	
  from	
  the	
  extracellular	
  to	
  

the	
   cytoplasmic	
   side	
   (Quazi	
   et	
   al.	
   2012).	
   N-­‐retinylidene-­‐PE	
   is	
   a	
   reversible	
   adduct	
   formed	
  

between	
   all-­‐trans-­‐retinal	
   and	
   phosphatidylethanolamine	
   (PE)	
   that	
   is	
   formed	
   spontaneously	
  

and	
  cannot	
  diffuse	
  across	
  the	
  membrane	
  by	
  itself	
  (Figure	
  14).	
  Thus,	
  the	
  role	
  of	
  ABCA4	
  consists	
  

on	
   flipping	
   the	
   N-­‐retinylidene-­‐PE	
   from	
   the	
   lumen	
   to	
   the	
   cytoplasmic	
   site	
   where	
   it	
   is	
  

dissociated	
  into	
  PE	
  and	
  all-­‐trans-­‐retinal,	
  that	
  will	
  re-­‐enter	
  in	
  the	
  visual	
  cycle	
  (Kiser	
  et	
  al.	
  2014).	
  	
  

	
  

	
  

	
  

	
  

	
  

	
  

Figure	
   14.	
   Schematic	
   figure	
   showing	
   the	
   role	
   of	
   ABCA4	
   transporting	
   N-­‐retinylidene-­‐PE	
   across	
   the	
   OS	
   disk	
  

membrane.	
  ABCA4	
  is	
  shown	
  to	
  function	
  as	
  a	
  transporter	
  of	
  the	
  N-­‐retinylidene-­‐PE	
  adduct	
  from	
  the	
  lumen	
  to	
  the	
  

cytoplasmic	
  side,	
  where	
  N-­‐retinylidene-­‐PE	
  will	
  be	
  dissociated	
  into	
  PE	
  and	
  all-­‐trans-­‐retinal	
  to	
  re-­‐enter	
  in	
  the	
  visual	
  

cycle.	
  

When	
  ABCA4	
  protein	
  is	
  defective,	
  there	
  is	
  a	
  progressive	
  accumulation	
  of	
  N-­‐retinylidene-­‐PE	
  on	
  

the	
   lumen	
   side	
   of	
   the	
   membrane	
   disk.	
   This	
   substrate	
   can	
   react	
   with	
   all-­‐trans-­‐retinal	
   and	
  

produce	
   di-­‐retinoid-­‐pyridinium-­‐phosphatidylethanolamine	
   (A2PE),	
   which	
   can	
   be	
   further	
  

hydrolyzed	
  to	
  phosphatidic	
  acid	
  (PA)	
  and	
  the	
  di-­‐retinal-­‐pyridinium-­‐ethanolamine	
  (A2E),	
  which	
  

cannot	
  be	
  further	
  metabolized	
  (Mata	
  et	
  al.	
  2000)	
  (Figure	
  15).	
  Then,	
  the	
  distal	
  outer	
  segment	
  

of	
  the	
  membrane	
  is	
  phagocytized	
  by	
  the	
  RPE	
  cells,	
  and	
  A2E	
  and	
  related	
  bisretinoids	
  are	
  now	
  

accumulated	
  to	
   the	
  RPE	
  monolayer	
  of	
  cells	
   (Sparrow	
  and	
  Boulton	
  2005).	
  Since	
  RPE	
  cells	
  are	
  

postmitotic,	
   A2E	
   cannot	
   be	
   diluted	
   through	
   cellular	
   division	
   and	
   progressive	
   aggregation	
   of	
  

the	
  lipofuscin	
  will	
  occur	
  within	
  the	
  cell	
  (Kevany	
  and	
  Palczewski	
  2010).	
  The	
  toxic	
  effects	
  of	
  A2E	
  

on	
   the	
   RPE	
   cells	
   are	
   produced	
   through	
   different	
   mechanisms.	
   The	
   oxidation	
   of	
   the	
   A2E	
  

triggers	
   the	
  activation	
  of	
   the	
   complement	
   cascade	
   (Zhou	
  et	
   al.	
   2009).	
  Additionally,	
  A2E	
   can	
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block	
   the	
   cholesterol	
   efflux	
   from	
   endosomes/lysosomes	
   and	
   subsequently	
   cholesterol	
   is	
  

accumulated	
   in	
  the	
  RPE	
  cells	
   (Lakkaraju	
  et	
  al.	
  2007).	
  A2E	
  has	
  also	
  been	
  reported	
  to	
  activate	
  

the	
   retinoic	
   acid	
   receptor	
   and	
   stimulate	
   pro-­‐angiogenic	
   factors	
   (Iriyama	
   et	
   al.	
   2008).	
  

Additionally,	
   it	
   has	
   been	
   shown	
   to	
   destabilize	
   the	
   cell	
   membranes	
   (Sparrow	
   et	
   al.	
   2006),	
  

increase	
   photo-­‐damage	
   of	
   the	
   cells	
   in	
   the	
   blue-­‐light	
   wavelength	
   (Sparrow	
   et	
   al.	
   2000)	
   and	
  

inhibit	
   respiration	
   in	
   mitochondria	
   (Suter	
   et	
   al.	
   2000).	
   A2E	
   is	
   also	
   capable	
   to	
   inhibit	
   the	
  

enzyme	
   RPE65,	
   a	
   crucial	
   enzyme	
   in	
   the	
   visual	
   cycle	
   (see	
   again	
   Figure	
   13),	
   decreasing	
   the	
  

supply	
   of	
   11-­‐cis-­‐retinal	
   and	
   causing	
   a	
   disrupted	
   visual	
   function	
   (Moiseyev	
   et	
   al.	
   2010).	
  

Ultimately	
   as	
   a	
   result	
   of	
   this	
   process,	
   RPE	
   cells	
   become	
   atrophied	
   and	
   dies	
   along	
  with	
   the	
  

adjacent	
  photoreceptor	
  cells,	
  causing	
  the	
  vision	
  loss.	
  

	
  

	
  

	
  

	
  

	
  

Figure	
  15.	
  Schematic	
  representation	
  showing	
  the	
  consequences	
   if	
  ABCA4	
   is	
  defective.	
   If	
  the	
  protein	
  ABCA4	
  is	
  

defective	
  N-­‐retinylidene-­‐PE	
  can	
  condense	
  with	
  all-­‐trans-­‐retinal	
  in	
  the	
  lumen	
  side	
  of	
  the	
  disk	
  forming	
  A2PE.	
  

4.2.5	
  Abca4	
  knockout	
  mice	
  

Genetically	
   engineered	
   Abca4-­‐/-­‐	
   knockout	
   mice	
   provided	
   further	
   insights	
   into	
   the	
   role	
   of	
  

ABCA4	
  even	
  though	
  it	
  failed	
  to	
  fully	
  reproduce	
  all	
  features	
  of	
  the	
  human	
  disease	
  (Molday	
  et	
  

al.	
   2009).	
   The	
   homozygous	
   knockout	
   mice	
   showed	
   no	
   degradation	
   of	
   the	
   photoreceptors	
  

under	
  average	
  light	
  conditions,	
  whereas	
  extreme	
  conditions	
  caused	
  significant	
  degradation	
  of	
  

the	
  photoreceptor	
  cells	
  and	
  showed	
  as	
   in	
  many	
  other	
  studies,	
  an	
   increased	
  accumulation	
  of	
  

the	
  lipofuscin	
  A2E	
  (Weng	
  et	
  al.	
  1999;	
  Maeda	
  et	
  al.	
  2008;	
  Issa	
  et	
  al.	
  2013).	
  It	
  was	
  proven	
  that	
  

Abca4-­‐/-­‐	
  mice	
  raised	
  in	
  total	
  darkness	
  did	
  not	
  accumulate	
  the	
  lipofuscin	
  A2E	
  or	
  its	
  precursors,	
  

ergo	
  the	
  severity	
  is	
  light	
  dependent	
  (Mata	
  et	
  al.	
  2000).	
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4.2.6	
  Mutations	
  in	
  ABCA4	
  and	
  vision	
  diseases	
  

Mutations	
   in	
   the	
   ABCA4	
   gene	
   have	
   been	
   associated	
   with	
   diverse	
   human	
   retinal	
   disorders	
  

(OMIM	
  #601691)	
  as	
  Stargardt	
  disease	
  (STGD1)	
  (Sun	
  et	
  al.	
  2000)	
  with	
  a	
  prevalence	
  of	
  1:10,000	
  

(Walia	
   and	
   Fishman	
   2009),	
   cone-­‐rod	
   dystrophy	
   (CRD)	
   (Ducroq	
   et	
   al.	
   2002),	
   age	
   related	
  

macular	
  degeneration	
  (AMD)	
  (Allikmets	
  et	
  al.	
  1997)	
  and	
  retinitis	
  pigmentosa	
  (RP)	
  (Allikmets	
  et	
  

al.	
   1997).	
   Over	
   800	
   different	
   mutations	
   have	
   been	
   associated	
   with	
   ABCA4	
   (Zernant	
   et	
   al.	
  

2014).	
  Mutations	
   include	
  missense,	
  nonsense,	
   frameshift	
  or	
  splicing	
  defects	
  and	
  up	
   to	
  50	
  %	
  

are	
  located	
  in	
  exons	
  but	
  no	
  pathogenic	
  variant	
  is	
  frequently	
  associated	
  to	
  affected	
  individuals	
  

(Zernant	
  et	
  al.	
  2014).	
  In	
  actual	
  fact,	
  two-­‐disease	
  associated	
  alleles	
  have	
  been	
  found	
  in	
  ∼	
  70	
  %	
  

of	
   the	
   cases,	
   possibly	
   making	
   additive	
   contributions	
   and	
   subsequently	
   resulting	
   in	
   a	
   wide	
  

spectrum	
  of	
  expression	
  of	
  the	
  disease,	
  from	
  an	
  early	
  onset	
  with	
  severe	
  retinopathy	
  within	
  the	
  

first	
  decade	
  of	
  life	
  to	
  a	
  mild	
  retinopathy	
  expressed	
  at	
  the	
  fifth	
  or	
  later	
  decade	
  of	
  life	
  (Lewis	
  et	
  

al.	
  1999;	
  Zernant	
  et	
  al.	
  2011).	
  Actually,	
   the	
  mechanisms	
   in	
  which	
   the	
  mutations	
   lead	
   to	
   the	
  

disease	
   remain	
  unclear	
   in	
  a	
   large	
  number	
  of	
   the	
  cases.	
  Knowledge	
  whether	
   the	
  protein	
  has	
  

completely	
  lost	
  its	
  function	
  or	
  if	
  it	
  presents	
  toxic	
  effects	
  due	
  to	
  protein	
  misfolding	
  is	
  lacking.	
  	
  

4.3	
  Pathogenicity	
  of	
  the	
  insertion	
  in	
  exon	
  28	
  of	
  the	
  ABCA4	
  gene	
  

The	
   insertion	
  of	
  a	
  cytosine	
   in	
   the	
  position	
  4176	
  of	
   the	
  coding	
  sequence	
  causes	
  a	
   frameshift	
  

mutation	
  resulting	
   in	
  a	
  stop	
  codon	
  two	
  amino	
  acid	
  residues	
  after	
   the	
   insertion.	
   	
  Taking	
   into	
  

consideration	
   the	
  primary	
   structure	
  of	
  ABCA4,	
   the	
   insertion	
  of	
   ‘C’	
   in	
  exon	
  28	
  affects	
   amino	
  

acids	
   located	
   in	
   different	
   locations	
   of	
   the	
   ABCA4	
   structure,	
   the	
   end	
   of	
   the	
   transmembrane	
  

domain	
   and	
   the	
   beginning	
   of	
   the	
   ECD2	
   (Figure	
   16.A).	
   Specifically,	
   the	
   first	
   and	
   immediate	
  

amino	
   acid	
   change	
   is	
   Leucine	
   instead	
   of	
   Phenylalanine,	
   located	
   in	
   the	
   last	
   position	
   of	
   the	
  

transmembrane	
  domain.	
  Then,	
  on	
  the	
  ECD2,	
  the	
  first	
  amino	
  acid	
  coded	
  is	
  Tryptophan	
  instead	
  

of	
  Glycine	
  and	
   following,	
   the	
  stop	
  codon	
   (Figure	
  16.B-­‐C).	
  When	
  the	
  protein	
  sequences	
   from	
  

different	
  organisms	
  were	
  aligned	
  with	
  ClustalW	
  (Larkin	
  et	
  al.	
  2007),	
  a	
  high	
  degree	
  of	
  sequence	
  

similarity	
  was	
  observed	
  among	
  species	
  (Figure	
  16.C),	
  as	
  expected	
  since	
  the	
  role	
  of	
  the	
  gene	
  is	
  

based	
  on	
  its	
  structure.	
  

The	
  transcript	
  containing	
  the	
  stop	
  codon	
  introduced	
  by	
  the	
  p.F1393LfsX3	
  mutation,	
  will	
  most	
  

likely	
  be	
  degraded	
  by	
  the	
  nonsense-­‐mediated	
  decay	
  (NMD)	
  pathway	
  because	
  the	
  position	
  of	
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the	
   premature	
   stop	
   codon	
   fulfils	
   all	
   the	
   criteria	
   required	
   for	
   NMD	
   (see	
   below	
   4.3.1).	
   If	
  

however,	
   such	
   transcripts	
   were	
   translated	
   it	
   would	
   result	
   in	
   a	
   truncated	
   protein	
   of	
   1,395	
  

amino	
  acid	
  residues	
  compared	
  to	
  the	
  full-­‐length	
  ABCA4	
  protein	
  (2,273	
  amino	
  acid	
  residues).	
  

The	
   topology	
   structure	
   of	
   ABCA4	
   and	
   the	
   location	
   of	
   the	
   frameshift	
   mutation	
   is	
   shown	
   in	
  

Figure	
   17.	
   Because	
   a	
   severely	
   impaired	
   ABCA4	
   protein	
   only	
   containing	
   the	
   N-­‐terminal	
   half	
  

would	
  be	
  obtained.	
   In	
  such	
  case	
   it	
   is	
  very	
  unlikely	
   that	
   the	
  protein	
  could	
  still	
   function	
  as	
  an	
  

active	
  and	
  functional	
  transporter.	
  	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Figure	
   16.	
   Topological	
   organization	
   ABCA4	
   and	
   conservation	
   analysis.	
   A.	
   Schematic	
   representation	
   of	
   the	
  

primary	
  structure	
  of	
  ABCA4	
  including	
  the	
  exons.	
  Upper,	
  the	
  full	
  ABCA4	
  protein	
  and	
  below	
  the	
  truncated	
  protein.	
  

‘*’	
   refers	
   to	
   start	
   codon	
   and	
   ‘x’	
   to	
   stop	
   codon.	
  B.	
  Detailed	
   schematic	
   representation	
   of	
   the	
   region	
  where	
   the	
  

mutation	
  is	
  found,	
  the	
  wild-­‐type	
  and	
  the	
  affected	
  nucleotide	
  and	
  amino	
  acids	
  are	
  compared.	
  C.	
  High	
  sequence	
  

similarity	
  among	
  different	
  species	
  for	
  a	
  region	
  close	
  to	
  the	
  mutation	
  can	
  be	
  seen.	
  	
  

Figure	
   17.	
   Topological	
   structure	
  

of	
   ABCA4	
   with	
   the	
   canine	
   mutation	
  

indicated.	
   The	
   mutation	
   is	
   found	
   in	
   the	
  

last	
   amino	
   acid	
   of	
   the	
   transmembrane	
  

domain	
   and	
   the	
   frameshift	
   is	
   produced	
  

after	
   two	
   amino	
   acids,	
   corresponding	
   to	
  

the	
  ECD2.	
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4.3.1	
  Nonsense-­‐mediated	
  decay	
  mechanism	
  

A	
   gene	
   is	
   transcribed	
   to	
   pre-­‐messenger	
   RNA	
   by	
   the	
   RNA	
   polymerase	
   II,	
   the	
   pre-­‐mRNA	
   is	
  

processed	
  by	
  capping,	
  splicing	
  and	
  polyadenylation	
  to	
  form	
  a	
  mature	
  mRNA.	
  This	
  mRNA	
  will	
  

be	
   transported	
   out	
   of	
   the	
   nucleus	
   and	
   translated	
   at	
   the	
   appropriate	
   ribosomes.	
   When	
   a	
  

genetic	
   variant	
   results	
   in	
   a	
   shortened	
  protein,	
   due	
   to	
   nonsense	
   SNV	
  or	
   frameshift	
   indel,	
   as	
  

examples,	
   it	
   is	
   known	
   as	
   a	
   protein	
   truncated	
   variant	
   (PTV).	
   These	
   variants	
   have	
   been	
  

described	
  to	
  be	
  the	
  cause	
  of	
  severe	
  diseases	
  (Holbrook	
  et	
  al.	
  2004;	
  Stenson	
  et	
  al.	
  2014).	
  PTVs	
  

can	
  trigger	
  the	
  nonsense-­‐mediated	
  decay	
  (NMD)	
  mechanism.	
  As	
  a	
  rule,	
   if	
   the	
  PTV	
  is	
   located	
  

50-­‐55	
  nucleotides	
  upstream	
  of	
  a	
  splicing	
  exon-­‐exon	
  junction	
  the	
  mRNA	
  will	
  go	
  NMD	
  (Nagy	
  and	
  

Maquat	
  1998),	
  whereas	
  PTVs	
  that	
  escape	
  NMD	
  might	
  create	
  truncated	
  proteins	
  with	
  gain	
  of	
  

function	
   or	
   negative	
   effects	
   (Holbrook	
   et	
   al.	
   2004).	
   In	
   our	
   study,	
   the	
   PTV	
   formed	
   due	
   to	
  

c.4176insC	
   in	
  ABCA4	
   is	
   located	
   in	
  position	
  60	
   from	
  the	
  total	
  of	
  125	
  bp	
  of	
  exon	
  28,	
  meaning	
  

that	
  the	
  insertion	
  is	
  found	
  65	
  bases	
  upstream	
  the	
  next	
  exon-­‐exon	
  junction	
  and	
  consequently,	
  

it	
   fulfils	
   the	
   criteria	
   that	
   trigger	
   the	
  NMD	
  mechanism.	
  Nonetheless,	
   since	
  exceptions	
  of	
   this	
  

rule	
   have	
   been	
   reported	
   (El-­‐Bchiri	
   et	
   al.	
   2005),	
   it	
   is	
   recommended	
   to	
   confirm	
  whether	
   the	
  

mRNA	
   is	
   a	
   target	
   of	
   NMD	
   by	
   quantification	
   of	
   the	
   level	
   of	
   nonsense-­‐containing	
   mRNA.	
  

Additionally,	
   it	
   will	
   be	
   interesting	
   to	
   study	
   whether	
   heterozygous	
   dogs,	
   i.e.	
   carriers	
   of	
   the	
  

mutation,	
   present	
   any	
   kind	
  of	
   dosage	
   compensation	
  or,	
   as	
   reported	
   in	
   the	
  work	
  of	
   (Jensen	
  

2014;	
  Rivas	
  et	
  al.	
  2015),	
  no	
  evidence	
  of	
  up	
  regulation	
  was	
  found	
  and	
  the	
  expression	
  levels	
  of	
  

genes	
   with	
   PTV	
   were	
   found	
   normal.	
   Yet,	
   both	
   the	
   parents	
   of	
   the	
   affected	
   dogs	
   that	
   are	
  

healthy	
   carriers	
   of	
   the	
   mutation	
   should	
   always	
   be	
   confirmed	
   whether	
   or	
   not	
   they	
   are	
  

heterozygous	
  for	
  the	
  mutation.	
  Indeed	
  this	
  was	
  the	
  case	
  for	
  the	
  parents	
  analysed	
  in	
  our	
  study.	
  

4.4	
  Future	
  research	
  based	
  on	
  our	
  work	
  

I	
   consider	
   that	
   compelling	
   evidence	
  has	
  been	
  obtained	
   that	
   the	
   c.4176insC	
   in	
  ABCA4	
   is	
   the	
  

causative	
   mutation	
   of	
   the	
   retinal	
   disease	
   of	
   the	
   dogs	
   studied	
   in	
   this	
   project.	
   However,	
  

information	
   is	
   lacking	
   regarding	
   the	
   formation	
  of	
  a	
   truncated	
  ABCA4	
  protein	
  or	
  whether	
  no	
  

protein	
  at	
  all	
   is	
  produced	
  because	
  NMD-­‐dependent	
  removal	
  of	
  the	
  ABCA4	
  mRNA	
  containing	
  

the	
   mutation.	
   An	
   RNA	
   analysis	
   for	
   direct	
   structural	
   and	
   expression	
   analysis	
   (including	
  

quantitative	
   RT-­‐PCR	
   and/or	
   RNA-­‐Seq)	
   would	
   provide	
   the	
   missing	
   information,	
   but	
   the	
  

impossibility	
  of	
  obtaining	
  retinal	
  tissue	
  sample	
  from	
  in	
  vivo	
  affected	
  dogs,	
  where	
  expression	
  of	
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ABCA4	
   is	
   the	
   highest,	
  makes	
   the	
   validation	
   process	
  more	
   challenging.	
   Further	
   experiments	
  

would	
   include	
   using	
   a	
   specific	
   knockout	
   mouse	
   or	
   cultivation	
   of	
   cells	
   with	
   the	
   c.4176insC	
  

mutation.	
  Thus,	
  for	
  the	
  knockout	
  mouse,	
  RNA	
  extraction	
  from	
  retinal	
  tissue	
  could	
  be	
  used	
  for	
  

direct	
  structural	
  and	
  expression	
  analysis	
  as	
  in	
  Zhang	
  et	
  al.	
  (2015).	
  Nevertheless,	
  if	
  histological	
  

tissues	
  also	
  were	
  to	
  be	
  examined,	
  the	
  protocol	
  should	
  be	
  optimized	
  in	
  order	
  to	
  establish	
  the	
  

time	
  and	
  intensity	
  of	
  light	
  given	
  as	
  well	
  as	
  the	
  age	
  in	
  which	
  the	
  animals	
  would	
  be	
  studied.	
  On	
  

the	
  other	
  hand,	
  cultivation	
  of	
  cells	
  could	
  be	
  another	
  option,	
  despite	
  the	
  fact	
  that	
  retinal	
  cells	
  

would	
   be	
   the	
   greatest	
   candidates	
   for	
   performing	
   histopathology	
   or	
   immunocytochemistry	
  

analysis	
   using	
   specific	
   antibodies,	
   they	
   have	
   been	
   reported	
   to	
   be	
   very	
   difficult	
   to	
   grow.	
  

Cultivation	
  of	
  kidney	
  or	
  brain	
  cells	
  have	
  been	
  successful	
  too	
  (Bhongsatiern	
  et	
  al.	
  2005).	
  

Very	
   interestingly,	
  when	
  the	
  Labrador	
  retriever	
   family	
  pedigree	
  was	
  studied	
   in	
  detail,	
   it	
  was	
  

seen	
  that	
  there	
  was	
  a	
  common	
  ancestor	
  five	
  previous	
  generations	
  back,	
  which	
  could	
  be	
  the	
  

ancestral	
   source	
   of	
   the	
   mutation.	
   This	
   same	
   sire	
   has	
   been	
   extensively	
   used	
   for	
   Labrador	
  

retriever	
   breeding	
   worldwide	
   so	
   chances	
   are	
   that	
   there	
   are	
   more	
   affected	
   dogs	
   with	
   this	
  

retinopathy	
  or	
  carriers	
  of	
  the	
  retinopathy,	
  so	
  development	
  of	
  a	
  genetic	
  test	
  for	
  the	
  mutation	
  

that	
  we	
  have	
   identified	
  would	
  be	
  useful	
   for	
   Labrador	
   retriever	
  breeders	
  worldwide.	
  Then	
   it	
  

would	
  be	
  possible	
  to	
  reveal	
  if	
  dogs	
  carry	
  the	
  mutant	
  allele	
  or	
  not	
  could	
  be	
  very	
  beneficial	
  for	
  

breeding	
   purposes,	
   specially	
   if	
   they	
   are	
   descendant	
   from	
   the	
   Bristish/Swedish	
   Labrador	
  

retriever	
  branch.	
  

4.5	
  Future	
  perspectives	
  of	
  the	
  retinal	
  disease	
  

One	
  of	
   the	
  unsolved	
   issues	
   that	
  need	
  to	
  be	
  assessed	
   is	
   the	
  categorization	
  of	
   the	
  disease.	
   In	
  

humans,	
  the	
  hundreds	
  of	
  mutations	
  found	
  are	
  widespread	
  through	
  the	
  ABCA4	
  gene,	
  and	
  the	
  

role	
  of	
  heterozygous	
  variants	
  still	
  remains	
  controversial.	
  Whereas	
  some	
  have	
  been	
  associated	
  

to	
  mild	
   or	
   later	
   onset	
   of	
   the	
   disease,	
   others	
   have	
   been	
   reported	
   to	
   produce	
  more	
   severe	
  

consequences	
   even	
   than	
   homozygous	
   variants	
   producing	
   a	
   truncated	
   protein.	
   Thereby,	
  

further	
  research	
  is	
  crucial	
  to	
  have	
  a	
  clear	
  knowledge	
  of	
  the	
  disease.	
  How	
  does	
  the	
  position	
  of	
  

the	
  mutation	
  affect	
   the	
  disease	
  development?	
  And	
  what	
  about	
   the	
  position	
  on	
   those	
   cases	
  

with	
  heterozygous	
  variants?	
  Does	
  the	
  variant	
  produce	
  a	
  functional	
  protein?	
  Does	
  the	
  variant	
  

cause	
  a	
  truncated	
  mRNA?	
  Is	
  this	
  mRNA	
  eliminated	
  by	
  NMD	
  or	
  remain	
  in	
  the	
  cell?	
  If	
  it	
  remains	
  

in	
  the	
  cell,	
  does	
  it	
  have	
  major	
  phenotypic	
  consequences?	
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Up	
   to	
   date,	
   there	
   is	
   no	
   cure	
   for	
   the	
   ABCA4-­‐associated	
   diseases.	
   It	
   is	
   recommended	
   to	
   the	
  

patients	
  to	
  avoid	
  excessive	
  exposure	
  of	
  light	
  as	
  it	
  was	
  seen	
  that	
  Abca4-­‐/-­‐	
  knockout	
  mice	
  didn’t	
  

accumulate	
   A2E	
  when	
   raised	
   in	
   darkness	
   (Weng,	
  Mata	
   et	
   al.	
   1999).	
   Recently,	
   the	
   research	
  

target	
  has	
  become	
  focus	
  on	
  ABCA4	
  gene	
  therapy.	
  The	
  major	
  drawback	
  resides	
  on	
  the	
  success	
  

of	
  gene	
  delivery	
  because	
  of	
  the	
  large	
  size	
  of	
  cDNA	
  (6.8	
  Kb	
  in	
  humans).	
  Different	
  approaches	
  

have	
  been	
  carried	
  out	
  with	
  varying	
  results.	
  The	
  usage	
  of	
  the	
  common	
  lentivirus	
  (LV)	
  vectors	
  

showed	
   that	
  only	
  5-­‐20	
  %	
  of	
   the	
  photoreceptors	
  were	
   transduced	
  and	
   limited	
   to	
   the	
   site	
  of	
  

injection	
   (Kong	
   et	
   al.	
   2008).	
   Another	
   approach	
   used	
   is	
   to	
   split	
   an	
   adeno-­‐associated	
   virus	
  

(AAV),	
   known	
   as	
   AAV2,	
   in	
   which	
   the	
   transgene	
   would	
   be	
   fragmented	
   and	
   packed	
   in	
   two	
  

halves,	
  then	
  both	
  viruses	
  have	
  to	
  infect	
  the	
  exactly	
  same	
  host	
  cell	
  and	
  recombine	
  (Han	
  et	
  al.	
  

2014).	
   The	
   approach	
   has	
   already	
   been	
   successful	
   in	
   vitro	
   and	
   in	
   vivo	
   in	
   the	
   mice	
   model	
  

(Allocca	
  et	
  al.	
  2008).	
  Additionally,	
   the	
  usage	
  of	
  nanoparticles	
  containing	
   the	
   large	
  gene	
  also	
  

got	
  successful	
  results	
  in	
  mice	
  and	
  could	
  be	
  a	
  potential	
  treatment	
  too	
  (Han	
  et	
  al.	
  2012).	
  

5. Conclusions 

Whole	
  Genome	
  Sequencing	
  proved	
   to	
  be	
  a	
   successful	
  method	
   to	
  study	
  diseases	
  harbouring	
  

unknown	
  mutations	
  and	
  promising	
  studies	
  are	
  yet	
  to	
  come.	
  Here,	
  we	
  report	
  for	
  the	
  first	
  time	
  

a	
  mutation	
   in	
  ABCA4	
  gene	
  associated	
   to	
  a	
   retinal	
  disease	
   in	
   Labrador	
   retriever,	
  homolog	
   to	
  

Stargadt’s	
   disease	
   in	
   humans.	
   Up	
   to	
   date,	
   hundreds	
   of	
  mutations	
   spread	
   along	
   the	
  ABCA4	
  

have	
  been	
  described	
  in	
  humans.	
  Yet,	
  a	
  clear	
  categorization	
  of	
  the	
  mutations	
  still	
  needs	
  to	
  be	
  

done.	
   In	
   dogs,	
   the	
   insertion	
   of	
   a	
   cytidine	
   in	
   exon	
   28	
   (c.4176insC)	
   causes	
   an	
   immediate	
  

frameshift	
  and	
  a	
  premature	
  stop	
  codon	
  after	
  2	
  amino	
  acids,	
  most	
  likely	
  targeting	
  the	
  mRNAs	
  

containing	
  this	
  premature	
  stop	
  codon	
  for	
  the	
  Nonsense-­‐mediated	
  decay	
  (NMD)	
  pathway	
  and	
  

then	
   no	
   protein	
   product	
   would	
   be	
   obtained.	
   If	
   however,	
   such	
   mRNAs	
   are	
   translated	
   they	
  

would	
  code	
  for	
  a	
  truncated	
  protein	
  of	
  1,394	
  amino	
  acids	
  from	
  total	
  of	
  2,273	
  amino	
  acids,	
  thus,	
  

translating	
  half	
  of	
  the	
  flippase	
  protein	
  structure.	
   In	
  both	
  cases,	
  the	
  lack	
  of	
  protein	
  or	
   lack	
  of	
  

properly	
   functional	
   ABCA4	
   protein	
   would	
   cause	
   an	
   accumulation	
   of	
   toxic	
   lipofuscin	
   in	
   the	
  

retinal	
  pigment	
  epithelium	
  (RPE)	
  cells	
  causing	
  atrophy	
  and	
  cell	
  death	
  and	
  subsequently,	
  vision	
  

loss	
  in	
  the	
  affected	
  dogs.	
  In	
  order	
  to	
  validate	
  the	
  production	
  of	
  protein	
  product	
  an	
  RNA	
  study	
  

needs	
  to	
  be	
  performed,	
  preferably	
  from	
  samples	
  of	
  retinal	
  tissue.	
  Such	
  samples	
  were	
  however	
  

not	
  yet	
  available	
  during	
  the	
  time	
  of	
  this	
  project.	
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Appendix A. Laboratory protocols	
  

	
  

Protocol	
  1.	
  Protocol:	
  General	
  Purification	
  Protocol	
  (Qiagen®).	
  QIAsymphony	
  DNA	
  Handbook	
  

09/2012	
  (pag.	
  18-­‐20).	
  

	
  

1. Close	
  all	
  drawers	
  and	
  the	
  hood.	
  

2. Switch	
  on	
   the	
  QIAsymphony	
  SP,	
   and	
  wait	
  until	
   the	
   “Sample	
  Preparation”	
   screen	
  appears	
  

and	
  the	
  initialization	
  procedure	
  has	
  finished.	
  

3. Log	
  on	
  to	
  the	
  instrument.	
  	
  

4. Ensure	
   the	
   “Waste”	
   drawer	
   is	
   loaded	
   properly,	
   and	
   perform	
   an	
   inventory	
   scan	
   of	
   the	
  

“Waste”	
  drawer,	
  including	
  the	
  tip	
  chute	
  and	
  liquid	
  waste.	
  	
  

5. Load	
  the	
  required	
  elution	
  rack	
  into	
  the	
  “Eluate”	
  drawer.	
  

6. Load	
   the	
   required	
   reagent	
   cartridge(s)	
   and	
   consumables	
   into	
   the	
   “Reagents	
   and	
  

Consumables”	
  drawer.	
  

7. Perform	
  an	
  inventory	
  scan	
  of	
  the	
  “Reagents	
  and	
  Consumables”	
  drawer.	
  

8. Place	
   the	
   samples	
   into	
   the	
  appropriate	
   sample	
   carrier,	
   and	
   load	
   them	
   into	
   the	
   “Sample”	
  

drawer.	
  

9. For	
  Virus	
  Blood	
  applications:	
  The	
  tube(s)	
  containing	
  the	
  internal	
  control–Buffer	
  

1. ATE	
  mixture	
  should	
  be	
  placed	
  in	
  slot	
  A	
  of	
  the	
  “Sample”	
  drawer.	
  

10. Using	
   the	
   touchscreen,	
  enter	
   the	
   required	
   information	
   for	
  each	
  batch	
  of	
   samples	
   to	
  be	
  

processed.	
  

11. Press	
  the	
  “Run”	
  button	
  to	
  start	
  the	
  purification	
  procedure.	
  

2. All	
  processing	
  steps	
  are	
  fully	
  automated.	
  At	
  the	
  end	
  of	
  the	
  protocol	
  run,	
  the	
  status	
  of	
  the	
  

batch	
  changes	
  from	
  “RUNNING”	
  to	
  “COMPLETED”.	
  

12. Retrieve	
  the	
  elution	
  rack	
  containing	
  the	
  purified	
  nucleic	
  acids	
  from	
  the	
  “Eluate”	
  drawer.	
  

The	
  DNA	
  is	
  ready	
  to	
  use	
  or	
  can	
  be	
  stored	
  at	
  2–8°C,	
  –20°C,	
  or	
  –80°C.	
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Protocol	
  2.	
  DNA	
  extraction	
   from	
  sperm	
  samples	
  using	
  QIAsymphony	
   (Qiagen®).	
  Alexander	
  

Falk	
  07/2013.	
  

	
  

1. Cut	
  off	
   the	
  plugs	
   in	
  one	
  end	
  of	
   the	
   straw,	
  place	
   it	
   in	
   a	
  marked	
  eppendorf	
   tube	
  with	
   the	
  

uncut	
  end	
  up.	
  Then	
  cut	
  the	
  other	
  end	
  of	
  the	
  straw	
  letting	
  the	
  sperm	
  go	
  down	
  into	
  the	
  tube.	
  

This	
  step	
  might	
  take	
  some	
  time.	
  

2. Transfer	
  100	
  μl	
  of	
  sperm	
  to	
  a	
  new	
  eppendorf	
  tube	
  (free	
  the	
  rest	
  of	
  the	
  sperm).	
  

3. Add	
  400	
  μl	
  of	
  PBS	
  and	
  vortex	
  for	
  10	
  s.	
  

4. Centrifuge	
  for	
  30	
  s	
  at	
  1300	
  rpm	
  (14900	
  x	
  g).	
  

5. Remove	
  the	
  supernatant	
  carefully.	
  

6. Resuspend	
  the	
  pellet	
  by	
  adding	
  200	
  μl	
  of	
  Qiagen	
  buffer	
  ATL	
  and	
  25	
  μl	
  of	
  DTT	
  1	
  M.	
  DTT	
  is	
  

made	
  by	
  solving	
  4,62	
  mg	
  of	
  DTT	
  powder	
  in	
  30	
  μl	
  sterile	
  DNA	
  free	
  ddH2O.	
  

7. Vortex	
  until	
   the	
  pellet	
   is	
  completely	
  dissolved.	
   	
  You	
  can	
  make	
  the	
  pellet	
  detach	
  from	
  the	
  

tube	
  by	
  pipetting.	
  

8. When	
  the	
  pellet	
  is	
  suspended	
  add	
  25	
  μl	
  of	
  Proteinase	
  K	
  (20	
  mg/ml)	
  and	
  vortex	
  gently.	
  

9. Wrap	
  the	
  tube	
  lid	
  with	
  Para	
  film,	
  incubate	
  at	
  56°C	
  for	
  2-­‐3	
  h	
  or	
  overnight	
  until	
  the	
  pellet	
  is	
  

completely	
  dissolved.	
  

10. After	
  the	
  incubation,	
  transfer	
  the	
  eppendof	
  content	
  into	
  a	
  Sarstedt	
  2	
  ml	
  screw	
  skirt	
  tube.	
  

You	
  will	
  need	
  the	
  same	
  tube	
   for	
  DNA	
  elution.	
  Then	
  use	
   the	
  QIAsymphony	
  machine	
  and	
  use	
  

the	
  Mini	
  Kit.	
  

	
  

	
  

Protocol	
  3.	
  KAPA	
  Library	
  Quantification	
  Kit	
   for	
   Illumina®	
  platforms	
  (Kapa	
  Biosystems,	
   Inc.,	
  

Wilmington,	
  MA)	
  07/2014	
  (Kits:	
  KK4835;	
  KK4906)	
  

	
  

The	
  library	
  quantification	
  was	
  performed	
  according	
  to	
  manufacturer’s	
   instructions.	
  Since	
  the	
  

platform	
   that	
  we	
  use	
   is	
   the	
   StepOnePlus™	
  Real-­‐Time	
  PCR	
   System	
   (Life	
   Technologies™),	
   the	
  

reaction	
  setup	
  was:	
  12	
  μl	
  2X	
  KAPPA	
  SYBR®	
  FAST	
  qPCR	
  Master	
  Mix	
  +	
  10X	
  Primers	
  Premix;	
  4	
  μl	
  

PCR-­‐grade	
   water.	
   Furthermore,	
   Standard	
   0	
   was	
   used	
   as	
   a	
   library	
   quantification	
   control.	
  

Libraries	
  quantification	
  was	
  performed	
  at	
  concentrations	
  1:5,000,	
  1:10,000	
  and	
  1:20,0000	
  and	
  

three	
  replicas	
  of	
  each	
  (using	
  the	
  same	
  master	
  mix)	
  were	
  performed.	
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Protocol	
   4.	
   BigDye®	
   Direct	
   Cycle	
   Sequencing	
   Kit	
   (Applied	
   Biosystems®,	
   Foster	
   City,	
   USA)	
  

02/2011	
  (Rev.	
  C)	
  

Prepare	
  and	
  run	
  the	
  PCR	
  reactions:	
  

1.	
  For	
  each	
  forward	
  or	
  reverse	
  reaction,	
  add	
  the	
  components	
  to	
  an	
  appropriate	
  reaction	
  plate:	
  

Genomic	
  DNA	
  (4	
  ng/µL)	
  1.0	
  µL	
  

M13-­‐tailed	
  PCR	
  primer	
  mix	
  (0.8	
  µM	
  each	
  primer)	
  1.5	
  µL	
  

BigDye®	
  Direct	
  PCR	
  Master	
  Mix	
  5.0	
  µL	
  

Deionized	
  water	
  2.5	
  µ	
  

2.	
  Pipet	
  up	
  and	
  down	
  to	
  mix	
  well,	
  seal	
  the	
  plate	
  with	
  adhesive	
  film	
  or	
  caps,	
  then	
  spin	
  the	
  plate	
  

briefly.	
  

3.	
  Run	
  the	
  reactions	
  in	
  a	
  thermal	
  cycler	
  (See	
  Material	
  and	
  Methods)	
  

4.	
  Store	
  the	
  amplified	
  DNA	
  at	
  4°C	
  overnight	
  or	
  at	
  –15°C	
  or	
  –25°C	
  for	
  long-­‐term	
  storage.	
  

	
  

Perform	
  cycle	
  sequencing:	
  

1.	
  Prepare	
  a	
  forward	
  or	
  reverse	
  sequencing	
  reaction	
  mix	
  in	
  a	
  tube	
  on	
  ice:	
  

BigDye®	
  Direct	
  Sequencing	
  Master	
  Mix	
  2.0	
  µL	
  

One	
  sequencing	
  primer:	
  	
  1.0	
  µL	
  

•	
  BigDye®	
  Direct	
  M13	
  Fwd	
  Primer	
  or	
  	
  

•	
  BigDye®	
  Direct	
  M13	
  Rev	
  Primer	
  

2.	
  Seal	
  the	
  reaction	
  plate	
  with	
  adhesive	
  film	
  or	
  caps,	
  then	
  spin	
  the	
  plate	
  briefly.	
  

3.	
  Run	
  the	
  reactions	
  in	
  a	
  thermal	
  cycler:	
  15	
  min	
  at	
  37	
  °C;	
  2	
  min	
  at	
  80	
  °C;	
  1	
  min	
  at	
  96	
  °C;	
  25	
  

cycles	
  of	
  10	
  s	
  at	
  96	
  °C,	
  5	
  s	
  at	
  50	
  °C	
  and	
  75	
  s	
  at	
  60	
  °C.	
  

	
  

The	
   primers	
   were	
   synthesized	
   by	
   TAG	
   Copenhagen	
   A/S,	
   Frederiksberg,	
   Denmark	
  with	
  M13	
  

sequencing	
  tails	
  	
  (Cfa_ABCA4_Frw	
  5’-­‐	
  TGT	
  AAA	
  ACG	
  ACG	
  GCC	
  AGT	
  CAC	
  CCA	
  CAT	
  TGC	
  CAT	
  GTT	
  

TA-­‐3’	
  and	
  Cfa_ABCA4_Rev	
  5’-­‐CAG	
  GAA	
  ACA	
  GCT	
  ATG	
  ACC	
  AAC	
  ACA	
  TGG	
  GGG	
  TGA	
  ATG	
  AT-­‐3’).	
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Protocol	
  5.	
  Fragment	
  separation.	
  Swedish	
  University	
  of	
  Agricultural	
  Sciences.	
  05/2015	
  	
  

1.	
  Prepare	
  a	
  Master	
  mix	
  with	
  the	
  following	
  (x	
  1	
  reaction):	
  

	
   10x	
  HotStar	
  PCR	
  Buffer	
  1	
  µL	
  

	
   dNTP	
  25	
  mM	
  0.096	
  µL	
  

	
   Forward	
  primer	
  0.05	
  µL	
  

Reverse	
  primer	
  0.05	
  µL	
  

HotStar	
  Taq	
  0.12	
  µL	
  

H2O	
  8.19	
  µL	
  

2. Run	
  the	
  reactions	
  in	
  a	
  thermal	
  cycler:	
  10	
  min	
  at	
  94	
  °C;	
  29	
  cycles	
  of	
  1	
  min	
  at	
  94	
  °C,	
  1	
  min	
  at	
  

60	
  °C	
  and	
  2	
  min	
  at	
  72	
  °C;	
  and	
  a	
  final	
  extension	
  of	
  10	
  min	
  at	
  72	
  °C.	
  

3. Add	
  1	
  µL	
  formaldehide.	
  

	
  

	
  

Protocol	
  6.	
  RNA	
  extraction	
  and	
  cDNA	
  synthesis	
  

RNA	
   extraction	
   was	
   perfromed	
   using	
   TempusTM	
   Blood	
   RNA	
   Tube	
   and	
   TempusTM	
   Spin	
   RNA	
  

Isolation	
   Kit	
   (Applied	
   Biosystems®).	
   cDNA	
   synthesis	
   and	
   RT-­‐PCR	
  was	
   performed	
   using	
  

the	
   OneStep	
   RT-­‐PCR	
   Kit	
   (Qiagen).	
   The	
   PCR	
   reaction	
   with	
   a	
   final	
   volume	
   of	
   50	
   μl	
  

contained:	
  10	
  μl	
  of	
  QIAGEN	
  OneStep	
  RT-­‐PCR	
  Buffer	
  5	
  X,	
  2	
  μl	
  of	
  dNTPs	
  (10mM),	
  3	
  μl	
  of	
  each	
  of	
  

the	
  primers	
  (10	
  μM)	
  (See	
  Table	
  RT-­‐PCR	
  primers),	
  2	
  μl	
  of	
  the	
  QIAGEN	
  OneStep	
  RT-­‐PCR	
  Enzyme,	
  

1	
  μl	
  of	
  RNA	
  and	
  29	
  μl	
  of	
  water.	
  The	
  PCR	
  thermocycler	
  conditions	
  were:	
  30	
  min	
  at	
  54	
  °C;	
  15	
  min	
  

at	
  95	
  °C;	
  35	
  cycles	
  of	
  1	
  m	
  at	
  94	
  °C,	
  1	
  m	
  at	
  58	
  °C	
  and	
  1	
  m	
  at	
  72	
  °C;	
  and	
  a	
  final	
  extension	
  of	
  10	
  

min	
  at	
  72	
  °C.	
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Different	
  indexes	
  of	
  6	
  bp	
  were	
  used	
  for	
  each	
  sample	
  in	
  both	
  runs.	
  The	
  indexed	
  adapter	
  sequences	
  belong	
  to	
  the	
  TruSeq	
  LT	
  Kit	
  

Set	
  A	
  Indexed	
  Adapter	
  Sequences	
  for	
  DNA	
  Kits	
  (Illumina).	
  

	
  

	
  

	
  

	
  
Primers	
  RT-­‐PCR	
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Information	
  extracted	
  from	
  http://annovar.openbioinformatics.org/en/latest/user-­‐guide/gene/.	
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Appendix B. Bioinformatics scripts 
	
  
1.	
  Generation	
  of	
  FastQ	
  files,	
  merging,	
  quality	
  control	
  and	
  pre-­‐processing	
  of	
  the	
  reads	
  
	
  
	
  
#!/bin/bash	
  
#SBATCH	
  -­‐A	
  b2015069	
  
#SBATCH	
  -­‐p	
  core	
  	
  
#SBATCH	
  -­‐n	
  6	
  
#SBATCH	
  -­‐t	
  1-­‐20:00:00	
  
	
  
#Create	
  working	
  directory.	
  
#mkdir	
  /proj/b2015069/labbe_retinopathy	
  
#mkdir	
  /proj/b2015069/labbe_retinopathy/raw_bcl_data_labbe	
  
	
  
#-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐	
  
#Bcl	
  conversion	
  and	
  demultiplexing	
  with	
  bcl2fastq.	
  
#SampleSheet.csv	
  has	
  to	
  be	
  in	
  the	
  run	
  folder.	
  
	
  
module	
  load	
  bioinfo-­‐tools	
  
module	
  load	
  bioinfo-­‐tools	
  bcl2fastq/2.15.0	
  
	
  
bcl2fastq	
  -­‐-­‐runfolder-­‐dir	
  /proj/b2015069/labbe_retinopathy/raw_bcl_data_labbe/150330_NS500636_0005_AH5KWMBGXX	
  -­‐
p	
  6	
  
	
  
wait	
  
	
  
#mkdir	
  /proj/b2015069/labbe_retinopathy/raw_fastq_data_labbe	
  
#mkdir	
  /proj/b2015069/labbe_retinopathy/raw_fastq_data_labbe/reads_per_lane	
  
	
  
cp	
  
/proj/b2015069/labbe_retinopathy/raw_bcl_data_labbe/150330_NS500636_0005_AH5KWMBGXX/Data/Intensities/BaseCall
s/*.gz	
  /proj/b2015069/labbe_retinopathy/raw_fastq_data_labbe/reads_per_lane	
  
	
  
#Concatenate	
  forward	
  reads	
  of	
  each	
  animal	
  instead	
  of	
  having	
  them	
  by	
  lanes.	
  
#Also	
  the	
  reverse	
  reads.	
  
cat	
  /proj/b2015069/labbe_retinopathy/raw_fastq_data_labbe/reads_per_lane/sire_S1_*_R1_*.fastq.gz	
  >	
  
/proj/b2015069/labbe_retinopathy/raw_fastq_data_labbe/sire_S1_fwd_fastq.gz	
  &	
  
cat	
  /proj/b2015069/labbe_retinopathy/raw_fastq_data_labbe/reads_per_lane/sire_S1_*_R2_*.fastq.gz	
  >	
  
/proj/b2015069/labbe_retinopathy/raw_fastq_data_labbe/sire_S1_rev_fastq.gz	
  &	
  
cat	
  /proj/b2015069/labbe_retinopathy/raw_fastq_data_labbe/reads_per_lane/dam_S2_*_R1_*.fastq.gz	
  >	
  
/proj/b2015069/labbe_retinopathy/raw_fastq_data_labbe/dam_S2_fwd_fastq.gz	
  &	
  
cat	
  /proj/b2015069/labbe_retinopathy/raw_fastq_data_labbe/reads_per_lane/dam_S2_*_R2_*.fastq.gz	
  >	
  
/proj/b2015069/labbe_retinopathy/raw_fastq_data_labbe/dam_S2_rev_fastq.gz	
  &	
  
cat	
  /proj/b2015069/labbe_retinopathy/raw_fastq_data_labbe/reads_per_lane/off1_S3_*_R1_*.fastq.gz	
  >	
  
/proj/b2015069/labbe_retinopathy/raw_fastq_data_labbe/off1_S3_fwd_fastq.gz	
  &	
  
cat	
  /proj/b2015069/labbe_retinopathy/raw_fastq_data_labbe/reads_per_lane/off1_S3_*_R2_*.fastq.gz	
  >	
  
/proj/b2015069/labbe_retinopathy/raw_fastq_data_labbe/off1_S3_rev_fastq.gz	
  &	
  
cat	
  /proj/b2015069/labbe_retinopathy/raw_fastq_data_labbe/reads_per_lane/off2_S4_*_R1_*.fastq.gz	
  >	
  
/proj/b2015069/labbe_retinopathy/raw_fastq_data_labbe/off2_S4_fwd_fastq.gz	
  &	
  
cat	
  /proj/b2015069/labbe_retinopathy/raw_fastq_data_labbe/reads_per_lane/off2_S4_*_R2_*.fastq.gz	
  >	
  
/proj/b2015069/labbe_retinopathy/raw_fastq_data_labbe/off2_S4_rev_fastq.gz	
  &	
  
	
  
#Check	
  quality	
  with	
  FastQC.	
  
mkdir	
  /proj/b2015069/labbe_retinopathy/raw_fastq_data_labbe/first_fastqc	
  
mkdir	
  /proj/b2015069/labbe_retinopathy/raw_fastq_data_labbe/first_fastqc/sire	
  
mkdir	
  /proj/b2015069/labbe_retinopathy/raw_fastq_data_labbe/first_fastqc/dam	
  
mkdir	
  /proj/b2015069/labbe_retinopathy/raw_fastq_data_labbe/first_fastqc/off1	
  
mkdir	
  /proj/b2015069/labbe_retinopathy/raw_fastq_data_labbe/first_fastqc/off2	
  
	
  
module	
  load	
  bioinfo-­‐tools	
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module	
  load	
  bioinfo-­‐tools	
  FastQC/0.11.2	
  
	
  
fastqc	
  -­‐t	
  6	
  -­‐o	
  /proj/b2015069/labbe_retinopathy/raw_fastq_data_labbe/first_fastqc/sire	
  \	
  
	
  	
  	
  	
  	
  	
  	
  	
  /proj/b2015069/labbe_retinopathy/raw_fastq_data_labbe/sire_*.gz	
  
	
  
fastqc	
  -­‐t	
  6	
  -­‐o	
  /proj/b2015069/labbe_retinopathy/raw_fastq_data_labbe/first_fastqc/dam	
  \	
  
	
  	
  	
  	
  	
  	
  	
  	
  /proj/b2015069/labbe_retinopathy/raw_fastq_data_labbe/dam_*.gz	
  
	
  
fastqc	
  -­‐t	
  6	
  -­‐o	
  /proj/b2015069/labbe_retinopathy/raw_fastq_data_labbe/first_fastqc/off1	
  \	
  
	
  	
  	
  	
  	
  	
  	
  	
  /proj/b2015069/labbe_retinopathy/raw_fastq_data_labbe/off1_*.gz	
  
	
  
fastqc	
  -­‐t	
  6	
  -­‐o	
  /proj/b2015069/labbe_retinopathy/raw_fastq_data_labbe/first_fastqc/off2	
  \	
  
	
  	
  	
  	
  	
  	
  	
  	
  /proj/b2015069/labbe_retinopathy/raw_fastq_data_labbe/off2_*.gz	
  
	
  
wait	
  
	
  
#-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐	
  
#!/bin/bash	
  
#SBATCH	
  -­‐A	
  b2015069	
  
#SBATCH	
  -­‐p	
  core	
  	
  
#SBATCH	
  -­‐n	
  5	
  
#SBATCH	
  -­‐t	
  1-­‐10:00:00	
  
	
  
#Preprocessing	
  
#mkdir	
  /proj/b2015069/labbe_retinopathy/trimming	
  
	
  
#Trimmomatic	
  
module	
  load	
  bioinfo-­‐tools	
  
module	
  load	
  bioinfo-­‐tools	
  trimmomatic/0.32	
  
module	
  load	
  bioinfo-­‐tools	
  java/sun_jdk1.7.0_25	
  
	
   	
   	
  
java	
  -­‐jar	
  -­‐Xmx10g	
  /sw/apps/bioinfo/trimmomatic/0.32/milou/trimmomatic-­‐0.32.jar	
  PE	
  -­‐threads	
  5	
  -­‐phred33	
  \	
  
	
   /proj/b2015069/labbe_retinopathy/raw_fastq_data_labbe/sire_S1_fwd_fastq.gz	
  \	
  
	
   /proj/b2015069/labbe_retinopathy/raw_fastq_data_labbe/sire_S1_rev_fastq.gz	
  \	
  
	
   /proj/b2015069/labbe_retinopathy/trimming/paired_sire_fwd.fq.gz	
  \	
  
	
   /proj/b2015069/labbe_retinopathy/trimming/unpaired_sire_fwd.fq.gz	
  \	
  
	
   /proj/b2015069/labbe_retinopathy/trimming/paired_sire_rev.fq.gz	
  \	
  
	
   /proj/b2015069/labbe_retinopathy/trimming/unpaired_sire_rev.fq.gz	
  \	
  
	
   ILLUMINACLIP:/proj/b2015069/labbe_retinopathy/trimming/adapters.fasta:2:30:15	
  LEADING:20	
  
SLIDINGWINDOW:40:20	
  MINLEN:30	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  
java	
  -­‐jar	
  -­‐Xmx10g	
  /sw/apps/bioinfo/trimmomatic/0.32/milou/trimmomatic-­‐0.32.jar	
  PE	
  -­‐threads	
  5	
  -­‐phred33	
  \	
  
	
   /proj/b2015069/labbe_retinopathy/raw_fastq_data_labbe/dam_S2_fwd_fastq.gz	
  \	
  
	
   /proj/b2015069/labbe_retinopathy/raw_fastq_data_labbe/dam_S2_rev_fastq.gz	
  \	
  
	
   /proj/b2015069/labbe_retinopathy/trimming/paired_dam_fwd.fq.gz	
  \	
  
	
   /proj/b2015069/labbe_retinopathy/trimming/unpaired_dam_fwd.fq.gz	
  \	
  
	
   /proj/b2015069/labbe_retinopathy/trimming/paired_dam_rev.fq.gz	
  \	
  
	
   /proj/b2015069/labbe_retinopathy/trimming/unpaired_dam_rev.fq.gz	
  \	
  
	
   ILLUMINACLIP:/proj/b2015069/labbe_retinopathy/trimming/adapters.fasta:2:30:15	
  LEADING:20	
  
SLIDINGWINDOW:40:20	
  MINLEN:30	
  
	
  
java	
  -­‐jar	
  -­‐Xmx10g	
  /sw/apps/bioinfo/trimmomatic/0.32/milou/trimmomatic-­‐0.32.jar	
  PE	
  -­‐threads	
  5	
  -­‐phred33	
  \	
  
	
   /proj/b2015069/labbe_retinopathy/raw_fastq_data_labbe/off1_S3_fwd_fastq.gz	
  \	
  
	
   /proj/b2015069/labbe_retinopathy/raw_fastq_data_labbe/off1_S3_rev_fastq.gz	
  \	
  
	
   /proj/b2015069/labbe_retinopathy/trimming/paired_off1_fwd.fq.gz	
  \	
  
	
   /proj/b2015069/labbe_retinopathy/trimming/unpaired_off1_fwd.fq.gz	
  \	
  
	
   /proj/b2015069/labbe_retinopathy/trimming/paired_off1_rev.fq.gz	
  \	
  
	
   /proj/b2015069/labbe_retinopathy/trimming/unpaired_off1_rev.fq.gz	
  \	
  
	
   ILLUMINACLIP:/proj/b2015069/labbe_retinopathy/trimming/adapters.fasta:2:30:15	
  LEADING:20	
  
SLIDINGWINDOW:40:20	
  MINLEN:30	
  
	
  
java	
  -­‐jar	
  -­‐Xmx10g	
  /sw/apps/bioinfo/trimmomatic/0.32/milou/trimmomatic-­‐0.32.jar	
  PE	
  -­‐threads	
  5	
  -­‐phred33	
  \	
  
	
   /proj/b2015069/labbe_retinopathy/raw_fastq_data_labbe/off2_S4_fwd_fastq.gz	
  \	
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   /proj/b2015069/labbe_retinopathy/raw_fastq_data_labbe/off2_S4_rev_fastq.gz	
  \	
  
	
   /proj/b2015069/labbe_retinopathy/trimming/paired_off2_fwd.fq.gz	
  \	
  
	
   /proj/b2015069/labbe_retinopathy/trimming/unpaired_off2_fwd.fq.gz	
  \	
  
	
   /proj/b2015069/labbe_retinopathy/trimming/paired_off2_rev.fq.gz	
  \	
  
	
   /proj/b2015069/labbe_retinopathy/trimming/unpaired_off2_rev.fq.gz	
  \	
  
	
   ILLUMINACLIP:/proj/b2015069/labbe_retinopathy/trimming/adapters.fasta:2:30:15	
  LEADING:20	
  
SLIDINGWINDOW:40:20	
  MINLEN:30	
  
	
  
wait	
  
	
  
#Check	
  in	
  fastqc	
  again	
  after	
  trimming	
  
	
  
mkdir	
  /proj/b2015069/labbe_retinopathy/trimming/fastqc	
  
mkdir	
  /proj/b2015069/labbe_retinopathy/trimming/fastqc/sire	
  
mkdir	
  /proj/b2015069/labbe_retinopathy/trimming/fastqc/dam	
  
mkdir	
  /proj/b2015069/labbe_retinopathy/trimming/fastqc/off1	
  
mkdir	
  /proj/b2015069/labbe_retinopathy/trimming/fastqc/off2	
  
	
  
module	
  load	
  bioinfo-­‐tools	
  FastQC/0.11.2	
  
	
  
fastqc	
  -­‐t	
  5	
  -­‐o	
  /proj/b2015069/labbe_retinopathy/trimming/fastqc/sire	
  \	
  
	
   /proj/b2015069/labbe_retinopathy/trimming/paired_sire_*.gz	
  
	
  
fastqc	
  -­‐t	
  5	
  -­‐o	
  /proj/b2015069/labbe_retinopathy/trimming/fastqc/dam	
  \	
  
	
   /proj/b2015069/labbe_retinopathy/trimming/paired_dam_*.gz	
  
	
  
fastqc	
  -­‐t	
  5	
  -­‐o	
  /proj/b2015069/labbe_retinopathy/trimming/fastqc/off1	
  \	
  
	
   /proj/b2015069/labbe_retinopathy/trimming/paired_off1_*.gz	
  
	
  
fastqc	
  -­‐t	
  5	
  -­‐o	
  /proj/b2015069/labbe_retinopathy/trimming/fastqc/off2	
  \	
  
	
   /proj/b2015069/labbe_retinopathy/trimming/paired_off2_*.gz	
  
	
  
	
  
#-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐	
  
#Unzip	
  the	
  files	
  with	
  the	
  reads	
  after	
  trimmomatic.	
  
gunzip	
  /proj/b2015069/labbe_retinopathy/trimming/paired_*.gz	
  
	
  
#Merge	
  reads	
  from	
  both	
  runs:	
  per	
  animal	
  and	
  per	
  direction.	
  
mkdir	
  /proj/b2015069/labbe_retinopathy/merged	
  
	
  	
   	
  	
  
cat	
  /proj/b2015069/labbe_retinopathy/trimming/paired_sire_fwd.fq	
  
/proj/b2015069/WGS1_labbe_retinopathy/trimming/paired_sire_fwd.fq	
  >	
  
/proj/b2015069/labbe_retinopathy/merged/merged_reads_sire_fwd.fq	
  &	
  
	
   	
  
cat	
  /proj/b2015069/labbe_retinopathy/trimming/paired_sire_rev.fq	
  
/proj/b2015069/WGS1_labbe_retinopathy/trimming/paired_sire_rev.fq	
  >	
  
/proj/b2015069/labbe_retinopathy/merged/merged_reads_sire_rev.fq	
  &	
  
	
   	
  
cat	
  /proj/b2015069/labbe_retinopathy/trimming/paired_dam_fwd.fq	
  
/proj/b2015069/WGS1_labbe_retinopathy/trimming/paired_dam_fwd.fq	
  >	
  
/proj/b2015069/labbe_retinopathy/merged/merged_reads_dam_fwd.fq	
  &	
  
	
   	
  	
  
cat	
  /proj/b2015069/labbe_retinopathy/trimming/paired_dam_rev.fq	
  
/proj/b2015069/WGS1_labbe_retinopathy/trimming/paired_dam_rev.fq	
  >	
  
/proj/b2015069/labbe_retinopathy/merged/merged_reads_dam_rev.fq	
  &	
  
	
   	
  
cat	
  /proj/b2015069/labbe_retinopathy/trimming/paired_off1_fwd.fq	
  
/proj/b2015069/WGS1_labbe_retinopathy/trimming/paired_off1_fwd.fq	
  >	
  
/proj/b2015069/labbe_retinopathy/merged/merged_reads_off1_fwd.fq	
  &	
  
	
   	
  
cat	
  /proj/b2015069/labbe_retinopathy/trimming/paired_off1_rev.fq	
  
/proj/b2015069/WGS1_labbe_retinopathy/trimming/paired_off1_rev.fq	
  >	
  
/proj/b2015069/labbe_retinopathy/merged/merged_reads_off1_rev.fq	
  &	
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cat	
  /proj/b2015069/labbe_retinopathy/trimming/paired_off2_fwd.fq	
  
/proj/b2015069/WGS1_labbe_retinopathy/trimming/paired_off2_fwd.fq	
  >	
  
/proj/b2015069/labbe_retinopathy/merged/merged_reads_off2_fwd.fq	
  &	
  
	
   	
  
cat	
  /proj/b2015069/labbe_retinopathy/trimming/paired_off2_rev.fq	
  
/proj/b2015069/WGS1_labbe_retinopathy/trimming/paired_off2_rev.fq	
  >	
  
/proj/b2015069/labbe_retinopathy/merged/merged_reads_off2_rev.fq	
  &	
  
	
  
#Count	
  number	
  of	
  reads	
  from	
  the	
  first	
  run,	
  second	
  run,	
  and	
  the	
  merged.	
  
echo	
  "Stats	
  reads"	
  >	
  merged_stats.txt	
  
echo	
  "###########"	
  >>	
  merged_stats.txt	
  
#Sire	
  	
  
echo	
  "FWD"	
  >>	
  merged_stats.txt	
  
echo	
  "Number	
  of	
  reads	
  WGS1	
  (350	
  bp)"	
  >>	
  merged_stats.txt	
  
grep	
  "@"	
  /proj/b2015069/WGS1_labbe_retinopathy/trimming/paired_sire_fwd.fq	
  |	
  wc	
  -­‐l	
  >>	
  merged_stats.txt	
  
echo	
  "Number	
  of	
  reads	
  WGS2	
  (550	
  bp)"	
  >>	
  merged_stats.txt	
  
grep	
  "@"	
  /proj/b2015069/labbe_retinopathy/trimming/paired_sire_fwd.fq	
  |	
  wc	
  -­‐l	
  >>	
  merged_stats.txt	
  
echo	
  "Number	
  of	
  merged	
  reads	
  aligned	
  to	
  the	
  reference	
  genome	
  for	
  Sire:"	
  >>	
  merged_stats.txt	
  
grep	
  "@"	
  /proj/b2015069/labbe_retinopathy/merged/merged_reads_sire_fwd.fq	
  |	
  wc	
  -­‐l	
  >>	
  merged_stats.txt	
  
echo	
  "REV"	
  >>	
  merged_stats.txt	
  
echo	
  "Number	
  of	
  reads	
  WGS1	
  (350	
  bp)"	
  >>	
  merged_stats.txt	
  
grep	
  "@"	
  /proj/b2015069/WGS1_labbe_retinopathy/trimming/paired_sire_rev.fq	
  |	
  wc	
  -­‐l	
  >>	
  merged_stats.txt	
  
echo	
  "Number	
  of	
  reads	
  WGS2	
  (550	
  bp)"	
  >>	
  merged_stats.txt	
  
grep	
  "@"	
  /proj/b2015069/labbe_retinopathy/trimming/paired_sire_rev.fq	
  |	
  wc	
  -­‐l	
  >>	
  merged_stats.txt	
  
echo	
  "Number	
  of	
  merged	
  reads	
  aligned	
  to	
  the	
  reference	
  genome	
  for	
  Sire:"	
  >>	
  merged_stats.txt	
  
grep	
  "@"	
  /proj/b2015069/labbe_retinopathy/merged/merged_reads_sire_rev.fq	
  |	
  wc	
  -­‐l	
  >>	
  merged_stats.txt	
  
echo	
  "-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐"	
  >>	
  merged_stats.txt	
  
#Dam	
  
echo	
  "FWD"	
  >>	
  merged_stats.txt	
  
echo	
  "Number	
  of	
  reads	
  WGS1	
  (350	
  bp)"	
  >>	
  merged_stats.txt	
  
grep	
  "@"	
  /proj/b2015069/WGS1_labbe_retinopathy/trimming/paired_dam_fwd.fq	
  |	
  wc	
  -­‐l	
  >>	
  merged_stats.txt	
  
echo	
  "Number	
  of	
  reads	
  WGS2	
  (550	
  bp)"	
  >>	
  merged_stats.txt	
  
grep	
  "@"	
  /proj/b2015069/labbe_retinopathy/trimming/paired_dam_fwd.fq	
  |	
  wc	
  -­‐l	
  >>	
  merged_stats.txt	
  
echo	
  "Number	
  of	
  merged	
  reads	
  aligned	
  to	
  the	
  reference	
  genome	
  for	
  Dam:"	
  >>	
  merged_stats.txt	
  
grep	
  "@"	
  /proj/b2015069/labbe_retinopathy/merged/merged_reads_dam_fwd.fq	
  |	
  wc	
  -­‐l	
  >>	
  merged_stats.txt	
  
echo	
  "REV"	
  >>	
  merged_stats.txt	
  
echo	
  "Number	
  of	
  reads	
  WGS1	
  (350	
  bp)"	
  >>	
  merged_stats.txt	
  
grep	
  "@"	
  /proj/b2015069/WGS1_labbe_retinopathy/trimming/paired_dam_rev.fq	
  |	
  wc	
  -­‐l	
  >>	
  merged_stats.txt	
  
echo	
  "Number	
  of	
  reads	
  WGS2	
  (550	
  bp)"	
  >>	
  merged_stats.txt	
  
grep	
  "@"	
  /proj/b2015069/labbe_retinopathy/trimming/paired_dam_rev.fq	
  |	
  wc	
  -­‐l	
  >>	
  merged_stats.txt	
  
echo	
  "Number	
  of	
  merged	
  reads	
  aligned	
  to	
  the	
  reference	
  genome	
  for	
  Dam:"	
  >>	
  merged_stats.txt	
  
grep	
  "@"	
  /proj/b2015069/labbe_retinopathy/merged/merged_reads_dam_rev.fq	
  |	
  wc	
  -­‐l	
  >>	
  merged_stats.txt	
  
echo	
  "-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐"	
  >>	
  merged_stats.txt	
  
#	
  Off1	
  
echo	
  "FWD"	
  >>	
  merged_stats.txt	
  
echo	
  "Number	
  of	
  reads	
  WGS1	
  (350	
  bp)"	
  >>	
  merged_stats.txt	
  
grep	
  "@"	
  /proj/b2015069/WGS1_labbe_retinopathy/trimming/paired_off1_fwd.fq	
  |	
  wc	
  -­‐l	
  >>	
  merged_stats.txt	
  
echo	
  "Number	
  of	
  reads	
  WGS2	
  (550	
  bp)"	
  >>	
  merged_stats.txt	
  
grep	
  "@"	
  /proj/b2015069/labbe_retinopathy/trimming/paired_off1_fwd.fq	
  |	
  wc	
  -­‐l	
  >>	
  merged_stats.txt	
  
echo	
  "Number	
  of	
  merged	
  reads	
  aligned	
  to	
  the	
  reference	
  genome	
  for	
  Off1:"	
  >>	
  merged_stats.txt	
  
grep	
  "@"	
  /proj/b2015069/labbe_retinopathy/merged/merged_reads_off1_fwd.fq	
  |	
  wc	
  -­‐l	
  >>	
  merged_stats.txt	
  
echo	
  "REV"	
  >>	
  merged_stats.txt	
  
echo	
  "Number	
  of	
  reads	
  WGS1	
  (350	
  bp)"	
  >>	
  merged_stats.txt	
  
grep	
  "@"	
  /proj/b2015069/WGS1_labbe_retinopathy/trimming/paired_off1_rev.fq	
  |	
  wc	
  -­‐l	
  >>	
  merged_stats.txt	
  
echo	
  "Number	
  of	
  reads	
  WGS2	
  (550	
  bp)"	
  >>	
  merged_stats.txt	
  
grep	
  "@"	
  /proj/b2015069/labbe_retinopathy/trimming/paired_off1_rev.fq	
  |	
  wc	
  -­‐l	
  >>	
  merged_stats.txt	
  
echo	
  "Number	
  of	
  merged	
  reads	
  aligned	
  to	
  the	
  reference	
  genome	
  for	
  Off1:"	
  >>	
  merged_stats.txt	
  
grep	
  "@"	
  /proj/b2015069/labbe_retinopathy/merged/merged_reads_off1_rev.fq	
  |	
  wc	
  -­‐l	
  >>	
  merged_stats.txt	
  
echo	
  "-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐"	
  >>	
  merged_stats.txt	
   	
  
#	
  Off2	
  
echo	
  "FWD"	
  >>	
  merged_stats.txt	
  
echo	
  "Number	
  of	
  reads	
  WGS1	
  (350	
  bp)"	
  >>	
  merged_stats.txt	
  



	
   50	
  

grep	
  "@"	
  /proj/b2015069/WGS1_labbe_retinopathy/trimming/paired_off2_fwd.fq	
  |	
  wc	
  -­‐l	
  >>	
  merged_stats.txt	
  
echo	
  "Number	
  of	
  reads	
  WGS2	
  (550	
  bp)"	
  >>	
  merged_stats.txt	
  
grep	
  "@"	
  /proj/b2015069/labbe_retinopathy/trimming/paired_off2_fwd.fq	
  |	
  wc	
  -­‐l	
  >>	
  merged_stats.txt	
  
echo	
  "Number	
  of	
  merged	
  reads	
  aligned	
  to	
  the	
  reference	
  genome	
  for	
  Off2:"	
  >>	
  merged_stats.txt	
  
grep	
  "@"	
  /proj/b2015069/labbe_retinopathy/merged/merged_reads_off2_fwd.fq	
  |	
  wc	
  -­‐l	
  >>	
  merged_stats.txt	
  
echo	
  "REV"	
  >>	
  merged_stats.txt	
  
echo	
  "Number	
  of	
  reads	
  WGS1	
  (350	
  bp)"	
  >>	
  merged_stats.txt	
  
grep	
  "@"	
  /proj/b2015069/WGS1_labbe_retinopathy/trimming/paired_off2_rev.fq	
  |	
  wc	
  -­‐l	
  >>	
  merged_stats.txt	
  
echo	
  "Number	
  of	
  reads	
  WGS2	
  (550	
  bp)"	
  >>	
  merged_stats.txt	
  
grep	
  "@"	
  /proj/b2015069/labbe_retinopathy/trimming/paired_off2_rev.fq	
  |	
  wc	
  -­‐l	
  >>	
  merged_stats.txt	
  
echo	
  "Number	
  of	
  merged	
  reads	
  aligned	
  to	
  the	
  reference	
  genome	
  for	
  Off2:"	
  >>	
  merged_stats.txt	
  
grep	
  "@"	
  /proj/b2015069/labbe_retinopathy/merged/merged_reads_off2_rev.fq	
  |	
  wc	
  -­‐l	
  >>	
  merged_stats.txt	
  
echo	
  "-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐"	
  >>	
  merged_stats.txt	
   	
  
	
  

	
  
2.	
  Prepare	
  the	
  dog	
  reference	
  genome	
  (CanFam	
  3.1)	
  for	
  use	
  with	
  BWA	
  and	
  GATK	
  
	
  
#Getting	
  ready	
  the	
  reference	
  genome	
  
module	
  load	
  bioinfo-­‐tools	
  samtools	
  
module	
  load	
  bioinfo-­‐tools	
  java/sun_jdk1.7.0_25	
  
module	
  load	
  bwa	
  
	
  
#Generation	
  BWA	
  index	
  
bwa	
  index	
  /proj/b2015069/canfam3.fasta	
  
	
  
#Generate	
  Fasta	
  file	
  index	
  
samtools	
  faidx	
  /proj/b2015069/canfam3.fasta	
  
	
  
#Generate	
  sequence	
  dictionary	
  
java	
  -­‐Xmx4g	
  /sw/apps/bioinfo/picard/1.92/milou/CreateSequenceDictionary.jar	
  \	
  
	
   REFERENCE=/proj/b2015069/canfam3.fasta	
  \	
  
	
   OUTPUT=/proj/b2015069/canfam3.dict	
  
	
   	
  
#Run	
  this	
  only	
  once	
  if	
  necessary	
  (in	
  case	
  of	
  incompatibilities	
  between	
  contigs	
  reference	
  vs.	
  vcf	
  file	
  eg.	
  "chr1"	
  vs.	
  chr1"	
  
perl	
  -­‐pe	
  's/^([^#])/chr\1/'	
  dbSNP_canis_familiaris.vcf	
  >	
  dbSNP_canis_familiaris_with_chr.vcf	
  
	
  
	
  

3.	
  Alignment	
  of	
  the	
  reads	
  to	
  the	
  reference	
  genome	
  with	
  BWA	
  
	
  
#-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐	
  
#!/bin/bash	
  
#SBATCH	
  -­‐A	
  b2015069	
  
#SBATCH	
  -­‐p	
  core	
  	
  
#SBATCH	
  -­‐n	
  6	
  
#SBATCH	
  -­‐t	
  4-­‐20:00:00	
  
	
  
module	
  load	
  bioinfo-­‐tools	
  
module	
  load	
  bioinfo-­‐tools	
  samtools	
  
module	
  load	
  bioinfo-­‐tools	
  java/sun_jdk1.7.0_25	
  
module	
  load	
  bwa	
  
	
  
#Align	
  the	
  pair	
  end	
  reads	
  to	
  the	
  reference	
  genome	
  
	
  
#mkdir	
  /proj/b2015069/labbe_retinopathy/map_and_mark	
  
	
  
bwa	
  mem	
  -­‐t	
  6	
  -­‐M	
  -­‐R	
  "@RG\tID:@NS500636\tSM:sire\tPL:ILLUMINA\tLB:lib3"	
  \	
  
	
   /proj/b2015069/canfam3.fasta	
  \	
  
	
   /proj/b2015069/labbe_retinopathy/merged/merged_reads_sire_fwd.fq	
  \	
  
	
   /proj/b2015069/labbe_retinopathy/merged/merged_reads_sire_rev.fq	
  \	
  
	
   >	
  /proj/b2015069/labbe_retinopathy/map_and_mark/sire_aligned_reads.sam	
  &	
  
	
  
bwa	
  mem	
  -­‐t	
  6	
  -­‐M	
  -­‐R	
  "@RG\tID:@NS500636\tSM:dam\tPL:ILLUMINA\tLB:lib3"	
  \	
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   /proj/b2015069/canfam3.fasta	
  \	
  
	
   /proj/b2015069/labbe_retinopathy/merged/merged_reads_dam_fwd.fq	
  \	
  
	
   /proj/b2015069/labbe_retinopathy/merged/merged_reads_dam_rev.fq	
  \	
  
	
   >	
  /proj/b2015069/labbe_retinopathy/map_and_mark/dam_aligned_reads.sam	
  &	
  
	
  
bwa	
  mem	
  -­‐t	
  6	
  -­‐M	
  -­‐R	
  "@RG\tID:@NS500636\tSM:off1\tPL:ILLUMINA\tLB:lib3"	
  \	
  
	
   /proj/b2015069/canfam3.fasta	
  \	
  
	
   /proj/b2015069/labbe_retinopathy/merged/merged_reads_off1_fwd.fq	
  \	
  
	
   /proj/b2015069/labbe_retinopathy/merged/merged_reads_off1_rev.fq	
  \	
  
	
   >	
  /proj/b2015069/labbe_retinopathy/map_and_mark/off1_aligned_reads.sam	
  &	
  
	
  
bwa	
  mem	
  -­‐t	
  6	
  -­‐M	
  -­‐R	
  "@RG\tID:@NS500636\tSM:off2\tPL:ILLUMINA\tLB:lib3"	
  \	
  
	
   /proj/b2015069/canfam3.fasta	
  \	
  
	
   /proj/b2015069/labbe_retinopathy/merged/merged_reads_off2_fwd.fq	
  \	
  
	
   /proj/b2015069/labbe_retinopathy/merged/merged_reads_off2_rev.fq	
  \	
  
	
   >	
  /proj/b2015069/labbe_retinopathy/map_and_mark/off2_aligned_reads.sam	
  &	
  
	
  
wait	
  
echo	
  "#####################"	
  
echo	
  "BWA	
  mem	
  done"	
  
	
  
#Check	
  statistics	
  
	
   #Check	
  number	
  of	
  reads	
  aligning	
  to	
  the	
  reference	
  genome	
  
	
   	
   echo	
  "Number	
  of	
  paired	
  reads	
  aligned	
  to	
  the	
  reference	
  genome	
  for	
  Sire:"	
  >	
  first_stats.txt	
  
	
   	
   samtools	
  view	
  -­‐S	
  -­‐F0x4	
  /proj/b2015069/labbe_retinopathy/map_and_mark/sire_aligned_reads.sam	
  |	
  wc	
  -­‐l	
  >>	
  
first_stats.txt	
  
	
   	
   echo	
  "Number	
  of	
  single	
  reads	
  aligned	
  to	
  the	
  reference	
  genome	
  for	
  Sire	
  "	
  >>	
  first_stats.txt	
  
	
   	
   samtools	
  view	
  -­‐S	
  -­‐f0x4	
  /proj/b2015069/labbe_retinopathy/map_and_mark/sire_aligned_reads.sam	
  |	
  wc	
  -­‐l	
  >>	
  
first_stats.txt	
  
	
   	
   	
  
	
   	
   echo	
  "Number	
  of	
  paired	
  reads	
  aligned	
  to	
  the	
  reference	
  genome	
  for	
  Dam:"	
  >>	
  first_stats.txt	
  
	
   	
   samtools	
  view	
  -­‐S	
  -­‐F0x4	
  /proj/b2015069/labbe_retinopathy/map_and_mark/dam_aligned_reads.sam	
  |	
  wc	
  -­‐l	
  >>	
  
first_stats.txt	
  
	
   	
   echo	
  "Number	
  of	
  single	
  reads	
  aligned	
  to	
  the	
  reference	
  genome	
  for	
  Dam"	
  >>	
  first_stats.txt	
  
	
   	
   samtools	
  view	
  -­‐S	
  -­‐f0x4	
  /proj/b2015069/labbe_retinopathy/map_and_mark/dam_aligned_reads.sam	
  |	
  wc	
  -­‐l	
  >>	
  
first_stats.txt	
  
	
   	
   	
  
	
   	
   echo	
  "Number	
  of	
  paired	
  reads	
  aligned	
  to	
  the	
  reference	
  genome	
  for	
  Off1:"	
  >>	
  first_stats.txt	
  
	
   	
   samtools	
  view	
  -­‐S	
  -­‐F0x4	
  /proj/b2015069/labbe_retinopathy/map_and_mark/off1_aligned_reads.sam	
  |	
  wc	
  -­‐l	
  >>	
  
first_stats.txt	
  
	
   	
   echo	
  "Number	
  of	
  single	
  reads	
  aligned	
  to	
  the	
  reference	
  genome	
  for	
  Off1"	
  >>	
  first_stats.txt	
  
	
   	
   samtools	
  view	
  -­‐S	
  -­‐f0x4	
  /proj/b2015069/labbe_retinopathy/map_and_mark/off1_aligned_reads.sam	
  |	
  wc	
  -­‐l	
  >>	
  
first_stats.txt	
  
	
   	
   	
  
	
   	
   echo	
  "Number	
  of	
  paired	
  reads	
  aligned	
  to	
  the	
  reference	
  genome	
  for	
  off2:"	
  >>	
  first_stats.txt	
  
	
   	
   samtools	
  view	
  -­‐S	
  -­‐F0x4	
  /proj/b2015069/labbe_retinopathy/map_and_mark/off2_aligned_reads.sam	
  |	
  wc	
  -­‐l	
  >>	
  
first_stats.txt	
  
	
   	
   echo	
  "Number	
  of	
  single	
  reads	
  aligned	
  to	
  the	
  reference	
  genome	
  for	
  off2"	
  >>	
  first_stats.txt	
  
	
   	
   samtools	
  view	
  -­‐S	
  -­‐f0x4	
  /proj/b2015069/labbe_retinopathy/map_and_mark/off2_aligned_reads.sam	
  |	
  wc	
  -­‐l	
  >>	
  
first_stats.txt	
  
	
   echo	
  "Statistics	
  done"	
  
	
   #Now	
  we	
  can	
  check	
  the	
  statistics	
  in	
  the	
  first_stats.txt	
  file	
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4.	
  GATK	
  worflow	
  
	
  
#Sort	
  the	
  SAM	
  and	
  convert	
  it	
  to	
  BAM	
  
java	
  -­‐jar	
  -­‐Xmx11g	
  /sw/apps/bioinfo/picard/1.92/milou/SortSam.jar	
  \	
  
	
   INPUT=/proj/b2015069/labbe_retinopathy/map_and_mark/sire_aligned_reads.sam	
  \	
  
	
   OUTPUT=/proj/b2015069/labbe_retinopathy/map_and_mark/sorted_reads_sire.bam	
  \	
  
	
   SORT_ORDER=coordinate	
  &	
  
	
  
java	
  -­‐jar	
  -­‐Xmx11g	
  /sw/apps/bioinfo/picard/1.92/milou/SortSam.jar	
  \	
  
	
   INPUT=/proj/b2015069/labbe_retinopathy/map_and_mark/dam_aligned_reads.sam	
  \	
  
	
   OUTPUT=/proj/b2015069/labbe_retinopathy/map_and_mark/sorted_reads_dam.bam	
  \	
  
	
   SORT_ORDER=coordinate	
  &	
  
	
   	
  
java	
  -­‐jar	
  -­‐Xmx11g	
  /sw/apps/bioinfo/picard/1.92/milou/SortSam.jar	
  \	
  
	
   INPUT=/proj/b2015069/labbe_retinopathy/map_and_mark/off1_aligned_reads.sam	
  \	
  
	
   OUTPUT=/proj/b2015069/labbe_retinopathy/map_and_mark/sorted_reads_off1.bam	
  \	
  
	
   SORT_ORDER=coordinate	
  &	
  
	
   	
  
java	
  -­‐jar	
  -­‐Xmx11g	
  /sw/apps/bioinfo/picard/1.92/milou/SortSam.jar	
  \	
  
	
   INPUT=/proj/b2015069/labbe_retinopathy/map_and_mark/off2_aligned_reads.sam	
  \	
  
	
   OUTPUT=/proj/b2015069/labbe_retinopathy/map_and_mark/sorted_reads_off2.bam	
  \	
  
	
   SORT_ORDER=coordinate	
  &	
  
	
  
wait	
  
echo	
  "#####################"	
  
echo	
  "SortSam	
  done"	
  
	
  
	
  
#Mark	
  duplicates	
  	
  
java	
  -­‐jar	
  -­‐Xmx11g	
  /sw/apps/bioinfo/picard/1.92/milou/MarkDuplicates.jar	
  \	
  
	
   INPUT=/proj/b2015069/labbe_retinopathy/map_and_mark/sorted_reads_sire.bam	
  \	
  
	
   OUTPUT=/proj/b2015069/labbe_retinopathy/map_and_mark/dedup_reads_sire.bam	
  \	
  
	
   METRICS_FILE=metrics_sire.txt	
  &	
  
	
  
java	
  -­‐jar	
  -­‐Xmx11g	
  /sw/apps/bioinfo/picard/1.92/milou/MarkDuplicates.jar	
  \	
  
	
   INPUT=/proj/b2015069/labbe_retinopathy/map_and_mark/sorted_reads_dam.bam	
  \	
  
	
   OUTPUT=/proj/b2015069/labbe_retinopathy/map_and_mark/dedup_reads_dam.bam	
  \	
  
	
   METRICS_FILE=metrics_dam.txt	
  &	
  
	
  
java	
  -­‐jar	
  -­‐Xmx11g	
  /sw/apps/bioinfo/picard/1.92/milou/MarkDuplicates.jar	
  \	
  
	
   INPUT=/proj/b2015069/labbe_retinopathy/map_and_mark/sorted_reads_off1.bam	
  \	
  
	
   OUTPUT=/proj/b2015069/labbe_retinopathy/map_and_mark/dedup_reads_off1.bam	
  \	
  
	
   METRICS_FILE=metrics_off1.txt	
  &	
  
	
  
java	
  -­‐jar	
  -­‐Xmx11g	
  /sw/apps/bioinfo/picard/1.92/milou/MarkDuplicates.jar	
  \	
  
	
   INPUT=/proj/b2015069/labbe_retinopathy/map_and_mark/sorted_reads_off2.bam	
  \	
  
	
   OUTPUT=/proj/b2015069/labbe_retinopathy/map_and_mark/dedup_reads_off2.bam	
  \	
  
	
   METRICS_FILE=metrics_off2.txt	
  &	
  
	
  
wait	
  
echo	
  "#####################"	
  
echo	
  "MarkDuplicates	
  done"	
  
	
  
#Index	
  BAM	
  files	
  
java	
  -­‐jar	
  -­‐Xmx8g	
  /sw/apps/bioinfo/picard/1.92/milou/BuildBamIndex.jar	
  \	
  
	
   INPUT=/proj/b2015069/labbe_retinopathy/map_and_mark/dedup_reads_sire.bam	
  &	
  
	
  
java	
  -­‐jar	
  -­‐Xmx8g	
  /sw/apps/bioinfo/picard/1.92/milou/BuildBamIndex.jar	
  \	
  
	
   INPUT=/proj/b2015069/labbe_retinopathy/map_and_mark/dedup_reads_dam.bam	
  &	
  
	
  
java	
  -­‐jar	
  -­‐Xmx8g	
  /sw/apps/bioinfo/picard/1.92/milou/BuildBamIndex.jar	
  \	
  
	
   INPUT=/proj/b2015069/labbe_retinopathy/map_and_mark/dedup_reads_off1.bam	
  &	
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java	
  -­‐jar	
  -­‐Xmx8g	
  /sw/apps/bioinfo/picard/1.92/milou/BuildBamIndex.jar	
  \	
  
	
   INPUT=/proj/b2015069/labbe_retinopathy/map_and_mark/dedup_reads_off2.bam	
  &	
  
	
  
wait	
  
echo	
  "#####################"	
  
echo	
  "BuilBamIndex	
  done;	
  now	
  time	
  for	
  IGV"	
  
	
  
#-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐	
  
#!/bin/bash	
  
#SBATCH	
  -­‐A	
  b2015069	
  
#SBATCH	
  -­‐p	
  core	
  	
  
#SBATCH	
  -­‐n	
  4	
  
#SBATCH	
  -­‐t	
  2-­‐10:00:00	
  
	
  
#Check	
  statistics	
  of	
  the	
  reads	
  used:	
  quality,	
  genome	
  coverage,	
  GC%,	
  etc	
  
module	
  load	
  bioinfo-­‐tools	
  
module	
  load	
  bioinfo-­‐tools	
  java/sun_jdk1.7.0_25	
  
module	
  load	
  R/3.1.0	
  
module	
  load	
  BEDTools/2.23.0	
  
	
  
mkdir	
  /proj/b2015069/labbe_retinopathy/map_and_mark/reads_stats_qual	
  
	
  
	
   #1	
  Check	
  number	
  of	
  reads	
  pair-­‐end	
  aligned,	
  single	
  end	
  aligned,	
  duplicates,	
  etc.	
  
	
   	
  
java	
  -­‐Xmx7g	
  -­‐jar	
  /sw/apps/bioinfo/GATK/3.3.0/GenomeAnalysisTK.jar	
  \	
  
	
  	
  	
   -­‐T	
  FlagStat	
  \	
  
	
  	
  	
   -­‐nct	
  4	
  \	
  
	
  	
  	
  	
   -­‐R	
  /proj/b2015069/canfam3.fasta	
  \	
  
	
  	
  	
  	
   -­‐I	
  /proj/b2015069/labbe_retinopathy/map_and_mark/dedup_reads_sire.bam	
  \	
  
	
  	
  	
  	
   -­‐o	
  /proj/b2015069/labbe_retinopathy/map_and_mark/reads_stats_qual/stats_num_reads_sire.txt	
  &	
  
	
  
java	
  -­‐Xmx7g	
  -­‐jar	
  /sw/apps/bioinfo/GATK/3.3.0/GenomeAnalysisTK.jar	
  \	
  
	
  	
  	
   -­‐T	
  FlagStat	
  \	
  
	
  	
  	
   -­‐nct	
  4	
  \	
  
	
  	
  	
  	
   -­‐R	
  /proj/b2015069/canfam3.fasta	
  \	
  
	
  	
  	
  	
   -­‐I	
  /proj/b2015069/labbe_retinopathy/map_and_mark/dedup_reads_dam.bam	
  \	
  
	
  	
  	
  	
   -­‐o	
  /proj/b2015069/labbe_retinopathy/map_and_mark/reads_stats_qual/stats_num_reads_dam.txt	
  &	
  
	
  
java	
  -­‐Xmx7g	
  -­‐jar	
  /sw/apps/bioinfo/GATK/3.3.0/GenomeAnalysisTK.jar	
  \	
  
	
  	
  	
   -­‐T	
  FlagStat	
  \	
  
	
  	
  	
   -­‐nct	
  4	
  \	
  
	
  	
  	
  	
   -­‐R	
  /proj/b2015069/canfam3.fasta	
  \	
  
	
  	
  	
  	
   -­‐I	
  /proj/b2015069/labbe_retinopathy/map_and_mark/dedup_reads_off1.bam	
  \	
  
	
  	
  	
  	
   -­‐o	
  /proj/b2015069/labbe_retinopathy/map_and_mark/reads_stats_qual/stats_num_reads_off1.txt	
  &	
  
	
  
java	
  -­‐Xmx7g	
  -­‐jar	
  /sw/apps/bioinfo/GATK/3.3.0/GenomeAnalysisTK.jar	
  \	
  
	
  	
  	
   -­‐T	
  FlagStat	
  \	
  
	
  	
  	
   -­‐nct	
  4	
  \	
  
	
  	
  	
  	
   -­‐R	
  /proj/b2015069/canfam3.fasta	
  \	
  
	
  	
  	
  	
   -­‐I	
  /proj/b2015069/labbe_retinopathy/map_and_mark/dedup_reads_off2.bam	
  \	
  
	
  	
  	
  	
   -­‐o	
  /proj/b2015069/labbe_retinopathy/map_and_mark/reads_stats_qual/stats_num_reads_off2.txt	
  &	
  
	
  
	
   #2	
  Check	
  metrics	
  quality	
  of	
  the	
  reads	
  used	
  for	
  mapping	
  
	
  
java	
  -­‐Xmx7g	
  -­‐jar	
  /sw/apps/bioinfo/picard/1.92/milou/CollectMultipleMetrics.jar	
  \	
  
	
  	
  	
  	
   R=/proj/b2015069/canfam3.fasta	
  \	
  
	
  	
  	
  	
   I=/proj/b2015069/labbe_retinopathy/map_and_mark/sorted_reads_sire.bam	
  \	
  
	
  	
  	
  	
   O=/proj/b2015069/labbe_retinopathy/map_and_mark/reads_stats_qual/sire_metrics	
  &	
  
	
  	
  	
  	
   	
   	
  
java	
  -­‐Xmx7g	
  -­‐jar	
  /sw/apps/bioinfo/picard/1.92/milou/CollectMultipleMetrics.jar	
  \	
  
	
  	
  	
  	
   R=/proj/b2015069/canfam3.fasta	
  \	
  
	
  	
  	
  	
   I=/proj/b2015069/labbe_retinopathy/map_and_mark/sorted_reads_dam.bam	
  \	
  
	
  	
  	
  	
   O=/proj/b2015069/labbe_retinopathy/map_and_mark/reads_stats_qual/dam_metrics	
  &	
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java	
  -­‐Xmx7g	
  -­‐jar	
  /sw/apps/bioinfo/picard/1.92/milou/CollectMultipleMetrics.jar	
  \	
  
	
  	
  	
  	
   R=/proj/b2015069/canfam3.fasta	
  \	
  
	
  	
  	
  	
   I=/proj/b2015069/labbe_retinopathy/map_and_mark/sorted_reads_off1.bam	
  \	
  
	
  	
  	
  	
   O=/proj/b2015069/labbe_retinopathy/map_and_mark/reads_stats_qual/off1_metrics	
  &	
  
	
  	
  	
  	
   	
   	
  
java	
  -­‐Xmx7g	
  -­‐jar	
  /sw/apps/bioinfo/picard/1.92/milou/CollectMultipleMetrics.jar	
  \	
  
	
  	
  	
  	
   R=/proj/b2015069/canfam3.fasta	
  \	
  
	
  	
  	
  	
   I=/proj/b2015069/labbe_retinopathy/map_and_mark/sorted_reads_off2.bam	
  \	
  
	
  	
  	
  	
   O=/proj/b2015069/labbe_retinopathy/map_and_mark/reads_stats_qual/off2_metrics	
  &	
  
	
  
	
   #3	
  Check	
  coverage	
  
	
  
java	
  -­‐Xmx7g	
  -­‐jar	
  /sw/apps/bioinfo/GATK/3.3.0/GenomeAnalysisTK.jar	
  \	
  
	
   -­‐T	
  DepthOfCoverage	
  \	
  
	
   -­‐R	
  /proj/b2015069/canfam3.fasta	
  \	
  
	
   -­‐I	
  /proj/b2015069/labbe_retinopathy/map_and_mark/dedup_reads_sire.bam	
  \	
  
	
   -­‐o	
  /proj/b2015069/labbe_retinopathy/map_and_mark/reads_stats_qual/coverage_sire.txt	
  	
  
	
  
java	
  -­‐Xmx7g	
  -­‐jar	
  /sw/apps/bioinfo/GATK/3.3.0/GenomeAnalysisTK.jar	
  \	
  
	
   -­‐T	
  DepthOfCoverage	
  \	
  
	
   -­‐R	
  /proj/b2015069/canfam3.fasta	
  \	
  
	
   -­‐I	
  /proj/b2015069/labbe_retinopathy/map_and_mark/dedup_reads_dam.bam	
  \	
  
	
   -­‐o	
  /proj/b2015069/labbe_retinopathy/map_and_mark/reads_stats_qual/coverage_dam.txt	
  
	
  
java	
  -­‐Xmx7g	
  -­‐jar	
  /sw/apps/bioinfo/GATK/3.3.0/GenomeAnalysisTK.jar	
  \	
  
	
   -­‐T	
  DepthOfCoverage	
  \	
  
	
   -­‐R	
  /proj/b2015069/canfam3.fasta	
  \	
  
	
   -­‐I	
  /proj/b2015069/labbe_retinopathy/map_and_mark/dedup_reads_off1.bam	
  \	
  
	
   -­‐o	
  /proj/b2015069/labbe_retinopathy/map_and_mark/reads_stats_qual/coverage_off1.txt	
  
	
   	
  
java	
  -­‐Xmx7g	
  -­‐jar	
  /sw/apps/bioinfo/GATK/3.3.0/GenomeAnalysisTK.jar	
  \	
  
	
   -­‐T	
  DepthOfCoverage	
  \	
  
	
   -­‐R	
  /proj/b2015069/canfam3.fasta	
  \	
  
	
   -­‐I	
  /proj/b2015069/labbe_retinopathy/map_and_mark/dedup_reads_off2.bam	
  \	
  
	
   -­‐o	
  /proj/b2015069/labbe_retinopathy/map_and_mark/reads_stats_qual/coverage_off2.txt	
  	
  
	
  
#-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐	
  
#!/bin/bash	
  
#SBATCH	
  -­‐A	
  b2015069	
  
#SBATCH	
  -­‐p	
  core	
  	
  
#SBATCH	
  -­‐n	
  6	
  
#SBATCH	
  -­‐t	
  2-­‐20:00:00	
  
	
  
#Local	
  Realignment	
  around	
  indels	
  
#Determining	
  small	
  suspicious	
  intervals	
  which	
  need	
  realignment	
  with	
  RealignerTargetCreator	
  
	
  
module	
  load	
  bioinfo-­‐tools	
  
module	
  load	
  bioinfo-­‐tools	
  java/sun_jdk1.7.0_25	
  
	
  
#mkdir	
  /proj/b2015069/labbe_retinopathy/indel_realignment	
  
	
  
java	
  -­‐Xmx10g	
  -­‐jar	
  /sw/apps/bioinfo/GATK/3.3.0/GenomeAnalysisTK.jar	
  \	
  
	
   -­‐nt	
  6	
  \	
  
	
   -­‐T	
  RealignerTargetCreator	
  \	
  
	
   -­‐R	
  /proj/b2015069/canfam3.fasta	
  	
  \	
  
	
   -­‐I	
  /proj/b2015069/labbe_retinopathy/map_and_mark/dedup_reads_sire.bam	
  \	
  
	
   -­‐o	
  /proj/b2015069/labbe_retinopathy/indel_realignment/target_intervals_list_sire.list	
  &	
  
	
   	
  
java	
  -­‐Xmx10g	
  -­‐jar	
  /sw/apps/bioinfo/GATK/3.3.0/GenomeAnalysisTK.jar	
  \	
  
	
   -­‐nt	
  6	
  \	
  
	
   -­‐T	
  RealignerTargetCreator	
  \	
  
	
   -­‐R	
  /proj/b2015069/canfam3.fasta	
  	
  \	
  



	
   55	
  

	
   -­‐I	
  /proj/b2015069/labbe_retinopathy/map_and_mark/dedup_reads_dam.bam	
  \	
  
	
   -­‐o	
  /proj/b2015069/labbe_retinopathy/indel_realignment/target_intervals_list_dam.list	
  &	
  
	
  
java	
  -­‐Xmx10g	
  -­‐jar	
  /sw/apps/bioinfo/GATK/3.3.0/GenomeAnalysisTK.jar	
  \	
  
	
   -­‐nt	
  6	
  \	
  
	
   -­‐T	
  RealignerTargetCreator	
  \	
  
	
   -­‐R	
  /proj/b2015069/canfam3.fasta	
  	
  \	
  
	
   -­‐I	
  /proj/b2015069/labbe_retinopathy/map_and_mark/dedup_reads_off1.bam	
  \	
  
	
   -­‐o	
  /proj/b2015069/labbe_retinopathy/indel_realignment/target_intervals_list_off1.list	
  &	
  
	
  
java	
  -­‐Xmx10g	
  -­‐jar	
  /sw/apps/bioinfo/GATK/3.3.0/GenomeAnalysisTK.jar	
  \	
  
	
   -­‐nt	
  6	
  \	
  
	
   -­‐T	
  RealignerTargetCreator	
  \	
  
	
   -­‐R	
  /proj/b2015069/canfam3.fasta	
  	
  \	
  
	
   -­‐I	
  /proj/b2015069/labbe_retinopathy/map_and_mark/dedup_reads_off2.bam	
  \	
  
	
   -­‐o	
  /proj/b2015069/labbe_retinopathy/indel_realignment/target_intervals_list_off2.list	
  &	
  
	
   	
  
echo	
  "RealignerTargetCreator	
  done"	
  
wait	
  
	
  
	
  
	
   #Running	
  the	
  realigner	
  over	
  those	
  suspicious	
  intervals	
  with	
  IndelRealigner	
  
java	
  -­‐Xmx5g	
  -­‐jar	
  /sw/apps/bioinfo/GATK/3.3.0/GenomeAnalysisTK.jar	
  \	
  
	
   -­‐T	
  IndelRealigner	
  \	
  
	
   -­‐R	
  /proj/b2015069/canfam3.fasta	
  \	
  
	
   -­‐I	
  /proj/b2015069/labbe_retinopathy/map_and_mark/dedup_reads_sire.bam	
  \	
  
	
   -­‐targetIntervals	
  /proj/b2015069/labbe_retinopathy/indel_realignment/target_intervals_list_sire.list	
  \	
  
	
   -­‐o	
  /proj/b2015069/labbe_retinopathy/indel_realignment/realigned_reads_sire.bam	
  	
  
	
  
java	
  -­‐Xmx5g	
  -­‐jar	
  /sw/apps/bioinfo/GATK/3.3.0/GenomeAnalysisTK.jar	
  \	
  
	
   -­‐T	
  IndelRealigner	
  \	
  
	
   -­‐R	
  /proj/b2015069/canfam3.fasta	
  \	
  
	
   -­‐I	
  /proj/b2015069/labbe_retinopathy/map_and_mark/dedup_reads_dam.bam	
  \	
  
	
   -­‐targetIntervals	
  /proj/b2015069/labbe_retinopathy/indel_realignment/target_intervals_list_dam.list	
  \	
  
	
   -­‐o	
  /proj/b2015069/labbe_retinopathy/indel_realignment/realigned_reads_dam.bam	
  	
  
	
  
java	
  -­‐Xmx5g	
  -­‐jar	
  /sw/apps/bioinfo/GATK/3.3.0/GenomeAnalysisTK.jar	
  \	
  
	
   -­‐T	
  IndelRealigner	
  \	
  
	
   -­‐R	
  /proj/b2015069/canfam3.fasta	
  \	
  
	
   -­‐I	
  /proj/b2015069/labbe_retinopathy/map_and_mark/dedup_reads_off1.bam	
  \	
  
	
   -­‐targetIntervals	
  /proj/b2015069/labbe_retinopathy/indel_realignment/target_intervals_list_off1.list	
  \	
  
	
   -­‐o	
  /proj/b2015069/labbe_retinopathy/indel_realignment/realigned_reads_off1.bam	
  	
  
	
  
java	
  -­‐Xmx5g	
  -­‐jar	
  /sw/apps/bioinfo/GATK/3.3.0/GenomeAnalysisTK.jar	
  \	
  
	
   -­‐T	
  IndelRealigner	
  \	
  
	
   -­‐R	
  /proj/b2015069/canfam3.fasta	
  \	
  
	
   -­‐I	
  /proj/b2015069/labbe_retinopathy/map_and_mark/dedup_reads_off2.bam	
  \	
  
	
   -­‐targetIntervals	
  /proj/b2015069/labbe_retinopathy/indel_realignment/target_intervals_list_off2.list	
  \	
  
	
   -­‐o	
  /proj/b2015069/labbe_retinopathy/indel_realignment/realigned_reads_off2.bam	
  	
  
	
  
echo	
  "IndelRealigner	
  done"	
  
wait	
  
	
  
	
  
#Base	
  Quality	
  Score	
  Recalibration	
  
mkdir	
  /proj/b2015069/labbe_retinopathy/base_recalibrator	
  
	
  
	
   #Analyze	
  patterns	
  of	
  covariation	
  in	
  the	
  sequence	
  dataset	
  using	
  BaseRecalibrator	
  
java	
  -­‐Xmx10g	
  -­‐jar	
  /sw/apps/bioinfo/GATK/3.3.0/GenomeAnalysisTK.jar	
  \	
  
	
   -­‐nct	
  6	
  \	
  
	
   -­‐T	
  BaseRecalibrator	
  \	
  
	
   -­‐R	
  /proj/b2015069/canfam3.fasta	
  \	
  
	
   -­‐I	
  /proj/b2015069/labbe_retinopathy/indel_realignment/realigned_reads_sire.bam	
  \	
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   -­‐knownSites	
  /proj/b2015069/dbSNP_canis_familiaris.vcf	
  \	
  
	
   -­‐o	
  /proj/b2015069/labbe_retinopathy/base_recalibrator/recalibrated_data_sire.table	
  &	
  
	
  
java	
  -­‐Xmx10g	
  -­‐jar	
  /sw/apps/bioinfo/GATK/3.3.0/GenomeAnalysisTK.jar	
  \	
  
	
   -­‐nct	
  6	
  \	
  
	
   -­‐T	
  BaseRecalibrator	
  \	
  
	
   -­‐R	
  /proj/b2015069/canfam3.fasta	
  \	
  
	
   -­‐I	
  /proj/b2015069/labbe_retinopathy/indel_realignment/realigned_reads_dam.bam	
  \	
  
	
   -­‐knownSites	
  /proj/b2015069/dbSNP_canis_familiaris.vcf	
  \	
  
	
   -­‐o	
  /proj/b2015069/labbe_retinopathy/base_recalibrator/recalibrated_data_dam.table	
  &	
  
	
  
java	
  -­‐Xmx10g	
  -­‐jar	
  /sw/apps/bioinfo/GATK/3.3.0/GenomeAnalysisTK.jar	
  \	
  
	
   -­‐nct	
  6	
  \	
  
	
   -­‐T	
  BaseRecalibrator	
  \	
  
	
   -­‐R	
  /proj/b2015069/canfam3.fasta	
  \	
  
	
   -­‐I	
  /proj/b2015069/labbe_retinopathy/indel_realignment/realigned_reads_off1.bam	
  \	
  
	
   -­‐knownSites	
  /proj/b2015069/dbSNP_canis_familiaris.vcf	
  \	
  
	
   -­‐o	
  /proj/b2015069/labbe_retinopathy/base_recalibrator/recalibrated_data_off1.table	
  &	
  
	
  
java	
  -­‐Xmx10g	
  -­‐jar	
  /sw/apps/bioinfo/GATK/3.3.0/GenomeAnalysisTK.jar	
  \	
  
	
   -­‐nct	
  6	
  \	
  
	
   -­‐T	
  BaseRecalibrator	
  \	
  
	
   -­‐R	
  /proj/b2015069/canfam3.fasta	
  \	
  
	
   -­‐I	
  /proj/b2015069/labbe_retinopathy/indel_realignment/realigned_reads_off2.bam	
  \	
  
	
   -­‐knownSites	
  /proj/b2015069/dbSNP_canis_familiaris.vcf	
  \	
  
	
   -­‐o	
  /proj/b2015069/labbe_retinopathy/base_recalibrator/recalibrated_data_off2.table	
  &	
  
	
  
wait	
  
echo	
  "#####################"	
  
echo	
  "BaseRecalibrator	
  1	
  done"	
  
	
  
	
   #Analysis	
  of	
  the	
  covariation	
  remaining	
  after	
  recalibration	
  using	
  BaseRecalibrator	
  again.	
  
java	
  -­‐Xmx10g	
  -­‐jar	
  /sw/apps/bioinfo/GATK/3.3.0/GenomeAnalysisTK.jar	
  \	
  
	
   -­‐nct	
  6	
  \	
  
	
   -­‐T	
  BaseRecalibrator	
  \	
  
	
   -­‐R	
  /proj/b2015069/canfam3.fasta	
  \	
  
	
   -­‐I	
  /proj/b2015069/labbe_retinopathy/indel_realignment/realigned_reads_sire.bam	
  \	
  
	
   -­‐knownSites	
  /proj/b2015069/dbSNP_canis_familiaris.vcf	
  \	
  
	
   -­‐BQSR	
  /proj/b2015069/labbe_retinopathy/base_recalibrator/recalibrated_data_sire.table	
  \	
  
	
   -­‐o	
  /proj/b2015069/labbe_retinopathy/base_recalibrator/post_recalibrated_data_sire.table	
  &	
  
	
   	
  
java	
  -­‐Xmx10g	
  -­‐jar	
  /sw/apps/bioinfo/GATK/3.3.0/GenomeAnalysisTK.jar	
  \	
  
	
   -­‐nct	
  6	
  \	
  
	
   -­‐T	
  BaseRecalibrator	
  \	
  
	
   -­‐R	
  /proj/b2015069/canfam3.fasta	
  \	
  
	
   -­‐I	
  /proj/b2015069/labbe_retinopathy/indel_realignment/realigned_reads_dam.bam	
  \	
  
	
   -­‐knownSites	
  /proj/b2015069/dbSNP_canis_familiaris.vcf	
  \	
  
	
   -­‐BQSR	
  /proj/b2015069/labbe_retinopathy/base_recalibrator/recalibrated_data_dam.table	
  \	
  
	
   -­‐o	
  /proj/b2015069/labbe_retinopathy/base_recalibrator/post_recalibrated_data_dam.table	
  &	
  
	
  
java	
  -­‐Xmx10g	
  -­‐jar	
  /sw/apps/bioinfo/GATK/3.3.0/GenomeAnalysisTK.jar	
  \	
  
	
   -­‐nct	
  6	
  \	
  
	
   -­‐T	
  BaseRecalibrator	
  \	
  
	
   -­‐R	
  /proj/b2015069/canfam3.fasta	
  \	
  
	
   -­‐I	
  /proj/b2015069/labbe_retinopathy/indel_realignment/realigned_reads_off1.bam	
  \	
  
	
   -­‐knownSites	
  /proj/b2015069/dbSNP_canis_familiaris.vcf	
  \	
  
	
   -­‐BQSR	
  /proj/b2015069/labbe_retinopathy/base_recalibrator/recalibrated_data_off1.table	
  \	
  
	
   -­‐o	
  /proj/b2015069/labbe_retinopathy/base_recalibrator/post_recalibrated_data_off1.table	
  &	
  
	
  
java	
  -­‐Xmx10g	
  -­‐jar	
  /sw/apps/bioinfo/GATK/3.3.0/GenomeAnalysisTK.jar	
  \	
  
	
   -­‐nct	
  6	
  \	
  
	
   -­‐T	
  BaseRecalibrator	
  \	
  
	
   -­‐R	
  /proj/b2015069/canfam3.fasta	
  \	
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   -­‐I	
  /proj/b2015069/labbe_retinopathy/indel_realignment/realigned_reads_off2.bam	
  \	
  
	
   -­‐knownSites	
  /proj/b2015069/dbSNP_canis_familiaris.vcf	
  \	
  
	
   -­‐BQSR	
  /proj/b2015069/labbe_retinopathy/base_recalibrator/recalibrated_data_off2.table	
  \	
  
	
   -­‐o	
  /proj/b2015069/labbe_retinopathy/base_recalibrator/post_recalibrated_data_off2.table	
  &	
  
	
   	
  
wait	
  
echo	
  "#####################"	
  
echo	
  "BaseRecalibrator	
  2	
  done"	
  
	
  
	
  
	
   #Apply	
  recalibration	
  to	
  the	
  sequence	
  data.	
  
java	
  -­‐Xmx10g	
  -­‐jar	
  /sw/apps/bioinfo/GATK/3.3.0/GenomeAnalysisTK.jar	
  \	
  
	
   -­‐nct	
  6	
  \	
  
	
   -­‐T	
  PrintReads	
  \	
  
	
   -­‐R	
  /proj/b2015069/canfam3.fasta	
  \	
  
	
   -­‐I	
  /proj/b2015069/labbe_retinopathy/indel_realignment/realigned_reads_sire.bam	
  \	
  
	
   -­‐BQSR	
  /proj/b2015069/labbe_retinopathy/base_recalibrator/recalibrated_data_sire.table	
  \	
  
	
   -­‐o	
  /proj/b2015069/labbe_retinopathy/base_recalibrator/final_recalibrated_reads_sire.bam	
  &	
  
	
  
java	
  -­‐Xmx10g	
  -­‐jar	
  /sw/apps/bioinfo/GATK/3.3.0/GenomeAnalysisTK.jar	
  \	
  
	
   -­‐nct	
  6	
  \	
  
	
   -­‐T	
  PrintReads	
  \	
  
	
   -­‐R	
  /proj/b2015069/canfam3.fasta	
  \	
  
	
   -­‐I	
  /proj/b2015069/labbe_retinopathy/indel_realignment/realigned_reads_dam.bam	
  \	
  
	
   -­‐BQSR	
  /proj/b2015069/labbe_retinopathy/base_recalibrator/recalibrated_data_dam.table	
  \	
  
	
   -­‐o	
  /proj/b2015069/labbe_retinopathy/base_recalibrator/final_recalibrated_reads_dam.bam	
  &	
  
	
  
java	
  -­‐Xmx10g	
  -­‐jar	
  /sw/apps/bioinfo/GATK/3.3.0/GenomeAnalysisTK.jar	
  \	
  
	
   -­‐nct	
  6	
  \	
  
	
   -­‐T	
  PrintReads	
  \	
  
	
   -­‐R	
  /proj/b2015069/canfam3.fasta	
  \	
  
	
   -­‐I	
  /proj/b2015069/labbe_retinopathy/indel_realignment/realigned_reads_off1.bam	
  \	
  
	
   -­‐BQSR	
  /proj/b2015069/labbe_retinopathy/base_recalibrator/recalibrated_data_off1.table	
  \	
  
	
   -­‐o	
  /proj/b2015069/labbe_retinopathy/base_recalibrator/final_recalibrated_reads_off1.bam	
  &	
  
	
  
java	
  -­‐Xmx10g	
  -­‐jar	
  /sw/apps/bioinfo/GATK/3.3.0/GenomeAnalysisTK.jar	
  \	
  
	
   -­‐nct	
  6	
  \	
  
	
   -­‐T	
  PrintReads	
  \	
  
	
   -­‐R	
  /proj/b2015069/canfam3.fasta	
  \	
  
	
   -­‐I	
  /proj/b2015069/labbe_retinopathy/indel_realignment/realigned_reads_off2.bam	
  \	
  
	
   -­‐BQSR	
  /proj/b2015069/labbe_retinopathy/base_recalibrator/recalibrated_data_off2.table	
  \	
  
	
   -­‐o	
  /proj/b2015069/labbe_retinopathy/base_recalibrator/final_recalibrated_reads_off2.bam	
  &	
  
	
  
wait	
  
echo	
  "#####################"	
  
echo	
  "PrintReads	
  done"	
  
	
  
#-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐	
  
#!/bin/bash	
  
#SBATCH	
  -­‐A	
  b2015069	
  
#SBATCH	
  -­‐p	
  core	
  	
  
#SBATCH	
  -­‐n	
  6	
  
#SBATCH	
  -­‐t	
  5-­‐10:00:00	
  
	
  
#Variant	
  discovery	
  
	
  
module	
  load	
  bioinfo-­‐tools	
  
module	
  load	
  bioinfo-­‐tools	
  java/sun_jdk1.7.0_25	
  
	
  
#mkdir	
  /proj/b2015069/labbe_retinopathy/variant_discovery	
  
#mkdir	
  /proj/b2015069/labbe_retinopathy/variant_discovery/calling_variants	
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#Calling	
  variants	
  with	
  Haplotype	
  Caller	
  in	
  gVCF	
  file	
  format	
  
	
  
java	
  -­‐Xmx48g	
  -­‐jar	
  /sw/apps/bioinfo/GATK/3.3.0/GenomeAnalysisTK.jar	
  \	
  
	
   -­‐T	
  HaplotypeCaller	
  \	
  
	
   -­‐nct	
  6	
  \	
  
	
   -­‐R	
  /proj/b2015069/canfam3.fasta	
  \	
  
	
   -­‐I	
  /proj/b2015069/labbe_retinopathy/base_recalibrator/final_recalibrated_reads_sire.bam	
  \	
  
	
   -­‐-­‐emitRefConfidence	
  GVCF	
  \	
  
	
   -­‐-­‐variant_index_type	
  LINEAR	
  \	
  	
  
	
   -­‐-­‐variant_index_parameter	
  128000	
  \	
  
	
   -­‐-­‐dbsnp	
  /proj/b2015069/dbSNP_canis_familiaris.vcf	
  \	
  
	
   -­‐stand_emit_conf	
  25	
  \	
  
	
   -­‐stand_call_conf	
  10	
  \	
  	
  
	
   -­‐o	
  /proj/b2015069/labbe_retinopathy/variant_discovery/calling_variants/raw_snps_indels_1_sire.g.vcf	
  
	
  
#-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐	
  
#!/bin/bash	
  
#SBATCH	
  -­‐A	
  b2015069	
  
#SBATCH	
  -­‐p	
  core	
  	
  
#SBATCH	
  -­‐n	
  8	
  
#SBATCH	
  -­‐t	
  2-­‐10:00:00	
  
	
  
module	
  load	
  bioinfo-­‐tools	
  
module	
  load	
  bioinfo-­‐tools	
  java/sun_jdk1.7.0_25	
  
	
  
java	
  -­‐Xmx48g	
  -­‐jar	
  /sw/apps/bioinfo/GATK/3.3.0/GenomeAnalysisTK.jar	
  \	
  
	
   -­‐T	
  HaplotypeCaller	
  \	
  
	
   -­‐nct	
  8	
  \	
  
	
   -­‐R	
  /proj/b2015069/canfam3.fasta	
  \	
  
	
   -­‐I	
  /proj/b2015069/labbe_retinopathy/base_recalibrator/final_recalibrated_reads_dam.bam	
  \	
  
	
   -­‐-­‐emitRefConfidence	
  GVCF	
  \	
  
	
   -­‐-­‐variant_index_type	
  LINEAR	
  \	
  
	
   -­‐-­‐variant_index_parameter	
  128000	
  \	
  
	
   -­‐-­‐dbsnp	
  /proj/b2015069/dbSNP_canis_familiaris.vcf	
  \	
  
	
   -­‐stand_emit_conf	
  25	
  \	
  
	
   -­‐stand_call_conf	
  10	
  \	
  
	
   -­‐o	
  /proj/b2015069/labbe_retinopathy/variant_discovery/calling_variants/raw_snps_indels_1_dam.g.vcf	
  
	
  
	
  
#-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐	
  
#!/bin/bash	
  
#SBATCH	
  -­‐A	
  b2015069	
  
#SBATCH	
  -­‐p	
  core	
  	
  
#SBATCH	
  -­‐n	
  6	
  
#SBATCH	
  -­‐t	
  2-­‐10:00:00	
  
	
  
module	
  load	
  bioinfo-­‐tools	
  
module	
  load	
  bioinfo-­‐tools	
  java/sun_jdk1.7.0_25	
  
	
  
java	
  -­‐Xmx48g	
  -­‐jar	
  /sw/apps/bioinfo/GATK/3.3.0/GenomeAnalysisTK.jar	
  \	
  
	
   -­‐T	
  HaplotypeCaller	
  \	
  
	
   -­‐nct	
  6	
  \	
  
	
   -­‐R	
  /proj/b2015069/canfam3.fasta	
  \	
  
	
   -­‐I	
  /proj/b2015069/labbe_retinopathy/base_recalibrator/final_recalibrated_reads_off1.bam	
  \	
  
	
   -­‐-­‐emitRefConfidence	
  GVCF	
  \	
  
	
   -­‐-­‐variant_index_type	
  LINEAR	
  \	
  
	
   -­‐-­‐variant_index_parameter	
  128000	
  \	
  
	
   -­‐-­‐dbsnp	
  /proj/b2015069/dbSNP_canis_familiaris.vcf	
  \	
  
	
   -­‐stand_emit_conf	
  25	
  \	
  
	
   -­‐stand_call_conf	
  10	
  \	
  
	
   -­‐o	
  /proj/b2015069/labbe_retinopathy/variant_discovery/calling_variants/raw_snps_indels_1_off1.g.vcf	
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#-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐	
  
#!/bin/bash	
  
#SBATCH	
  -­‐A	
  b2015069	
  
#SBATCH	
  -­‐p	
  core	
  	
  
#SBATCH	
  -­‐n	
  8	
  
#SBATCH	
  -­‐t	
  3-­‐10:00:00	
  
	
  
module	
  load	
  bioinfo-­‐tools	
  
module	
  load	
  bioinfo-­‐tools	
  java/sun_jdk1.7.0_25	
  
	
  
java	
  -­‐Xmx48g	
  -­‐jar	
  /sw/apps/bioinfo/GATK/3.3.0/GenomeAnalysisTK.jar	
  \	
  
	
   -­‐T	
  HaplotypeCaller	
  \	
  
	
   -­‐nct	
  6	
  \	
  
	
   -­‐R	
  /proj/b2015069/canfam3.fasta	
  \	
  
	
   -­‐I	
  /proj/b2015069/labbe_retinopathy/base_recalibrator/final_recalibrated_reads_off2.bam	
  \	
  
	
   -­‐-­‐emitRefConfidence	
  GVCF	
  \	
  
	
   -­‐-­‐variant_index_type	
  LINEAR	
  \	
  
	
   -­‐-­‐variant_index_parameter	
  128000	
  \	
  
	
   -­‐-­‐dbsnp	
  /proj/b2015069/dbSNP_canis_familiaris.vcf	
  \	
  
	
   -­‐stand_emit_conf	
  25	
  \	
  
	
   -­‐stand_call_conf	
  10	
  \	
  
	
   -­‐o	
  /proj/b2015069/labbe_retinopathy/variant_discovery/calling_variants/raw_snps_indels_1_off2.g.vcf	
  
	
  
	
  
#-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐	
  
#!/bin/bash	
  
#SBATCH	
  -­‐A	
  b2015069	
  
#SBATCH	
  -­‐p	
  core	
  	
  
#SBATCH	
  -­‐n	
  6	
  
#SBATCH	
  -­‐t	
  2-­‐10:00:00	
  
	
  
module	
  load	
  bioinfo-­‐tools	
  
module	
  load	
  bioinfo-­‐tools	
  java/sun_jdk1.7.0_25	
  
	
  
#Joint	
  the	
  gVCFs	
  files	
  with	
  GenotypeGVCFs	
  per	
  family	
  trios	
  
	
  
java	
  -­‐Xmx16g	
  -­‐jar	
  /sw/apps/bioinfo/GATK/3.3.0/GenomeAnalysisTK.jar	
  \	
  
	
   -­‐T	
  GenotypeGVCFs	
  \	
  
	
   -­‐nt	
  6	
  \	
  
	
   -­‐R	
  /proj/b2015069/canfam3.fasta	
  \	
  
	
   -­‐-­‐variant	
  /proj/b2015069/labbe_retinopathy/variant_discovery/calling_variants/raw_snps_indels_1_sire.g.vcf	
  \	
  
	
   -­‐-­‐variant	
  /proj/b2015069/labbe_retinopathy/variant_discovery/calling_variants/raw_snps_indels_1_dam.g.vcf	
  \	
  
	
   -­‐-­‐variant	
  /proj/b2015069/labbe_retinopathy/variant_discovery/calling_variants/raw_snps_indels_1_off1.g.vcf	
  \	
  
	
   -­‐-­‐variant	
  /proj/b2015069/labbe_retinopathy/variant_discovery/calling_variants/raw_snps_indels_1_off2.g.vcf	
  \	
  
	
  	
  	
  	
  -­‐o	
  /proj/b2015069/labbe_retinopathy/variant_discovery/calling_variants/all_joined_gvcf.vcf	
  
	
  
	
  
#-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐	
  
#!/bin/bash	
  
#SBATCH	
  -­‐A	
  b2015069	
  
#SBATCH	
  -­‐p	
  core	
  	
  
#SBATCH	
  -­‐n	
  4	
  
#SBATCH	
  -­‐t	
  10:00:00	
  
	
  
#Extract	
  the	
  family	
  trios	
  given	
  a	
  single	
  VCF	
  file,	
  creating	
  2	
  VCF	
  files	
  for	
  each	
  trio	
  
	
  
module	
  load	
  bioinfo-­‐tools	
  
module	
  load	
  bioinfo-­‐tools	
  java/sun_jdk1.7.0_25	
  
	
  
	
  
java	
  -­‐Xmx7g	
  -­‐jar	
  /sw/apps/bioinfo/GATK/3.3.0/GenomeAnalysisTK.jar	
  \	
  
	
   -­‐R	
  /proj/b2015069/canfam3.fasta	
  \	
  
	
   -­‐nt	
  4	
  \	
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   -­‐T	
  SelectVariants	
  \	
  
	
   -­‐-­‐variant	
  /proj/b2015069/labbe_retinopathy/variant_discovery/calling_variants/all_joined_gvcf.vcf	
  \	
  
	
   -­‐o	
  /proj/b2015069/labbe_retinopathy/variant_discovery/calling_variants/trio_1_with_off1.vcf	
  \	
  
	
   -­‐sn	
  sire	
  \	
  
	
   -­‐sn	
  dam	
  \	
  
	
   -­‐sn	
  off1	
  &	
  
	
  
java	
  -­‐Xmx7g	
  -­‐jar	
  /sw/apps/bioinfo/GATK/3.3.0/GenomeAnalysisTK.jar	
  \	
  
	
   -­‐R	
  /proj/b2015069/canfam3.fasta	
  \	
  
	
   -­‐nt	
  4	
  \	
  
	
   -­‐T	
  SelectVariants	
  \	
  
	
   -­‐-­‐variant	
  /proj/b2015069/labbe_retinopathy/variant_discovery/calling_variants/all_joined_gvcf.vcf	
  \	
  
	
   -­‐o	
  /proj/b2015069/labbe_retinopathy/variant_discovery/calling_variants/trio_2_with_off2.vcf	
  \	
  
	
   -­‐sn	
  sire	
  \	
  
	
   -­‐sn	
  dam	
  \	
  
	
   -­‐sn	
  off2	
  &	
  
	
  
wait	
  
echo	
  "#####################"	
  
echo	
  "Select	
  variant	
  done!"	
  
	
  
	
  
#-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐	
  
#!/bin/bash	
  
#SBATCH	
  -­‐A	
  b2015069	
  
#SBATCH	
  -­‐p	
  core	
  	
  
#SBATCH	
  -­‐n	
  4	
  
#SBATCH	
  -­‐t	
  3-­‐10:00:00	
  
	
  
#Variant	
  filtering	
  for	
  SNPs	
  and	
  indels	
  separately	
  using	
  VariantFiltration	
  
module	
  load	
  bioinfo-­‐tools	
  
module	
  load	
  bioinfo-­‐tools	
  java/sun_jdk1.7.0_25	
  
	
  
#mkdir	
  /proj/b2015069/labbe_retinopathy/variant_discovery/variant_filtering	
  
	
  
	
   #1.	
  Extract	
  the	
  SNPs	
  from	
  the	
  call	
  set	
  
	
   	
  
java	
  -­‐Xmx7g	
  -­‐jar	
  /sw/apps/bioinfo/GATK/3.3.0/GenomeAnalysisTK.jar	
  \	
  
	
   -­‐T	
  SelectVariants	
  \	
  
	
   -­‐nt	
  4	
  \	
  
	
   -­‐R	
  /proj/b2015069/canfam3.fasta	
  \	
  
	
   -­‐V	
  /proj/b2015069/labbe_retinopathy/variant_discovery/calling_variants/trio_1_with_off1.vcf	
  \	
  
	
   -­‐selectType	
  SNP	
  \	
  
	
   -­‐o	
  /proj/b2015069/labbe_retinopathy/variant_discovery/calling_variants/raw_snps_trio_1.vcf	
  &	
  
	
  
java	
  -­‐Xmx7g	
  -­‐jar	
  /sw/apps/bioinfo/GATK/3.3.0/GenomeAnalysisTK.jar	
  \	
  
	
   -­‐T	
  SelectVariants	
  \	
  
	
   -­‐nt	
  4	
  \	
  
	
   -­‐R	
  /proj/b2015069/canfam3.fasta	
  \	
  
	
   -­‐V	
  /proj/b2015069/labbe_retinopathy/variant_discovery/calling_variants/trio_2_with_off2.vcf	
  \	
  
	
   -­‐selectType	
  SNP	
  \	
  
	
   -­‐o	
  /proj/b2015069/labbe_retinopathy/variant_discovery/calling_variants/raw_snps_trio_2.vcf	
  &	
   	
  
	
  
wait	
  
echo	
  "SNPs	
  extracted	
  successfully!"	
  
	
   	
  
	
   #2.	
  Apply	
  hard	
  filters	
  for	
  SNPs	
  
	
   	
  
java	
  -­‐Xmx7g	
  -­‐jar	
  /sw/apps/bioinfo/GATK/3.3.0/GenomeAnalysisTK.jar	
  \	
  
	
   -­‐T	
  VariantFiltration	
  \	
  
	
   -­‐R	
  /proj/b2015069/canfam3.fasta	
  \	
  
	
   -­‐V	
  /proj/b2015069/labbe_retinopathy/variant_discovery/calling_variants/raw_snps_trio_1.vcf	
  \	
  
	
   -­‐-­‐filterExpression	
  "QD	
  <	
  2.0	
  ||	
  FS	
  >	
  60.0	
  ||	
  MQ	
  <	
  40.0	
  ||	
  MQRankSum	
  <	
  -­‐12.5	
  ||	
  ReadPosRankSum	
  <	
  -­‐8.0"	
  \	
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   -­‐-­‐filterName	
  "my_snp_filter"	
  \	
  
	
   -­‐o	
  /proj/b2015069/labbe_retinopathy/variant_discovery/variant_filtering/filtered_snps_trio_1.vcf	
  &	
  
	
  
java	
  -­‐Xmx7g	
  -­‐jar	
  /sw/apps/bioinfo/GATK/3.3.0/GenomeAnalysisTK.jar	
  \	
  
	
   -­‐T	
  VariantFiltration	
  \	
  
	
   -­‐R	
  /proj/b2015069/canfam3.fasta	
  \	
  
	
   -­‐V	
  /proj/b2015069/labbe_retinopathy/variant_discovery/calling_variants/raw_snps_trio_2.vcf	
  \	
  	
  
	
   -­‐-­‐filterExpression	
  "QD	
  <	
  2.0	
  ||	
  FS	
  >	
  60.0	
  ||	
  MQ	
  <	
  40.0	
  ||	
  MQRankSum	
  <	
  -­‐12.5	
  ||	
  ReadPosRankSum	
  <	
  -­‐8.0"	
  \	
  	
  	
  	
  	
  	
  	
  
	
   -­‐-­‐filterName	
  "my_snp_filter"	
  \	
  	
  	
  	
  	
  	
  	
  
	
   -­‐o	
  /proj/b2015069/labbe_retinopathy/variant_discovery/variant_filtering/filtered_snps_trio_2.vcf	
  &	
  
	
  
wait	
  
echo	
  "SNPs	
  filters	
  with	
  exit"	
  
	
  
	
  
	
   #3.	
  Extract	
  the	
  indels	
  from	
  the	
  call	
  set	
  
	
   	
  
java	
  -­‐Xmx7g	
  -­‐jar	
  /sw/apps/bioinfo/GATK/3.3.0/GenomeAnalysisTK.jar	
  \	
  
	
   -­‐T	
  SelectVariants	
  \	
  
	
   -­‐nt	
  4	
  \	
  
	
   -­‐R	
  /proj/b2015069/canfam3.fasta	
  \	
  
	
   -­‐V	
  /proj/b2015069/labbe_retinopathy/variant_discovery/calling_variants/trio_1_with_off1.vcf	
  \	
  
	
   -­‐selectType	
  INDEL	
  \	
  
	
   -­‐o	
  /proj/b2015069/labbe_retinopathy/variant_discovery/calling_variants/raw_indels_trio_1.vcf	
  &	
  
	
   	
  
java	
  -­‐Xmx7g	
  -­‐jar	
  /sw/apps/bioinfo/GATK/3.3.0/GenomeAnalysisTK.jar	
  \	
  
	
   -­‐T	
  SelectVariants	
  \	
  
	
   -­‐nt	
  4	
  \	
  
	
   -­‐R	
  /proj/b2015069/canfam3.fasta	
  \	
  
	
   -­‐V	
  /proj/b2015069/labbe_retinopathy/variant_discovery/calling_variants/trio_2_with_off2.vcf	
  \	
  
	
   -­‐selectType	
  INDEL	
  \	
  
	
   -­‐o	
  /proj/b2015069/labbe_retinopathy/variant_discovery/calling_variants/raw_indels_trio_2.vcf	
  &	
  
	
   	
   	
  
wait	
  
echo	
  "INDELs	
  extracted	
  successfully!"	
   	
  
	
   	
  
	
   	
  
	
   	
   #4.	
  Apply	
  hard	
  filters	
  for	
  indels	
  
	
   	
   	
  
java	
  -­‐Xmx7g	
  -­‐jar	
  /sw/apps/bioinfo/GATK/3.3.0/GenomeAnalysisTK.jar	
  \	
  
	
   -­‐T	
  VariantFiltration	
  \	
  
	
   -­‐R	
  /proj/b2015069/canfam3.fasta	
  \	
  
	
   -­‐V	
  /proj/b2015069/labbe_retinopathy/variant_discovery/calling_variants/raw_indels_trio_1.vcf	
  \	
  
	
   -­‐-­‐filterExpression	
  "QD	
  <	
  2.0	
  ||	
  FS	
  >	
  200.0	
  ||	
  ReadPosRankSum	
  <	
  -­‐20.0"	
  \	
  
	
   -­‐-­‐filterName	
  "my_indel_filter"	
  \	
  
	
   -­‐o	
  /proj/b2015069/labbe_retinopathy/variant_discovery/variant_filtering/filtered_indels_trio_1.vcf	
  &	
  
	
   	
  
java	
  -­‐Xmx7g	
  -­‐jar	
  /sw/apps/bioinfo/GATK/3.3.0/GenomeAnalysisTK.jar	
  \	
  
	
   -­‐T	
  VariantFiltration	
  \	
  
	
   -­‐R	
  /proj/b2015069/canfam3.fasta	
  \	
  
	
   -­‐V	
  /proj/b2015069/labbe_retinopathy/variant_discovery/calling_variants/raw_indels_trio_2.vcf	
  \	
  
	
   -­‐-­‐filterExpression	
  "QD	
  <	
  2.0	
  ||	
  FS	
  >	
  200.0	
  ||	
  ReadPosRankSum	
  <	
  -­‐20.0"	
  \	
  
	
   -­‐-­‐filterName	
  "my_indel_filter"	
  \	
  
	
   -­‐o	
  /proj/b2015069/labbe_retinopathy/variant_discovery/variant_filtering/filtered_indels_trio_2.vcf	
  &	
  
	
   	
  
	
   	
  
wait	
  
echo	
  "Hard	
  filters	
  done!"	
  
	
  
	
  
	
   #5.	
  Select	
  those	
  variants	
  which	
  passed	
  the	
  filter	
  
	
   	
  
java	
  -­‐Xmx7g	
  -­‐jar	
  /sw/apps/bioinfo/GATK/3.3.0/GenomeAnalysisTK.jar	
  \	
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   -­‐T	
  SelectVariants	
  \	
  
	
   -­‐nt	
  4	
  \	
  
	
   -­‐R	
  /proj/b2015069/canfam3.fasta	
  \	
  
	
   -­‐V	
  /proj/b2015069/labbe_retinopathy/variant_discovery/variant_filtering/filtered_snps_trio_1.vcf	
  \	
  
	
   -­‐select	
  'vc.isNotFiltered()'	
  \	
  
	
   -­‐o	
  /proj/b2015069/labbe_retinopathy/variant_discovery/variant_filtering/pass_filtered_snps_trio_1.vcf	
  &	
  
	
   	
  
java	
  -­‐Xmx7g	
  -­‐jar	
  /sw/apps/bioinfo/GATK/3.3.0/GenomeAnalysisTK.jar	
  \	
  
	
   -­‐T	
  SelectVariants	
  \	
  
	
   -­‐nt	
  4	
  \	
  
	
   -­‐R	
  /proj/b2015069/canfam3.fasta	
  \	
  
	
   -­‐V	
  /proj/b2015069/labbe_retinopathy/variant_discovery/variant_filtering/filtered_snps_trio_2.vcf	
  \	
  
	
   -­‐select	
  'vc.isNotFiltered()'	
  \	
  
	
   -­‐o	
  /proj/b2015069/labbe_retinopathy/variant_discovery/variant_filtering/pass_filtered_snps_trio_2.vcf	
  &	
  
	
  
java	
  -­‐Xmx7g	
  -­‐jar	
  /sw/apps/bioinfo/GATK/3.3.0/GenomeAnalysisTK.jar	
  \	
  
	
   -­‐T	
  SelectVariants	
  \	
  
	
   -­‐nt	
  4	
  \	
  
	
   -­‐R	
  /proj/b2015069/canfam3.fasta	
  \	
  
	
   -­‐V	
  /proj/b2015069/labbe_retinopathy/variant_discovery/variant_filtering/filtered_indels_trio_1.vcf	
  \	
  
	
   -­‐select	
  'vc.isNotFiltered()'	
  \	
  
	
   -­‐o	
  /proj/b2015069/labbe_retinopathy/variant_discovery/variant_filtering/pass_filtered_indels_trio_1.vcf	
  &	
  
	
  
java	
  -­‐Xmx7g	
  -­‐jar	
  /sw/apps/bioinfo/GATK/3.3.0/GenomeAnalysisTK.jar	
  \	
  
	
   -­‐T	
  SelectVariants	
  \	
  
	
   -­‐nt	
  4	
  \	
  
	
   -­‐R	
  /proj/b2015069/canfam3.fasta	
  \	
  
	
   -­‐V	
  /proj/b2015069/labbe_retinopathy/variant_discovery/variant_filtering/filtered_indels_trio_2.vcf	
  \	
  
	
   -­‐select	
  'vc.isNotFiltered()'	
  \	
  
	
   -­‐o	
  /proj/b2015069/labbe_retinopathy/variant_discovery/variant_filtering/pass_filtered_indels_trio_2.vcf	
  &	
  
	
   	
  
wait	
  
echo	
  "ALL	
  done!"	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  



	
   63	
  

5.	
  Annotation	
  of	
  the	
  detected	
  variants	
  with	
  ANNOVAR	
  
	
  
#From	
  now	
  on	
  working	
  from	
  the	
  command	
  line,	
  no	
  BATCH	
  
#We	
  need	
  the	
  perl	
  scripts	
  and	
  canFam3	
  database	
  on	
  the	
  working	
  directory	
  
	
  
mkdir	
  /proj/b2015069/labbe_retinopathy/annovar/input_annovar	
  
mkdir	
  /proj/b2015069/labbe_retinopathy/annovar/annovar_output	
  
	
  
perl	
  convert2annovar.pl	
  -­‐format	
  vcf4old	
  
/proj/b2015069/labbe_retinopathy/variant_discovery/variant_filtering/pass_filtered_snps_trio_1.vcf	
  >	
  
input_annovar/outfile.snps_trio_1_annovar_input.vcf	
  -­‐include	
  &	
  
perl	
  convert2annovar.pl	
  -­‐format	
  vcf4old	
  
/proj/b2015069/labbe_retinopathy/variant_discovery/variant_filtering/pass_filtered_snps_trio_2.vcf	
  >	
  
input_annovar/outfile.snps_trio_2_annovar_input.vcf	
  -­‐include	
  &	
  
perl	
  convert2annovar.pl	
  -­‐format	
  vcf4old	
  
/proj/b2015069/labbe_retinopathy/variant_discovery/variant_filtering/pass_filtered_indels_trio_1.vcf	
  >	
  
input_annovar/outfile.indels_trio_1_annovar_input.vcf	
  -­‐include	
  &	
  
perl	
  convert2annovar.pl	
  -­‐format	
  vcf4old	
  
/proj/b2015069/labbe_retinopathy/variant_discovery/variant_filtering/pass_filtered_indels_trio_2.vcf	
  >	
  
input_annovar/outfile.indels_trio_2_annovar_input.vcf	
  -­‐include	
  &	
  
	
  
perl	
  annotate_variation.pl	
  -­‐out	
  annovar_output/annovar_snps_trio_1_input.vcf	
  -­‐build	
  canFam3	
  
input_annovar/outfile.snps_trio_1_annovar_input.vcf	
  canFam3db/	
  &	
  
perl	
  annotate_variation.pl	
  -­‐out	
  annovar_output/annovar_snps_trio_2_input.vcf	
  -­‐build	
  canFam3	
  
input_annovar/outfile.snps_trio_2_annovar_input.vcf	
  canFam3db/	
  &	
  
perl	
  annotate_variation.pl	
  -­‐out	
  annovar_output/annovar_indels_trio_1_input.vcf	
  -­‐build	
  canFam3	
  
input_annovar/outfile.indels_trio_1_annovar_input.vcf	
  canFam3db/	
  &	
  
perl	
  annotate_variation.pl	
  -­‐out	
  annovar_output/annovar_indels_trio_2_input.vcf	
  -­‐build	
  canFam3	
  
input_annovar/outfile.indels_trio_2_annovar_input.vcf	
  canFam3db/	
  &	
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6.	
  Perl	
  scripts	
  to	
  analyze	
  ANNOVAR	
  output	
  
	
  

6.1	
  Perl	
  script	
  for	
  exonic	
  variant	
  function	
  files	
  
	
  
#!/usr/bin/perl	
  
use	
  strict;	
  
	
  
#These	
  script	
  will	
  be	
  used	
  for	
  the	
  files:	
  
	
   #annovar_snps_trio_1_input.vcf.exonic_variant_function	
  
	
   #annovar_snps_trio_2_input.vcf.exonic_variant_function	
  
	
   #annovar_indels_trio_1_input.vcf.exonic_variant_function	
  
	
   #annovar_indels_trio_2_input.vcf.exonic_variant_function	
  
	
  
my	
  $filename	
  =	
  'annovar_snps_trio_1_input.vcf.exonic_variant_function';	
  
open	
  my	
  $fh,	
  $filename	
  or	
  die	
  "Could	
  not	
  open	
  file	
  '$filename':	
  $!";	
  
	
  
#Create	
  the	
  directory	
  "output_exonic_variants"	
  to	
  save	
  the	
  outputs	
  classified.	
  
my	
  $existingdir	
  =	
  './snps_trio_1_exonic_variant_function';	
  
mkdir	
  $existingdir	
  unless	
  -­‐d	
  $existingdir;	
  #	
  Check	
  if	
  dir	
  exists.	
  If	
  not	
  create	
  it.	
  
	
  
#Create	
  an	
  array	
  with	
  the	
  different	
  types	
  of	
  annotation	
  outputs.	
  
my	
  @arg	
  =	
  ('frameshift	
  insertion','frameshift	
  deletion','frameshift	
  block	
  substitution','stopgain','stoploss','nonframeshift	
  
insertion','nonframeshift	
  deletion','nonframeshift	
  block	
  substitution','nonsynonymous	
  SNV','synonymous	
  
SNV','unknown','other');	
  
	
  
#Set	
  the	
  number	
  of	
  total	
  variants	
  in	
  the	
  input	
  file	
  at	
  0.	
  
my	
  $num_variants	
  =	
  0;	
  
	
  
#Open	
  the	
  input	
  file	
  and	
  read	
  each	
  line.	
  
while	
  (my	
  $line	
  =	
  <$fh>)	
  {	
  
	
  	
  	
  	
  	
  	
  	
  	
  #Split	
  the	
  information	
  given	
  by	
  ANNOVAR	
  by	
  columns	
  and	
  give	
  a	
  name.	
  
	
  	
  	
  	
  	
  	
  	
  	
  my	
  @infoRow	
  =	
  split	
  (/\t/,	
  $line);	
  
	
  	
  	
  	
  	
  	
  	
  	
  
my($line_pos,$annotation,$gene,$chr,$pos,$pos2,$ref,$alt,$chr2,$pos3,$ID,$ref2,$alt2,$qual,$filter,$info,$format,$sample_
offspring,$dam,$sire)=@infoRow[0,1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20];	
  
	
  
	
  	
  	
  	
  	
  	
  	
  	
  #Count	
  number	
  of	
  variants	
  in	
  the	
  file.	
  
	
  	
  	
  	
  	
  	
  	
  	
  $num_variants++;	
  
	
  
	
  	
  	
  	
  	
  	
  	
  	
  #For	
  each	
  type	
  of	
  argument,	
  create	
  a	
  specific	
  file	
  in	
  the	
  './output_exonic_variants'	
  directory	
  and	
  append	
  the	
  row	
  in	
  the	
  
file.	
  
	
  	
  	
  	
  	
  	
  	
  	
  for	
  my	
  $argument(@arg)	
  {	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  if	
  ($annotation	
  eq	
  $argument)	
  {	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  open	
  my	
  $fileHandle,	
  ">>",	
  "$existingdir/$argument"	
  or	
  die	
  "Can't	
  open	
  '$existingdir/$argument\n";	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  print	
  $fileHandle	
  "$line";	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  close	
  $fileHandle;	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  }	
  
	
  	
  	
  	
  	
  	
  	
  	
  }	
  
}	
  
#Print	
  total	
  number	
  of	
  variants.	
  
print	
  "########\n";	
  
print	
  "The	
  TOTAL	
  number	
  of	
  exonic	
  variants	
  is	
  $num_variants\n\n";	
  
	
  
#Create	
  new	
  directory	
  to	
  save	
  the	
  varients	
  with	
  the	
  wanted	
  genotype.	
  
my	
  $newdir	
  =	
  './snps_trio_1_exonic_variant_function/wanted_genotype';	
  
mkdir	
  $newdir	
  unless	
  -­‐d	
  $newdir;	
  #	
  Check	
  if	
  dir	
  exists.	
  If	
  not	
  create	
  it.	
  
	
  
#Now	
  time	
  to	
  check	
  the	
  genotypes.	
  
#Create	
  an	
  array	
  with	
  all	
  the	
  variant	
  files	
  created.	
  
my	
  @FILES	
  =	
  glob('./snps_trio_1_exonic_variant_function/*');	
  
	
  
#Enter	
  to	
  each	
  file	
  created,	
  count	
  the	
  number	
  of	
  variants	
  annotated	
  and	
  check	
  the	
  genotypes	
  of	
  the	
  animals.	
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foreach	
  my	
  $file(@FILES)	
  {	
  
	
  
	
  	
  	
  	
  	
  	
  	
  	
  #Set	
  different	
  combination	
  of	
  genotypes	
  at	
  0.	
  
	
  	
  	
  	
  	
  	
  	
  	
  my	
  $wanted_genotype	
  =	
  0;	
  
	
  	
  	
  	
  	
  	
  	
  	
  my	
  $variant_with_not_wanted_genotype	
  =	
  0;	
  
	
  	
  	
  	
  	
  	
  	
  	
  my	
  $one_or_more_genotypes_missing	
  =	
  0;	
  
	
  	
  	
  	
  	
  	
  	
  	
  my	
  $num_lines	
  =	
  0;	
  
	
  
	
  	
  	
  	
  	
  	
  	
  	
  if	
  (-­‐e	
  "$file")	
  {	
  
	
  	
  	
  	
  	
  	
  	
  	
  #Print	
  the	
  type	
  of	
  file	
  in	
  a	
  fancy	
  way.	
  
	
  	
  	
  	
  	
  	
  	
  	
  my	
  @name	
  =	
  split	
  /\//,	
  $file;	
  
	
  	
  	
  	
  	
  	
  	
  	
  my	
  $name_file	
  =	
  $name[2];	
  
	
  	
  	
  	
  	
  	
  	
  	
  print	
  "For	
  the	
  $name_file\n";	
  	
  	
  	
  	
  	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  print	
  "-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐\n";	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  open	
  (my	
  $fileHandle,	
  "<",	
  "$file")	
  or	
  die	
  "Can't	
  open	
  $file:	
  $!";	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  while	
  (my	
  $line	
  =	
  <$fileHandle>)	
  {	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  $num_lines	
  ++;	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  my	
  @infoRow	
  =	
  split	
  /\t/,	
  $line;	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
my($line_pos,$annotation,$gene,$chr,$pos,$pos2,$ref,$alt,$chr2,$pos3,$ID,$ref2,$alt2,$qual,$filter,$info,$format,$sample_
offspring,$dam,$sire)=@infoRow[0,1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20];	
  
	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  #Extract	
  the	
  alleles	
  of	
  each	
  of	
  the	
  samples	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  my	
  @info_split_offspring	
  =	
  split	
  /:/,	
  $sample_offspring;	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  my	
  $allele_offspring	
  =	
  $info_split_offspring[0];	
  
	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  my	
  @info_split_dam=	
  split	
  /:/,	
  $dam;	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  my	
  $allele_dam	
  =	
  $info_split_dam[0];	
  
	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  my	
  @info_split_sire	
  =	
  split	
  /:/,	
  $sire;	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  my	
  $allele_sire	
  =	
  $info_split_sire[0];	
  
	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  #Offspring	
  homozygous	
  recessive	
  and	
  parents	
  heterozygous.	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  if	
  ($allele_offspring	
  eq	
  "1/1")	
  	
  {	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  if	
  ($allele_dam	
  eq	
  "1/0")	
  {	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  if	
  ($allele_sire	
  eq	
  "1/0")	
  {	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  $wanted_genotype++;	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  open	
  my	
  $fh,	
  ">>",	
  "$newdir/wanted_genotype"	
  or	
  die	
  "Can't	
  open	
  
'newdir/wanted_genotype'\n";	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  print	
  $fh	
  "$line";	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  close	
  $fh;	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  }	
  elsif	
  ($allele_sire	
  eq	
  "0/1")	
  {	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  $wanted_genotype++;	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  open	
  my	
  $fh,	
  ">>",	
  "$newdir/wanted_genotype"	
  or	
  die	
  "Can't	
  open	
  
'newdir/wanted_genotype'\n";	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  print	
  $fh	
  "$line";	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  close	
  $fh;	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  }	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  }	
  elsif	
  ($allele_dam	
  eq	
  "0/1")	
  {	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  if	
  ($allele_sire	
  eq	
  "1/0")	
  {	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  $wanted_genotype++;	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  open	
  my	
  $fh,	
  ">>",	
  "$newdir/wanted_genotype"	
  or	
  die	
  "Can't	
  open	
  
'newdir/wanted_genotype'\n";	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  print	
  $fh	
  "$line";	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  close	
  $fh;	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  }	
  elsif	
  ($allele_sire	
  eq	
  "0/1")	
  {	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  $wanted_genotype++;	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  open	
  my	
  $fh,	
  ">>",	
  "$newdir/wanted_genotype"	
  or	
  die	
  "Can't	
  open	
  
'newdir/wanted_genotype'\n";	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  print	
  $fh	
  "$line";	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  close	
  $fh;	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  }	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  }	
  



	
   66	
  

	
   	
   	
   	
   	
   	
   	
   	
   	
   	
  
#Start	
  checking	
  if	
  any	
  of	
  the	
  animals	
  has	
  a	
  missing	
  genotype	
  (e.g.	
  sire)	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  }	
  elsif	
  ($allele_offspring	
  =~	
  /(\d)(\/)(\d)/)	
  {	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  if	
  ($allele_dam	
  =~	
  /(\d)(\/)(\d)/)	
  {	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  if	
  ($allele_sire	
  =~	
  /\./)	
  {	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  $one_or_more_genotypes_missing++;	
   	
   	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  }	
  elsif	
  ($allele_dam	
  eq	
  "0/1")	
  {	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  if	
  ($allele_sire	
  eq	
  "1/0")	
  {	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  $wanted_genotype++;	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  open	
  my	
  $fh,	
  ">>",	
  "$newdir/wanted_genotype"	
  or	
  die	
  "Can't	
  open	
  
'newdir/wanted_genotype'\n";	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  print	
  $fh	
  "$line";	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  close	
  $fh;	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  }	
  elsif	
  ($allele_sire	
  eq	
  "0/1")	
  {	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  $wanted_genotype++;	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  open	
  my	
  $fh,	
  ">>",	
  "$newdir/wanted_genotype"	
  or	
  die	
  "Can't	
  open	
  
'newdir/wanted_genotype'\n";	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  print	
  $fh	
  "$line";	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  close	
  $fh;	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  }	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  }	
  
	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  #Check	
  if	
  any	
  of	
  the	
  animals	
  has	
  a	
  missing	
  genotype:	
  sire,	
  dam	
  and	
  offspring.	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  }	
  elsif	
  ($allele_offspring	
  =~	
  /(\d)(\/)(\d)/)	
  {	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  if	
  ($allele_dam	
  =~	
  /(\d)(\/)(\d)/)	
  {	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  if	
  ($allele_sire	
  =~	
  /\./)	
  {	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  $one_or_more_genotypes_missing++;	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  }	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  }	
  elsif	
  ($allele_dam	
  =~	
  /\./)	
  {	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  $one_or_more_genotypes_missing++;	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  }	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  }	
  elsif	
  ($allele_offspring	
  =~	
  /\./)	
  {	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  $one_or_more_genotypes_missing++;	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  }	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  }	
  
	
  	
  	
  	
  	
  	
  	
  	
  }	
  
	
  
#Check	
  the	
  number	
  of	
  variants	
  which	
  don't	
  have	
  the	
  genotype	
  that	
  we	
  are	
  interested	
  in	
  and	
  do	
  not	
  have	
  any	
  of	
  the	
  animals	
  
with	
  missing	
  data.	
  
my	
  $variant_with_not_wanted_genotype	
  =	
  ($num_lines-­‐$one_or_more_genotypes_missing-­‐$wanted_genotype);	
  
	
  
print	
  "The	
  total	
  number	
  of	
  variants	
  is:	
  $num_lines\n";	
  
print	
  "The	
  total	
  number	
  of	
  variants	
  with	
  the	
  wanted	
  genotype	
  profile	
  is:	
  $wanted_genotype\n";	
  
print	
  "The	
  total	
  number	
  of	
  variants	
  without	
  the	
  wanted	
  genotype	
  profile	
  is:	
  $variant_with_not_wanted_genotype\n";	
  
print	
  "The	
  total	
  number	
  of	
  variants	
  with	
  one	
  of	
  more	
  genotypes	
  missing	
  is:	
  $one_or_more_genotypes_missing\n";	
  
print	
  "#############\n";	
  
}	
  
}	
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6.2	
  Perl	
  script	
  for	
  variant	
  function	
  files	
  
	
  
#!/usr/bin/perl	
  
use	
  strict;	
  
	
  
#These	
  script	
  will	
  be	
  used	
  for	
  the	
  files:	
  
	
   #annovar_snps_trio_1_input.vcf.variant_function	
  
	
   #annovar_snps_trio_2_input.vcf.variant_function	
  
	
   #annovar_indels_trio_1_input.vcf.variant_function	
  
	
   #annovar_indels_trio_2_input.vcf.variant_function	
  
	
  
my	
  $filename	
  =	
  'annovar_snps_trio_2_input.vcf.variant_function';	
  
open	
  my	
  $fh,	
  $filename	
  or	
  die	
  "Could	
  not	
  open	
  file	
  '$filename':	
  $!";	
  
	
  
#Create	
  the	
  directory	
  "output_exonic_variants"	
  to	
  save	
  the	
  outputs	
  classified.	
  
my	
  $existingdir	
  =	
  './snps_trio_2_variant_function';	
  
mkdir	
  $existingdir	
  unless	
  -­‐d	
  $existingdir;	
  #	
  Check	
  if	
  dir	
  exists.	
  If	
  not	
  create	
  it.	
  
	
  
#Create	
  an	
  array	
  with	
  the	
  different	
  types	
  of	
  annotation	
  outputs.	
  
my	
  @arg	
  =	
  ('exonic','splicing','ncRNA','UTR5','UTR3','intronic','upstream','downstream','intergenic');	
  
	
  
	
  
#Set	
  the	
  number	
  of	
  total	
  variants	
  in	
  the	
  input	
  file	
  at	
  0.	
  
my	
  $num_variants	
  =	
  0;	
  
	
  
#Open	
  the	
  input	
  file	
  and	
  read	
  each	
  line.	
  
while	
  (my	
  $line	
  =	
  <$fh>)	
  {	
  
	
   #Split	
  the	
  information	
  given	
  by	
  ANNOVAR	
  by	
  columns	
  and	
  give	
  a	
  name.	
  
	
   my	
  @infoRow	
  =	
  split	
  (/\t/,	
  $line);	
  
	
   my($annotation,$gene,$chr,$pos,$pos2,$ref,$alt,$chr2,$pos3,$ID,$ref2,$alt2,$qual,$filter,$info,$format,$sample_
offspring,$dam,$sire)=@infoRow[0,1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19];	
  
	
   	
  
	
   #Count	
  number	
  of	
  variants	
  in	
  the	
  file.	
  
	
   $num_variants++;	
  
	
   	
  
	
   #For	
  each	
  type	
  of	
  argument,	
  create	
  a	
  specific	
  file	
  in	
  the	
  './output_exonic_variants'	
  directory	
  and	
  append	
  the	
  row	
  in	
  
the	
  file.	
  
	
   for	
  my	
  $argument(@arg)	
  {	
  
	
   	
   if	
  ($annotation	
  eq	
  $argument)	
  {	
  
	
   	
   	
   open	
  my	
  $fileHandle,	
  ">>",	
  "$existingdir/$argument"	
  or	
  die	
  "Can't	
  open	
  
'$existingdir/$argument\n";	
  
	
   	
   	
   print	
  $fileHandle	
  "$line";	
  
	
   	
   	
   close	
  $fileHandle;	
  
	
   	
   }	
  	
  
	
   }	
  	
  
}	
  	
  
	
  
	
  
#Print	
  total	
  number	
  of	
  variants.	
  
print	
  "########\n";	
  
print	
  "The	
  TOTAL	
  number	
  of	
  variants	
  is	
  $num_variants\n\n";	
  
	
  
#Create	
  new	
  directory	
  to	
  save	
  the	
  varients	
  with	
  the	
  wanted	
  genotype.	
  
my	
  $newdir	
  =	
  './snps_trio_2_variant_function/wanted_genotype';	
  
mkdir	
  $newdir	
  unless	
  -­‐d	
  $newdir;	
  #	
  Check	
  if	
  dir	
  exists.	
  If	
  not	
  create	
  it.	
  
	
  
#Now	
  time	
  to	
  check	
  the	
  genotypes.	
  
#Create	
  an	
  array	
  with	
  all	
  the	
  variant	
  files	
  created.	
  	
  
my	
  @FILES	
  =	
  glob('./snps_trio_2_variant_function/*');	
  
	
  
#Enter	
  to	
  each	
  file	
  created,	
  count	
  the	
  number	
  of	
  variants	
  annotated	
  and	
  check	
  the	
  genotypes	
  of	
  the	
  animals.	
  
foreach	
  my	
  $file(@FILES)	
  {	
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   #Set	
  different	
  combination	
  of	
  genotypes	
  at	
  0.	
  
	
   my	
  $wanted_genotype	
  =	
  0;	
  
	
   my	
  $variant_with_not_wanted_genotype	
  =	
  0;	
  
	
   my	
  $one_or_more_genotypes_missing	
  =	
  0;	
  
	
   my	
  $num_lines	
  =	
  0;	
  
	
  
	
   if	
  (-­‐e	
  "$file")	
  {	
  
	
   #my	
  @name	
  =	
  split	
  /\//,	
  $file;	
  
	
  	
  	
  	
  #my	
  $name_file	
  =	
  $name[2];	
  
	
  	
  	
  	
  print	
  "For	
  the	
  $file\n";	
  	
  
	
   print	
  "-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐\n";	
  
	
   	
   open	
  (my	
  $fileHandle,	
  "<",	
  "$file")	
  or	
  die	
  "Can't	
  open	
  $file:	
  $!";	
  
	
   	
   	
   while	
  (my	
  $line	
  =	
  <$fileHandle>)	
  {	
  
	
   	
   	
   	
   $num_lines	
  ++;	
   	
   	
   	
   	
  
	
   	
   	
   	
   my	
  @infoRow	
  =	
  split	
  /\t/,	
  $line;	
  
	
   	
   	
  
	
   my($annotation,$gene,$chr,$pos,$pos2,$ref,$alt,$chr2,$pos3,$ID,$ref2,$alt2,$qual,$filter,$info,$format,$sample_
offspring,$dam,$sire)=@infoRow[0,1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19];	
  
	
  
	
   	
   	
   	
   #Extract	
  the	
  alleles	
  of	
  each	
  of	
  the	
  samples	
  
	
   	
   	
   	
   my	
  @info_split_offspring	
  =	
  split	
  /:/,	
  $sample_offspring;	
  
	
   	
   	
   	
   my	
  $allele_offspring	
  =	
  $info_split_offspring[0];	
  
	
   	
  
	
   	
   	
   	
   my	
  @info_split_dam=	
  split	
  /:/,	
  $dam;	
  
	
   	
   	
   	
   my	
  $allele_dam	
  =	
  $info_split_dam[0];	
  
	
   	
  
	
   	
   	
   	
   my	
  @info_split_sire	
  =	
  split	
  /:/,	
  $sire;	
  
	
   	
   	
   	
   my	
  $allele_sire	
  =	
  $info_split_sire[0];	
  
	
   	
   	
   	
   	
  
	
   	
   	
   	
   #Offspring	
  homozygous	
  recessive	
  and	
  parents	
  heterozygous.	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
   	
   	
  if	
  ($allele_offspring	
  eq	
  "1/1")	
  	
  {	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  if	
  ($allele_dam	
  eq	
  "1/0")	
  {	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  if	
  ($allele_sire	
  eq	
  "1/0")	
  {	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  $wanted_genotype++;	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  open	
  my	
  $fh,	
  ">>",	
  "$newdir/wanted_genotype"	
  or	
  die	
  "Can't	
  open	
  
'newdir/wanted_genotype'\n";	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  print	
  $fh	
  "$line";	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  close	
  $fh;	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  }	
  elsif	
  ($allele_sire	
  eq	
  "0/1")	
  {	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  $wanted_genotype++;	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  open	
  my	
  $fh,	
  ">>",	
  "$newdir/wanted_genotype"	
  or	
  die	
  "Can't	
  open	
  
'newdir/wanted_genotype'\n";	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  print	
  $fh	
  "$line";	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  close	
  $fh;	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  }	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  }	
  elsif	
  ($allele_dam	
  eq	
  "0/1")	
  {	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  if	
  ($allele_sire	
  eq	
  "1/0")	
  {	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  $wanted_genotype++;	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  open	
  my	
  $fh,	
  ">>",	
  "$newdir/wanted_genotype"	
  or	
  die	
  "Can't	
  open	
  
'newdir/wanted_genotype'\n";	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  print	
  $fh	
  "$line";	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  close	
  $fh;	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  }	
  elsif	
  ($allele_sire	
  eq	
  "0/1")	
  {	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  $wanted_genotype++;	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  open	
  my	
  $fh,	
  ">>",	
  "$newdir/wanted_genotype"	
  or	
  die	
  "Can't	
  open	
  
'newdir/wanted_genotype'\n";	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  print	
  $fh	
  "$line";	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  close	
  $fh;	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  }	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  }	
  
	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  #Check	
  if	
  any	
  of	
  the	
  animals	
  has	
  a	
  missing	
  genotype:	
  sire,	
  dam	
  and/or	
  offspring.	
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  }	
  elsif	
  ($allele_offspring	
  =~	
  /(\d)(\/)(\d)/)	
  {	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  if	
  ($allele_dam	
  =~	
  /(\d)(\/)(\d)/)	
  {	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  if	
  ($allele_sire	
  =~	
  /\./)	
  {	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  $one_or_more_genotypes_missing++;	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  }	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  }	
  elsif	
  ($allele_dam	
  =~	
  /\./)	
  {	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  $one_or_more_genotypes_missing++;	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  }	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  }	
  elsif	
  ($allele_offspring	
  =~	
  /\./)	
  {	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  $one_or_more_genotypes_missing++;	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  }	
  
	
   	
   	
   	
   	
  
	
   	
   	
   }	
   	
   	
   	
  	
  
	
   }	
  
	
  
#Check	
  the	
  number	
  of	
  variants	
  which	
  don't	
  have	
  the	
  genotype	
  that	
  we	
  are	
  interested	
  in	
  and	
  do	
  not	
  have	
  any	
  of	
  the	
  animals	
  
with	
  missing	
  data.	
  	
  
my	
  $variant_with_not_wanted_genotype	
  =	
  ($num_lines-­‐$one_or_more_genotypes_missing-­‐$wanted_genotype);	
  
	
  
print	
  "The	
  total	
  number	
  of	
  variants	
  is:	
  $num_lines\n";	
   	
   	
   	
   	
  
print	
  "The	
  total	
  number	
  of	
  variants	
  with	
  the	
  wanted	
  genotype	
  profile	
  is:	
  $wanted_genotype\n";	
  
print	
  "The	
  total	
  number	
  of	
  variants	
  without	
  the	
  wanted	
  genotype	
  profile	
  is:	
  $variant_with_not_wanted_genotype\n";	
  
print	
  "The	
  total	
  number	
  of	
  variants	
  with	
  one	
  of	
  more	
  genotypes	
  missing	
  is:	
  $one_or_more_genotypes_missing\n";	
  
print	
  "#############\n";	
  
}	
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6.3	
  Perl	
  script	
  for	
  checking	
  shared	
  exonic	
  variants	
  in	
  both	
  trios	
  and	
  possible	
  
matching	
  with	
  previously	
  reported	
  retina	
  inhered	
  disease	
  genes.	
  

	
  
#!/usr/bin/perl	
  
use	
  strict;	
  
	
  
#Create	
  a	
  directory	
  to	
  save	
  the	
  common	
  variants	
  presenting	
  the	
  wanted	
  genotype.	
  
my	
  $newdir	
  =	
  './common_variants_indels_exonic';	
  
mkdir	
  $newdir	
  unless	
  -­‐d	
  $newdir;	
  #	
  Check	
  if	
  dir	
  exists.	
  If	
  not	
  create	
  it.	
  
	
  
#Give	
  the	
  path	
  to	
  the	
  file	
  with	
  wanted	
  genotype	
  for	
  all	
  the	
  variants.	
  Both	
  trios.	
  
my	
  $file_1	
  =	
  './indels_trio_1_exonic_variant_function/wanted_genotype/wanted_genotype';	
  
my	
  $file_2	
  =	
  './indels_trio_2_exonic_variant_function/wanted_genotype/wanted_genotype';	
  
my	
  $num_common	
  =	
  0;	
  
	
  
#Open	
  both	
  files	
  and	
  define	
  genome	
  position	
  of	
  the	
  variants.	
  
open	
  (my	
  $fh,	
  "<",	
  "$file_1")	
  or	
  die	
  "Can't	
  open	
  $file_1:	
  $!";	
  
	
   while	
  (my	
  $line	
  =	
  <$fh>)	
  {	
   	
   	
   	
  
	
   	
   my	
  @infoRow	
  =	
  split	
  /\t/,	
  $line;	
  
	
   	
   #Define	
  position	
  in	
  the	
  genome	
  of	
  the	
  variant	
  in	
  trio	
  1.	
  
	
   	
   my	
  $position_trio1	
  =	
  $infoRow[4];	
  
open	
  (my	
  $fh2,	
  "<",	
  "$file_2")	
  or	
  die	
  "Could	
  not	
  open	
  file	
  '$file_2':	
  $!";	
  
	
   while	
  (my	
  $line2	
  =	
  <$fh2>)	
  {	
  
	
   	
   my	
  @infoRow2	
  =	
  split	
  (/\t/,	
  $line2);	
  
	
   	
   #Define	
  position	
  in	
  the	
  genome	
  of	
  the	
  variant	
  in	
  trio	
  2.	
  
	
   	
   my	
  $position_trio2	
  =	
  $infoRow2[4];	
  
	
  
	
   	
   #If	
  variant	
  at	
  the	
  same	
  position	
  for	
  both	
  trios	
  is	
  found,	
  print	
  it	
  in	
  a	
  new	
  file.	
  
	
   	
   if	
  ($position_trio2	
  eq	
  $position_trio1)	
  {	
  
	
   	
   	
   $num_common	
  ++;	
  
	
   	
   	
   open	
  my	
  $fileHandle,	
  ">>",	
  "$newdir/indels_exonic_variant"	
  or	
  die	
  "Can't	
  open	
  
'$newdir/indels_exonic_variant'\n";	
  
	
   	
   	
   	
   print	
  $fileHandle	
  "$line";	
  
	
   	
   	
   close	
  $fileHandle;	
  
	
   	
   }	
  
	
   }	
  
	
   }	
  
print	
  "$num_common\n";	
  
	
  
#Check	
  if	
  there	
  is	
  any	
  possible	
  candidate	
  gene	
  found	
  
my	
  @RETINAL_GENES	
  =	
  
('PDE6B','RD3','PDE6A','STK38L','PRCD','SLC4A3','RPGR','RHO','CCDC66','ADAM9','RPGRIP1','NPHP4','CNGB3','RPE65','COL9A3'
,'COL9A2','NHEJ1','BEST1');	
  
	
  
#Open	
  the	
  file	
  only	
  if	
  exists.	
  
if	
  (-­‐e	
  "$newdir/indels_exonic_variant")	
  {	
  	
  
	
   open	
  (my	
  $fileHandle,	
  "<",	
  "$newdir/indels_exonic_variant")	
  or	
  die	
  "Can't	
  open	
  '$newdir/indels_exonic_variant':	
  
$!";	
  
	
   	
   while	
  (my	
  $line	
  =	
  <$fileHandle>)	
  {	
  
	
   	
   my	
  @infoRow	
  =	
  split	
  /\t/,	
  $line;	
  
	
   	
   #Define	
  the	
  gene	
  which	
  is	
  in	
  common	
  in	
  both	
  trios.	
  
	
   	
   my	
  $common_gene	
  =	
  $infoRow[2];	
  
	
  
	
   	
   for	
  my	
  $candidate_gene(@RETINAL_GENES)	
  {	
  
	
   	
   	
   if	
  ($common_gene	
  =~	
  /$candidate_gene/)	
  {	
  
	
   	
   	
   print	
  "Found	
  $candidate_gene\n";	
  
	
   	
   	
   }	
  
	
   	
   }	
  
	
   	
   }	
  
}	
  
close	
  $file_1;	
  
close	
  $file_2;	
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6.4	
  Perl	
  script	
  for	
  checking	
  shared	
  variants	
  in	
  both	
  trios	
  and	
  possible	
  matching	
  
with	
  previously	
  reported	
  retina	
  inhered	
  disease	
  genes.	
  

	
  
#!/usr/bin/perl	
  
use	
  strict;	
  
	
  
#Create	
  a	
  directory	
  to	
  save	
  the	
  common	
  variants	
  presenting	
  the	
  wanted	
  genotype.	
  
my	
  $newdir	
  =	
  './common_variants_snps';	
  
mkdir	
  $newdir	
  unless	
  -­‐d	
  $newdir;	
  #	
  Check	
  if	
  dir	
  exists.	
  If	
  not	
  create	
  it.	
  
	
  
#Give	
  the	
  path	
  to	
  the	
  file	
  with	
  wanted	
  genotype	
  for	
  all	
  the	
  variants.	
  Both	
  trios.	
  
my	
  $file_1	
  =	
  './snps_trio_1_variant_function/wanted_genotype/wanted_genotype';	
  
my	
  $file_2	
  =	
  './snps_trio_2_variant_function/wanted_genotype/wanted_genotype';	
  
my	
  $num_common	
  =	
  0;	
  
	
  
#Open	
  both	
  files	
  and	
  define	
  genome	
  position	
  of	
  the	
  variants.	
  
open	
  (my	
  $fh,	
  "<",	
  "$file_1")	
  or	
  die	
  "Can't	
  open	
  $file_1:	
  $!";	
  
	
   while	
  (my	
  $line	
  =	
  <$fh>)	
  {	
   	
   	
   	
  
	
   	
   my	
  @infoRow	
  =	
  split	
  /\t/,	
  $line;	
  
	
   	
   #Define	
  position	
  in	
  the	
  genome	
  of	
  the	
  variant	
  in	
  trio	
  1.	
  
	
   	
   my	
  $position_trio1	
  =	
  $infoRow[3];	
  
open	
  (my	
  $fh2,	
  "<",	
  "$file_2")	
  or	
  die	
  "Could	
  not	
  open	
  file	
  '$file_2':	
  $!";	
  
	
   while	
  (my	
  $line2	
  =	
  <$fh2>)	
  {	
  
	
   	
   my	
  @infoRow2	
  =	
  split	
  (/\t/,	
  $line2);	
  
	
   	
   #Define	
  position	
  in	
  the	
  genome	
  of	
  the	
  variant	
  in	
  trio	
  2.	
  
	
   	
   my	
  $position_trio2	
  =	
  $infoRow2[3];	
  
	
  
	
   	
   #If	
  variant	
  at	
  the	
  same	
  position	
  for	
  both	
  trios	
  is	
  found,	
  print	
  it	
  in	
  a	
  new	
  file.	
  
	
   	
   if	
  ($position_trio2	
  eq	
  $position_trio1)	
  {	
  
	
   	
   	
   $num_common	
  ++;	
  
	
   	
   	
   open	
  my	
  $fileHandle,	
  ">>",	
  "$newdir/snps_variant"	
  or	
  die	
  "Can't	
  open	
  
'$newdir/snps_variant'\n";	
  
	
   	
   	
   	
   print	
  $fileHandle	
  "$line";	
  
	
   	
   	
   close	
  $fileHandle;	
  
	
   	
   }	
  
	
   }	
  
	
   }	
  
print	
  "$num_common\n";	
  
	
  
#Check	
  if	
  there	
  is	
  any	
  possible	
  candidate	
  gene	
  found	
  
my	
  @RETINAL_GENES	
  =	
  
('PDE6B','RD3','PDE6A','STK38L','PRCD','SLC4A3','RPGR','RHO','CCDC66','ADAM9','RPGRIP1','NPHP4','CNGB3','RPE65','COL9A3'
,'COL9A2','NHEJ1','BEST1');	
  
	
  
#Open	
  the	
  file	
  only	
  if	
  exists.	
  
if	
  (-­‐e	
  "$newdir/snps_variant")	
  {	
  	
  
	
   open	
  (my	
  $fileHandle,	
  "<",	
  "$newdir/snps_variant")	
  or	
  die	
  "Can't	
  open	
  '$newdir/snps_variant':	
  $!";	
  
	
   	
   while	
  (my	
  $line	
  =	
  <$fileHandle>)	
  {	
  
	
   	
   my	
  @infoRow	
  =	
  split	
  /\t/,	
  $line;	
  
	
   	
   #Define	
  the	
  gene	
  which	
  is	
  in	
  common	
  in	
  both	
  trios.	
  
	
   	
   my	
  $common_gene	
  =	
  $infoRow[2];	
  
	
  
	
   	
   for	
  my	
  $candidate_gene(@RETINAL_GENES)	
  {	
  
	
   	
   	
   if	
  ($common_gene	
  =~	
  /$candidate_gene/)	
  {	
  
	
   	
   	
   print	
  "Found	
  $candidate_gene\n";	
  
	
   	
   	
   }	
  
	
   	
   }	
  
	
   	
   }	
  
}	
  
	
  
close	
  $file_1;	
  
close	
  $file_2;	
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Appendix C. Results 

 
Table1. 

Summary	
  of	
  the	
  reads	
  for	
  all	
  the	
  samples	
  in	
  both	
  runs.	
  

	
   Sample	
   Raw	
  reads	
   Trimmed	
  reads	
   Trimmed	
  reads	
  (x2)	
   Aligned	
  reads	
  (PE)	
   Genome	
  Coverage	
  

Ru
n	
  
	
  1
	
  

Sire	
  I:1	
   87,744,533	
   85,110,263	
   170,220,526	
   167,459,818	
   6.89	
  x	
  

Dam	
  I:2	
   93,481,858	
   90,434,190	
   180,868,380	
   178,187,113	
   7.31	
  x	
  

Offspring	
  II:1	
   90,477,985	
   86,521,473	
   173,042,946	
   170,123,976	
   6.97	
  x	
  

Offspring	
  II:2	
   86,606,183	
   79,558,231	
   159,116,462	
   155,742,221	
   6.36	
  x	
  

Total	
   358,310,559	
   341,624,157	
   683,248,314	
   671,513,128	
   6.88	
  x1	
  

Ru
n	
  
2	
  

Sire	
  I:1	
   97,403,683	
   95,315,614	
   190,631,228	
   190,139,797	
   11.45	
  x	
  

Dam	
  I:2	
   105,820,150	
   103,748,174	
   207,496,348	
   207,180,231	
   12.39	
  x	
  

Offspring	
  II:1	
   97,332,856	
   94,765,262	
   189,530,524	
   188,970,159	
   11.28	
  x	
  

Offspring	
  II:2	
   88,190,346	
   84,849,995	
   169,699,990	
   168,707,631	
   10.04	
  x	
  

Total	
   388,747,035	
   378,679,045	
   757,358,090	
   754,997,818	
   11.29	
  x1	
  

1. Average	
  coverage	
  from	
  all	
  the	
  samples.	
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1. Libraries	
  quantification	
  

1.1 Run	
  1	
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1.1 Run	
  2	
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2. Quality	
  control	
  of	
  the	
  libraries	
  

2.1	
  Run	
  1	
  

	
  
	
  
	
  
	
  
	
  
	
  

Sire	
  I:1	
  

Fragmented	
  DNA	
  (expected	
  350	
  bp)	
  	
   	
   DNA	
  libraries	
  (expected	
  350	
  bp)	
  

Dam	
  I:2	
  

Fragmented	
  DNA	
  (expected	
  350	
  bp)	
  	
   	
   DNA	
  libraries	
  (expected	
  350	
  bp)	
  

Offspring	
  II:1	
  

Fragmented	
  DNA	
  (expected	
  350	
  bp)	
  	
   	
   DNA	
  libraries	
  (expected	
  350	
  bp)	
  

Offspring	
  II:2	
  

Fragmented	
  DNA	
  (expected	
  350	
  bp)	
  	
   	
   DNA	
  libraries	
  (expected	
  350	
  bp)	
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2.2	
  Run	
  2	
  

	
  
	
  
	
  

	
  
	
  
	
  

	
  
	
  
	
  
	
  
	
  
	
  

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

	
  

	
  
	
  

3. Quality	
  

control	
  per	
   base	
  

sequence	
  quality	
  with	
  FastQC	
  

Sire	
  I:1	
  

Fragmented	
  DNA	
  (expected	
  550	
  bp)	
  	
   	
   DNA	
  libraries	
  (expected	
  550	
  bp)	
  

Dam	
  I:2	
  

Fragmented	
  DNA	
  (expected	
  550	
  bp)	
  	
   	
   DNA	
  libraries	
  (expected	
  550	
  bp)	
  

Data	
  Not	
  Available	
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3.1	
  Run	
  1	
  (raw	
  reads)	
  

	
  
	
  
	
  

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

Sire	
  I:1	
  

Forward	
  reads	
  	
   	
   	
   	
   	
   	
   Reverse	
  reads	
  

Dam	
  I:2	
  

Forward	
  reads	
  	
   	
   	
   	
   	
   	
   Reverse	
  reads	
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Offspring	
  II:1	
  

Forward	
  reads	
  	
   	
   	
   	
   	
   	
   Reverse	
  reads	
  

	
  

Offspring	
  II:2	
  

Forward	
  reads	
  	
   	
   	
   	
   	
   	
   Reverse	
  reads	
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   3.2	
  Run	
  2	
  (raw	
  reads)	
  

	
  

	
  
	
  
	
  

	
  
	
  
	
  
	
  

	
  
	
  
	
  
	
  
	
  

Sire	
  I:1	
  

Forward	
  reads	
  	
   	
   	
   	
   	
   	
   Reverse	
  reads	
  

Dam	
  I:2	
  

Forward	
  reads	
  	
   	
   	
   	
   	
   	
   Reverse	
  reads	
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Offspring	
  II:2	
  

Forward	
  reads	
  	
   	
   	
   	
   	
   	
   Reverse	
  reads	
  

	
  

Offspring	
  II:1	
  

Forward	
  reads	
  	
   	
   	
   	
   	
   	
   Reverse	
  reads	
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3.3	
  Run	
  1	
  (trimmed	
  reads)	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Sire	
  I:1	
  

Forward	
  reads	
  	
   	
   	
   	
   	
   	
   Reverse	
  reads	
  

Dam	
  I:2	
  

Forward	
  reads	
  	
   	
   	
   	
   	
   	
   Reverse	
  reads	
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Offspring	
  II:1	
  

Forward	
  reads	
  	
   	
   	
   	
   	
   	
   Reverse	
  reads	
  

	
  

Offspring	
  II:2	
  

Forward	
  reads	
  	
   	
   	
   	
   	
   	
   Reverse	
  reads	
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3.4	
  Run	
  2	
  (trimmed	
  reads)	
  

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

Sire	
  I:1	
  

Forward	
  reads	
  	
   	
   	
   	
   	
   	
   Reverse	
  reads	
  

Dam	
  I:2	
  

Forward	
  reads	
  	
   	
   	
   	
   	
   	
   Reverse	
  reads	
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Offspring	
  II:1	
  

Forward	
  reads	
  	
   	
   	
   	
   	
   	
   Reverse	
  reads	
  

	
  

Offspring	
  II:2	
  

Forward	
  reads	
  	
   	
   	
   	
   	
   	
   Reverse	
  reads	
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4. Variant	
  filtration	
  

4.1	
  Candidate	
  SNPs	
  and	
  Indels	
  from	
  run	
  1	
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4.2	
  Candidate	
  SNPs	
  and	
  Indels	
  from	
  the	
  merged	
  reads	
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5.	
  Expression	
  ABCA4	
  
	
  
 

 

 

 

 

 

 

 

 

 

 

 

 

Alignment	
  of	
  ABCA4	
   cDNA	
  against	
  different	
  RNA-­‐seq	
  output	
  data	
   from	
  different	
  tissues.	
  The	
  cDNA	
  sequence	
  

from	
  ABCA4	
   (ENSCAFT00000032029)	
   presented	
   6,812	
   bp	
   and	
   was	
   blasted	
   with	
   blastn	
   (Camacho	
   et	
   al.	
   2009)	
  

against	
  few	
  dog	
  tissues	
  .	
  A.	
  Alignment	
  with	
  brain	
  tissue	
  (SRX11063).	
  B.	
  Alignment	
  with	
  kidney	
  tissue	
  (SRX11061).	
  

C.	
  Alignment	
  with	
  ovary	
  tissue	
  (SRX11066).	
  D.	
  Alignment	
  with	
  testis	
  tissue	
  (SRX111069).	
  E.	
  Alignment	
  with	
  blood	
  

(SRX11070).	
  F.	
  Alignment	
  with	
  skin	
  tissue	
  (SRX11064).	
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