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Abstract	  

Transposable	  elements	  (TEs)	  are	  ubiquitous	  and	  selfish	  genetic	  entities	  whose	  

mobilization	  poses	  a	  significant	  threat	  to	  their	  host.	  In	  the	  germline	  of	  metazoan,	  the	  

Piwi-‐interacting	  RNAs	  (piRNAs)	  derived	  from	  TE-‐enriched	  loci	  (called	  piRNA	  

clusters)	  regulate	  TE	  activity	  in	  a	  sequence	  specific	  manner.	  However,	  the	  

emergence	  and	  dynamics	  of	  piRNA-‐mediated	  repressor	  alleles	  to	  an	  invading	  TE	  

remain	  elusive.	  P-‐element,	  a	  DNA	  transposon	  that	  recently	  invaded	  the	  D.	  

melanogaster	  genome	  around	  1950,	  provides	  a	  unique	  opportunity	  to	  study	  the	  

evolution	  of	  host	  repression.	  In	  this	  dissertation,	  I	  first	  adapted	  a	  targeted	  

sequencing	  strategy	  and	  developed	  a	  computational	  pipeline	  to	  annotate	  P-‐element	  

insertions	  in	  a	  sequenced	  Drosophila	  melanogaster	  genome.	  My	  approach	  precisely	  

determined	  P-‐element	  insertion	  breakpoints	  and	  found	  new	  P-‐element	  insertions,	  

which	  were	  undetected	  by	  previously	  methods.	  Next,	  I	  modified	  the	  pipeline	  to	  

annotate	  P-‐element	  insertions	  in	  the	  Drosophila	  melanogaster	  genetic	  reference	  

panel	  (DGRP),	  a	  panel	  composed	  of	  205	  fully	  sequenced	  inbred	  lines.	  I	  found	  over	  

90%	  of	  DGRP	  genomes	  have	  P-‐elements	  in	  ancestral	  piRNA	  clusters	  that	  are	  active	  

prior	  to	  the	  P-‐element	  invasion.	  This	  indicates	  de	  novo	  mutation,	  in	  which	  P-‐

elements	  transpose	  into	  pre-‐existing	  piRNA	  clusters,	  is	  the	  predominant	  mechanism	  

for	  the	  origin	  of	  repressor	  alleles.	  Moreover,	  I	  detected	  no	  fewer	  than	  84	  

independent	  P-‐element	  insertions	  in	  ancestral	  piRNA	  clusters.	  Finally,	  I	  observed	  

that	  P-‐element	  insertions	  in	  piRNA	  clusters	  segregate	  at	  significant	  higher	  frequency	  
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than	  P-‐elements	  outside	  of	  piRNA	  clusters,	  suggesting	  that	  cluster	  P-‐elements	  confer	  

a	  selective	  advantage.	  Taken	  together,	  my	  results	  revealed	  a	  striking	  example	  of	  

polygenic	  adaptation,	  in	  which	  a	  plethora	  of	  de	  novo	  beneficial	  P-‐element	  insertions	  

into	  multiple	  piRNA	  clusters,	  fueled	  the	  evolution	  of	  a	  ubiquitous	  repressive	  

phenotype	  in	  <60	  years.	  
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1.1	  What	  are	  transposable	  elements?	  

Transposable	  elements	  (TEs),	  also	  known	  as	  “jumping	  genes”,	  are	  selfish	  genetic	  

entities	  that	  move	  and	  replicate	  within	  host	  genomes.	  TEs	  were	  first	  discovered	  

around	  1950	  by	  Barbara	  McClintock	  in	  her	  now	  classic	  study	  of	  variegated	  maize	  

kernel,	  which	  is	  induced	  by	  transposition	  of	  TEs	  (McClintock	  1950;	  McClintock	  

1953).	  Later,	  TEs	  were	  found	  to	  be	  present	  in	  virtually	  all	  organisms	  and	  can	  make	  

up	  a	  substantial	  fraction	  of	  host	  genomes	  (Figure	  1.1;	  reviewed	  in	  Chénais	  et	  al.	  

2012).	  For	  example,	  TEs	  account	  for	  ~45%	  of	  human	  genome	  (Lander	  et	  al.	  2001)	  

and	  ~85%	  of	  the	  maize	  genome	  (Schnable	  et	  al.	  2009).	  

Figure	  1.1	  Fraction	  of	  TEs	  in	  some	  model	  organisms.	  TE:	  transposable	  element.	  Data	  
sources:	  budding	  yeast,	  Saccharomyces	  cerevisiae	  (Kim	  et	  al.	  1998);	  chicken,	  Gallus	  gallus	  (	  
International	  Chicken	  Genome	  Sequencing	  Consortium,	  2004);	  thale	  cress,	  Arabidopsis	  
thaliana	  (Kaul	  et	  al.	  2000);	  worm,	  Caenorhabditis	  elegans	  (Bessereau	  2006);	  fruit	  fly,	  
Drosophila	  melanogaster	  (Smith	  et	  al.	  2007);	  frog,	  Xenopus	  tropicalis	  (Hellsten	  et	  al.	  2010);	  
rice,	  Oryza	  sativa	  L.	  (International	  Rice	  Genome	  Sequencing	  Project.	  2005);	  human,	  Homo	  
sapiens	  (Lander	  et	  al.	  2001);	  zebrafish,	  Danio	  rerio	  (Howe	  et	  al.	  2013);	  maize,	  Zea	  mays	  
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(Schnable	  et	  al.	  2009).	  
	  

Based	  on	  the	  mode	  of	  transposition,	  TEs	  are	  categorized	  into	  two	  major	  

classes:	  Class	  I	  (retrotransposons)	  and	  Class	  II	  (DNA	  transposons).	  

Retrotransposons	  move	  through	  a	  “copy	  and	  paste”	  mechanism,	  in	  which	  a	  

retrotransposon	  is	  first	  transcribed	  into	  a	  RNA	  intermediate	  and	  the	  RNA	  is	  reverse	  

transcribed	  before	  inserting	  into	  a	  novel	  location.	  In	  contrast,	  DNA	  transposons	  

move	  through	  a	  “cut	  and	  paste”	  mechanism,	  in	  which	  they	  are	  directly	  excised	  and	  

integrated	  into	  a	  new	  location	  (Wicker	  et	  al.	  2007).	  TEs	  are	  also	  classified	  into	  

autonomous	  and	  non-‐autonomous	  elements.	  Autonomous	  TEs	  transpose	  using	  their	  

own	  transposition	  machinery	  (transposase	  or	  reverse	  transcriptase),	  whereas	  

transposition	  of	  non-‐autonomous	  TEs	  requires	  the	  presence	  of	  autonomous	  TE	  

copies.	  

	  

1.2	  The	  impact	  of	  transposable	  elements	  on	  host	  genomes	  

Due	  to	  self-‐replication	  and	  mobility,	  TEs	  profoundly	  shape	  host	  genome	  

architecture.	  First,	  TE	  proliferation	  contributes	  to	  genome	  expansion.	  For	  example,	  

the	  LINE1	  retrotransposons	  alone	  account	  for	  ~17%	  of	  the	  human	  genome	  (Lander	  

et	  al.	  2001)	  and	  proliferation	  of	  LTR	  retrotransposons	  contribute	  to	  the	  rapid	  

expansion	  of	  plethodontid	  salamander	  genomes	  (Sun	  et	  al.	  2012).	  Second,	  dispersed	  

TE	  insertions	  can	  influence	  host	  gene	  expression	  by	  disrupting	  cis-‐regulatory	  

elements,	  providing	  alternative	  transcriptional	  start	  sites,	  triggering	  the	  formation	  
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of	  heterochromatin,	  and	  affecting	  splicing	  patterns	  (reviewed	  in	  Feschotte	  2008).	  

For	  instance,	  a	  hAT	  DNA	  transposon	  insertion	  results	  in	  hypermethylation	  of	  a	  sex	  

determination	  locus	  and	  leads	  to	  the	  development	  of	  female	  flowers	  in	  melon	  

(Martin	  et	  al.	  2009).	  

TEs	  are	  occasionally	  domesticated	  to	  perform	  essential	  functions	  in	  the	  host	  

genome.	  For	  example,	  a	  Doc	  element	  insertion	  into	  CHKov1,	  a	  putative	  gene	  involved	  

in	  choline	  metabolism,	  results	  in	  a	  truncated	  allele	  which	  confers	  resistant	  to	  both	  

organophosphate	  pesticides	  and	  the	  sigma	  virus	  in	  D.	  melanogaster	  (Aminetzach	  et	  

al.	  2005;	  Magwire	  et	  al.	  2011).	  Moreover,	  HeT-‐A	  and	  TART	  retrotransposons	  

preferably	  insert	  into	  telomeres	  of	  Drosophila	  to	  maintain	  telomere	  length	  (Pardue	  

and	  DeBaryshe	  2003).	  

However,	  TEs	  are	  generally	  considered	  genetic	  parasites	  as	  they	  impose	  a	  

sizeable	  mutational	  burden	  on	  their	  hosts.	  First,	  TEs	  produce	  deleterious	  insertions	  

that	  disrupt	  or	  interfere	  with	  functional	  sequences	  (Levis	  et	  al.	  1984;	  McGinnis	  et	  al.	  

1983;	  Lee	  2015).	  In	  addition,	  TEs	  cause	  double-‐strand	  DNA	  breaks	  through	  encoded	  

endonucleases	  during	  transposition	  (Gasior	  et	  al.	  2006),	  which	  would	  introduce	  

mutations	  if	  DNA	  damage	  is	  not	  repaired	  correctly.	  Moreover,	  homologous	  TEs	  may	  

undergo	  ectopic	  recombination,	  leading	  to	  chromosomal	  rearrangements,	  such	  as	  

deletion,	  duplication	  or	  translocation	  (Lim	  1988;	  Hedges	  and	  Deininger	  2007).	  

Finally,	  large	  portion	  of	  TEs	  burdens	  the	  host	  genome	  in	  terms	  of	  replication,	  

transcription,	  and	  translation	  of	  TE	  insertions	  (Nuzhdin	  1999).	  As	  a	  result,	  TEs	  can	  

cause	  deleterious	  phenotypes,	  including	  human	  genetic	  diseases	  (reveiwed	  in	  
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Chénais	  2013;	  Jang	  et	  al.	  2019;	  Burns	  2017).	  For	  instance,	  a	  single	  insertion	  of	  LINE-‐

1	  element	  (one	  type	  of	  retrotransposon)	  into	  a	  clotting	  protein-‐coding	  gene	  can	  

cause	  hemophilia	  A,	  an	  X-‐linked	  disorder	  in	  human	  (Kazazian	  et	  al.	  1988).	  

	  

1.3	  The	  Piwi-‐interacting	  RNA	  pathway	  

Owing	  to	  mutagenic	  effects	  of	  TEs,	  their	  activity	  is	  strictly	  regulated,	  especially	  in	  

the	  germline	  where	  TEs	  are	  exceptionally	  active	  and	  TE-‐induced	  mutations	  are	  

transmitted	  to	  the	  next	  generation.	  Small	  RNA-‐mediated	  silencing	  is	  a	  common	  

mechanism	  employed	  by	  both	  prokaryotes	  and	  eukaryotes	  to	  defend	  exogenous	  

nucleic	  acids,	  including	  TEs	  (Malone	  and	  Hannon	  2009;	  Girard	  and	  Hannon	  2008;	  

Kumar	  and	  Kevin	  2012).	  In	  this	  silencing	  pathway,	  CRISPR	  RNAs	  (crRNAs)	  in	  

prokaryotes,	  small	  interfering	  RNAs	  (siRNAs)	  in	  plants	  or	  Piwi-‐interacting	  RNAs	  

(piRNAs)	  in	  animals	  guide	  proteins	  with	  nuclease	  activity	  to	  silence	  homologous	  

DNA	  sequences	  transcriptionally	  or	  post-‐transcriptionally	  (Brennecke	  et	  al.	  2007;	  

Aravin	  et	  al.	  2007b;	  Girard	  and	  Hannon	  2008;	  Slotkin	  et	  al.	  2009;	  Bhaya	  et	  al.	  2011).	  

This	  dissertation	  will	  focus	  on	  the	  emergence	  and	  dynamics	  of	  piRNA-‐based	  

repressor	  alleles	  to	  invading	  TEs	  in	  animals.	  

In	  the	  germline	  of	  many	  metazoans,	  TEs	  are	  silenced	  by	  the	  small	  Piwi-‐

interacting	  RNAs	  (piRNAs)	  pathway	  (Aravin	  et	  al.	  2007b,	  2006;	  Brennecke	  et	  al.	  

2007;	  Siomi	  et	  al.	  2011;	  Houwing	  et	  al.	  2007;	  Batista	  et	  al.	  2008;	  Bagijn	  et	  al.	  2012)	  

piRNAs	  are	  21-‐33	  nucleotide	  (nt)	  single-‐stranded	  small	  RNAs.	  As	  the	  name	  implies,	  

piRNAs	  are	  associated	  with	  Piwi	  proteins,	  a	  clade	  of	  the	  Argonaute	  protein	  family.	  
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Argonaute	  proteins	  also	  play	  a	  central	  role	  siRNAs	  and	  miRNAs-‐mediated	  silencing	  

(reviewed	  in	  Höck	  and	  Meister	  2008).	  piRNA	  species	  are	  highly	  diverse,	  ranging	  

from	  ~3000	  in	  Caenorhabditis	  	  elegans	  to	  ~1,	  000,000	  in	  D.	  melanogaster	  (reviewed	  

in	  Ozata	  et	  al.	  2019),	  which	  enable	  hosts	  to	  silence	  diverse	  TE	  families.	  

piRNAs	  are	  derived	  from	  discrete	  specialized	  genomic	  loci	  known	  as	  piRNA	  

clusters,	  which	  may	  make	  up	  ~3.5%	  of	  the	  host	  genome	  (Brennecke	  et	  al.	  2007).	  

piRNA	  clusters	  are	  very	  large	  complex	  loci,	  up	  to	  240	  kb	  in	  Drosophila,	  which	  

contain	  many	  inactive	  TE	  copies	  from	  a	  variety	  of	  TE	  families	  (Brennecke	  et	  al.	  

2007).	  Many	  piRNA	  clusters	  are	  bi-‐directionally	  transcribed,	  producing	  sense	  and	  

antisense	  piRNAs	  (Brennecke	  et	  al.	  2007;	  Aravin	  et	  al.	  2007b;	  Mohn	  et	  al.	  2014).	  In	  

the	  germline,	  piRNAs	  guide	  Piwi	  protein	  complexes	  to	  degrade	  complementary	  

mRNA	  of	  TEs,	  or	  transcriptionally	  silence	  active	  TE	  insertions	  by	  establishing	  

repressive	  chromatin	  marks,	  such	  as	  DNA	  methylation	  in	  mammals	  or	  H3K9me3	  in	  

Drosophila	  (Figure	  1.2;	  Brennecke	  et	  al.	  2007;	  Aravin	  et	  al.	  2007,	  2008;	  Le	  Thomas	  

et	  al.	  2013;	  Sienski	  et	  al.	  2012;	  Huang	  et	  al.	  2013).	  
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Figure	  1.2	  A	  simplified	  piRNA	  pathway	  in	  Drosophila.	  piRNA	  clusters	  (gray)	  contain	  
multiple	  inactive	  TEs	  (red).	  piRNA	  clusters	  are	  enriched	  with	  H3K9me3,	  a	  repressive	  
heterochromatin	  mark.	  Initialized	  by	  the	  Rhino-‐Cutoff-‐Deadlock	  complex,	  piRNA	  clusters	  
can	  be	  bi-‐directionally	  transcribed	  (blue	  arrows)	  by	  Pol	  II,	  producing	  piRNA	  precursors.	  
Precursors	  are	  processed	  into	  mature	  23	  –	  29	  nt	  piRNAs	  that	  can	  be	  sense	  (mapped	  to	  
sense	  strand	  of	  TE	  mRNAs;	  red	  arrows	  pointing	  to	  the	  left)	  or	  antisense	  (mapped	  to	  
antisense	  strand	  of	  TE	  mRNAs,	  red	  arrows	  pointing	  to	  the	  right).	  Mature	  piRNAs	  guide	  Piwi	  
proteins	  to	  cleave	  complementary	  TE	  mRNAs	  in	  cytoplasm	  or	  establish	  repressive	  
H3K9me3	  marks	  around	  TE	  insertions	  in	  nucleus.	  Other	  proteins	  involved	  in	  piRNA	  
biogenesis	  are	  not	  shown	  in	  this	  figure.	  TE:	  transposable	  element,	  piRNA:	  Piwi-‐interacting	  
RNA,	  Pol	  II:	  RNA	  Polymerase	  II,	  H3K9me3:	  histone	  3	  lysine	  9	  trimethylation,	  mRNA:	  
message	  RNA.	  
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1.4	  Horizontal	  transfer	  of	  transposable	  elements	  

Although	  TEs	  are	  transmitted	  vertically	  from	  parents	  to	  offspring,	  comparative	  

genomics	  has	  revealed	  numerous	  examples	  of	  horizontal	  transfer	  (HT)	  of	  TEs	  

between	  non-‐mating	  species	  (Dotto	  et	  al.	  2015).	  Due	  to	  their	  inherent	  mobility,	  TEs	  

are	  more	  likely	  to	  be	  horizontally	  transferred.	  In	  fact,	  HT	  is	  proposed	  to	  be	  the	  

mechanism	  how	  TEs	  avoid	  extinction	  due	  to	  selection,	  genetic	  drift	  and/or	  

accumulation	  of	  defective	  mutations	  (reviewed	  in	  Schaack	  et	  al.	  2010).	  Although	  the	  

mechanisms	  by	  which	  TEs	  move	  between	  non-‐mating	  species	  remain	  elusive,	  

vectors	  such	  as	  viruses	  and	  parasites,	  may	  facilitate	  HT	  (Houck	  et	  al.	  1991;	  Gilbert	  et	  

al.	  2010,	  2016).	  

HT	  of	  TEs	  is	  widespread	  across	  tree	  of	  life	  (Baidouri	  et	  al.	  2014;	  Thomas	  et	  al.	  

2010;	  Dotto	  et	  al.	  2015;	  Peccoud	  et	  al.	  2017).	  Among	  Drosophila	  genomes,	  it	  is	  

estimated	  that	  nearly	  one-‐third	  of	  the	  TE	  families	  have	  experienced	  HT	  (Bartolomé	  

et	  al.	  2009).	  Among	  40	  sequenced	  plants	  belonging	  to	  different	  families,	  ~65%	  

species	  contain	  at	  least	  one	  retrotransposon	  that	  was	  horizontally	  transferred	  to	  or	  

from	  another	  genome	  (Baidouri	  et	  al.	  2014).	  Moreover,	  HT	  of	  TEs	  occurs	  between	  

more	  distantly	  related	  taxa,	  such	  as	  from	  animals	  to	  plants,	  even	  between	  

prokaryotes	  and	  eukaryotes	  (Lin	  et	  al.	  2016).	  

Widespread	  HT	  of	  TEs	  threatens	  the	  integrity	  of	  host	  genome.	  Without	  host	  

repression,	  invading	  TEs	  can	  proliferate	  exponentially	  (Kofler	  et	  al.	  2018)	  and	  the	  

bursts	  of	  the	  TE	  invaders	  decrease	  the	  host	  fitness	  dramatically.	  For	  example,	  

activity	  of	  P-‐elements	  is	  responsible	  for	  hybrid	  dysgenesis,	  a	  syndrome	  
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characterized	  by	  sterility,	  elevated	  mutation	  rates,	  and	  high	  frequencies	  of	  

chromosomal	  aberrations	  (Figure	  1.3;	  Kidwell	  et	  al.	  1977;	  Bingham	  et	  al.	  1982).	  

	  

Figure	  1.3	  A	  schematic	  drawing	  of	  hybrid	  dysgenesis.	  (A)	  Hybrid	  dysgenesis	  occurs	  in	  
the	  crosses	  between	  males	  infected	  with	  P-‐elements	  and	  naïve	  females	  devoid	  of	  P-‐
elements.	  Because	  the	  offspring	  have	  no	  complementary	  piRNAs	  to	  silence	  the	  P-‐elements,	  
P-‐elements	  are	  activated,	  resulting	  in	  gonadal	  atrophy.	  (B)	  Offspring	  from	  the	  reciprocal	  
cross	  are	  fertile	  because	  P-‐element	  piRNAs	  are	  maternally	  transmitted	  from	  infected	  
mother	  to	  the	  offspring	  (Brennecke	  et	  al.	  2008).	  TE:	  transposable	  element.	  
	  
	  

1.5	  The	  origin	  of	  repressors:	  de	  novo	  mutation	  versus	  epigenetic	  

mutation	  

The	  widespread	  HT	  of	  TEs	  in	  animals	  challenges	  the	  host	  to	  silence	  those	  TE	  

invaders	  by	  producing	  novel	  species	  of	  piRNAs.	  Novel	  species	  of	  piRNAs	  or	  piRNA-‐

mediated	  repressors	  (i.e.	  TEs	  in	  piRNA	  clusters)	  can	  arise	  through	  two	  mechanisms.	  

The	  prevailing	  proposed	  mechanism	  is	  de	  novo	  mutation	  (or	  “trap”	  model),	  in	  which	  

novel	  TEs	  randomly	  transpose	  into	  pre-‐existing	  piRNA	  clusters	  producing	  repressor	  

alleles	  (Bergman	  et	  al.	  2006;	  Khurana	  et	  al.	  2011;	  Girard	  and	  Hannon	  2008).	  This	  
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model	  is	  supported	  by	  the	  observations	  that	  DNA	  sequences	  inserted	  into	  an	  active	  

piRNA	  cluster	  generate	  corresponding	  piRNAs	  (Khurana	  et	  al.	  2011;	  Muerdter	  et	  al.	  

2012;	  Yamamoto	  et	  al.	  2013;	  Han	  et	  al.	  2015;	  Duc	  et	  al.	  2019),	  and	  that	  TE	  insertion	  

polymorphisms	  in	  piRNA	  clusters	  are	  associated	  with	  differences	  in	  piRNA	  

production	  and	  silencing	  (Stuart	  et	  al.	  2002;	  Brennecke	  et	  al.	  2008;	  Zanni	  et	  al.	  

2013).	  

Alternatively,	  repressors	  may	  arise	  through	  epigenetic	  mutation,	  in	  which	  a	  

non-‐piRNA	  producing	  locus	  is	  converted	  into	  a	  novel	  piRNA	  cluster	  by	  installment	  of	  

H3K9me3	  (Figure	  1.4;	  De	  Vanssay	  et	  al.	  2012).	  This	  process	  is	  mediated	  by	  piRNAs	  

produced	  from	  homologous	  piRNA-‐generating	  loci	  called	  inducers	  (Le	  Thomas	  et	  al.	  

2014;	  Hermant	  et	  al.	  2015).	  Although	  any	  TE	  insertions	  could	  form	  novel	  piRNA	  

clusters	  (Shpiz	  et	  al.	  2014),	  epimutated	  loci	  differ	  from	  those	  novel	  piRNA	  clusters	  

in	  their	  ability	  to	  produce	  piRNAs	  over	  numerous	  generations	  in	  the	  absence	  of	  

original	  inducers.	  Moreover,	  epimutated	  piRNA	  clusters	  are	  capable	  of	  converting	  

other	  homologous	  regions	  inert	  for	  piRNA	  production	  into	  piRNA-‐producing	  loci	  

(De	  Vanssay	  et	  al.	  2012).	  Epigenetic	  mutation	  may	  play	  a	  vital	  role	  in	  the	  

establishment	  of	  repression	  to	  invading	  TEs,	  by	  quickly	  creating	  repressor	  alleles	  

and	  reinforcing	  repression	  capacity	  (Hermant	  et	  al.	  2015;	  Kelleher	  2016).	  

There	  are	  several	  challenges	  to	  elucidating	  the	  role	  of	  de	  novo	  and	  epigenetic	  

mutation	  in	  evolution	  of	  repression	  of	  invading	  TEs.	  Because	  most	  piRNA	  clusters	  

(>95%	  in	  D.	  melanogaster)	  are	  located	  in	  pericentromeric	  and	  telomeric	  

heterochromatin	  with	  highly	  repetitive	  sequences	  (Brennecke	  et	  al.	  2007),	  it	  is	  
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challenging	  to	  detect	  polymorphic	  TE	  insertions	  in	  repeat-‐rich	  piRNA	  clusters	  due	  to	  

an	  absence	  of	  unique	  surrounding	  sequence.	  Additionally,	  it	  is	  impossible	  to	  

differentiate	  the	  de	  novo	  and	  epigenetic	  mutation	  models	  for	  most	  piRNA	  producing	  

TE	  insertions	  invasions	  occurred	  in	  the	  distant	  evolutionary	  past,	  meaning	  it	  is	  

unknown	  which	  arose	  first	  at	  a	  given	  locus,	  TE	  insertion	  or	  piRNA	  production.	  

	  

Figure	  1.4	  The	  origin	  of	  repressors	  via	  epigenetic	  mutation.	  piRNAs	  are	  produced	  from	  
a	  piRNA	  cluster	  with	  repressive	  chromatin	  marks	  in	  the	  mother.	  These	  piRNAs	  are	  
maternally	  transmitted	  to	  the	  offspring	  and	  interact	  with	  (black	  dashed	  arrow)	  a	  
homologous	  TE,	  which	  is	  inherited	  from	  the	  father	  and	  is	  inert	  for	  piRNA	  production.	  The	  
maternally	  inherited	  piRNAs	  mediate	  converting	  the	  non-‐piRNA	  producing	  TE	  insertion	  
into	  a	  novel	  piRNA-‐producing	  locus	  by	  modifying	  chromatin	  marks.	  The	  epimutated	  piRNA	  
cluster	  is	  stable	  over	  multiple	  successive	  generations	  (n	  >	  100)	  if	  inherited	  maternally.	  In	  F1	  
generation,	  chromosomes	  inherited	  from	  mother	  are	  indicated	  in	  pink	  and	  chromosomes	  
from	  father	  are	  indicated	  in	  light	  blue.	  TE:	  transposable	  element,	  piRNA:	  Piwi-‐interacting	  
RNA,	  H3K9me3:	  histone	  3	  lysine	  9	  trimethylation.	  The	  figure	  is	  adapted	  from	  Kelleher	  
(2016).	  
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1.6	  Evolutionary	  dynamics	  of	  repressor	  alleles	  

Regardless	  of	  the	  mutational	  mechanism	  that	  produces	  small	  RNA-‐mediated	  

repressor	  alleles,	  they	  increase	  host	  fitness	  by	  safeguarding	  host	  genome	  from	  

deleterious	  TE-‐induced	  mutations.	  However,	  whether	  the	  fitness	  benefit	  associated	  

with	  repressor	  alleles	  is	  strong	  enough	  for	  them	  to	  escape	  genetic	  drift	  is	  

controversial.	  

On	  the	  one	  hand,	  forward	  simulation	  models	  suggest	  that	  piRNA-‐mediated	  

repressor	  alleles	  are	  selectively	  more	  advantageous	  than	  non-‐repressor	  alleles	  (i.e.	  

TEs	  outside	  of	  piRNA	  clusters),	  especially	  when	  TEs	  are	  highly	  deleterious	  (Lu	  and	  

Clark	  2010;	  Kelleher	  et	  al.	  2018;	  Kofler	  2019).	  Adaptive	  evolution	  of	  repressor	  

alleles	  is	  further	  supported	  by	  population	  genomic	  data	  from	  D.	  melanogaster	  (Lu	  

and	  Clark	  2010).	  

On	  the	  other	  hand,	  Charlesworth	  and	  Langley	  found	  the	  selective	  advantage	  

of	  a	  repressor	  allele	  is	  limited	  in	  sexually	  reproducing	  organisms	  with	  free	  

recombination	  (Charlesworth	  and	  Langley	  1986).	  This	  is	  because	  the	  advantage	  of	  a	  

repressor	  is	  to	  reduce	  TE	  copy	  number	  in	  linked	  DNA,	  and	  recombination	  will	  

weaken	  this	  advantage	  by	  reducing	  the	  extent	  of	  linkage	  disequilibrium	  

(Charlesworth	  and	  Langley	  1989).	  Nevertheless,	  they	  considered	  deleterious	  TE	  

insertions	  as	  the	  only	  TE-‐induced	  fitness	  cost,	  ignoring	  the	  selective	  pressure	  

imposed	  by	  hybrid	  dysgenesis,	  which	  greatly	  deceases	  host	  fitness	  by	  causing	  DNA	  

damage	  during	  transposition.	  In	  addition,	  a	  simulation	  of	  dynamics	  of	  repressor	  

alleles	  that	  reduce	  TE	  transposition	  rate	  indicates	  that	  selection	  pressure	  for	  host	  
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repressors	  is	  strong	  only	  at	  early	  stage	  of	  a	  TE	  invasion	  so	  that	  the	  frequency	  

increase	  of	  beneficial	  alleles	  is	  hard	  to	  detect	  (Lee	  and	  Langley	  2012).	  Lee	  and	  

Langley	  assumed	  repressors	  arise	  at	  the	  same	  time	  as	  a	  new	  TE	  invades	  a	  naïve	  

genome.	  This	  assumption	  restrains	  the	  accumulation	  of	  the	  invading	  TE	  at	  the	  early	  

invasion,	  reducing	  fitness	  cost	  associated	  with	  the	  TE	  invader	  and	  therefore	  

decreasing	  selective	  pressure	  on	  repressor	  alleles.	  Moreover,	  a	  simulation	  by	  Kofler	  

found	  that	  host	  repressor	  alleles	  go	  to	  fixation	  even	  when	  TE	  insertions	  were	  

assumed	  to	  be	  neutral	  (Kofler	  2019),	  making	  the	  role	  of	  positive	  selection	  on	  

evolution	  of	  repressor	  alleles	  elusive.	  

	  

1.7	  The	  P-‐element	  invasion	  into	  the	  D.	  melanogaster	  genome	  

P-‐elements	  provide	  a	  unique	  opportunity	  to	  study	  not	  only	  the	  contributions	  of	  de	  

novo	  mutation	  to	  the	  origin	  of	  repressors,	  but	  also	  evolutionary	  dynamics	  of	  

repressors	  when	  selection	  is	  most	  strong.	  P-‐elements	  are	  DNA	  transposons	  that	  

invaded	  the	  D.	  melanogaster	  genome	  around	  1950	  by	  horizontal	  transfer	  from	  D.	  

willistoni	  (Daniels	  et	  al.	  1990;	  Kidwell	  1983;	  Anxolabéhère	  et	  al.	  1988).	  Many	  

natural	  populations	  of	  D.	  melanogaster	  evolved	  repression	  in	  less	  than	  50	  years	  

(Figure	  1.5A;	  Anxolabéhère	  et	  al.	  1988;	  Kidwell	  1983).	  

Multiple	  lines	  of	  evidence	  indicate	  that	  evolved	  P-‐element	  repression	  in	  

natural	  populations	  reflects	  piRNA-‐mediated	  silencing.	  First,	  P-‐elements	  inserted	  

into	  piRNA	  clusters,	  such	  as	  Telomeric	  Associated	  Sequences	  on	  the	  left	  arm	  of	  the	  X	  

chromosome	  (X-‐TAS),	  are	  able	  to	  regulate	  P-‐element	  activity	  (Marin	  et	  al.	  2000;	  
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Stuart	  et	  al.	  2002;	  Ronsseray	  et	  al.	  1996).	  Additionally,	  repression	  in	  many	  natural	  

populations	  exhibits	  a	  maternal	  effect	  (Figure	  1.3;	  Stuart	  et	  al.	  2002;	  Simmons	  et	  al.	  

2004),	  which	  is	  consistent	  with	  the	  maternal	  transmission	  of	  piRNAs.	  Moreover,	  

mutations	  in	  genes	  involved	  in	  the	  piRNA	  pathway,	  such	  as	  aubergine,	  impair	  P-‐

element	  repression	  (Reiss	  et	  al.	  2004;	  Simmons	  et	  al.	  2007).	  Finally,	  multiple	  strains	  

that	  are	  able	  to	  repress	  P-‐elements	  have	  been	  demonstrated	  to	  produce	  abundant	  P-‐

element	  piRNAs,	  whereas	  flies	  that	  are	  unable	  to	  suppress	  P-‐elements	  are	  devoid	  of	  

P-‐element	  piRNAs	  (Figure	  1.5B;	  Brennecke	  et	  al.	  2008;	  Kofler	  et	  al.	  2018;	  Khurana	  et	  

al.	  2011;	  Wakisaka	  et	  al.	  2017).	  

Specifically,	  using	  P-‐elements	  has	  the	  following	  advantages.	  First,	  due	  to	  its	  

recent	  invasion,	  numerous	  strains	  collected	  prior	  to	  P-‐element	  invasion	  are	  retained	  

in	  laboratories	  and	  stock	  centers.	  This	  provides	  a	  historical	  record	  of	  ancestral	  

piRNA	  clusters	  that	  were	  active	  before	  the	  P-‐element	  invasion,	  enabling	  us	  to	  

examine	  the	  contribution	  of	  de	  novo	  mutation	  to	  the	  evolution	  of	  P-‐element	  

repression.	  Furthermore,	  the	  recently	  sequenced	  Drosophila	  melanogaster	  genetic	  

reference	  panel	  (DGRP),	  which	  contains	  205	  wild-‐derived	  inbred	  lines	  collected	  

around	  2003	  (Mackay	  et	  al.	  2012),	  makes	  it	  ideal	  to	  study	  P-‐element	  dynamics	  at	  the	  

population	  level.	  Finally,	  P-‐element	  activity	  induces	  hybrid	  dysgenesis	  (Figure	  1.3),	  

which	  makes	  it	  is	  easy	  to	  quantify	  P-‐element	  repression	  ability	  in	  the	  lab	  conditions.	  
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Figure	  1.5	  Natural	  populations	  evolved	  piRNA-‐mediated	  P-‐element	  repression.	  (A)	  
DGRP	  genomes	  possess	  strong	  repression	  ability	  to	  P-‐elements.	  The	  P-‐element	  repression	  
ability	  of	  a	  strain	  could	  be	  measured	  by	  crossing	  females	  of	  the	  test	  strain	  to	  a	  strain	  with	  
the	  ability	  to	  induce	  hybrid	  dysgenesis	  (P	  strain),	  and	  examining	  the	  fertility	  in	  the	  progeny.	  
In	  this	  experiment,	  the	  Harwich	  (a	  typical	  P	  strain)	  was	  used	  to	  test	  P-‐element	  repression	  in	  
DGRP	  genomes.	  Female	  offspring	  were	  raised	  at	  29	  °C	  for	  3	  days	  and	  then	  were	  squashed	  
under	  a	  slide	  to	  check	  if	  they	  could	  produce	  eggs,	  an	  indicator	  of	  ovarian	  development.	  The	  
repression	  ability	  for	  each	  line	  was	  calculated	  as	  the	  percentage	  of	  F1	  females	  that	  were	  
able	  to	  lay	  eggs.	  Data	  were	  collected	  by	  Beverly	  Pointer.	  (B)	  The	  expression	  of	  P-‐element	  
piRNAs	  from	  a	  subset	  of	  DGRP	  genomes.	  The	  expression	  level	  was	  measured	  in	  number	  of	  
P-‐element	  piRNA	  reads	  per	  million	  mapped	  microRNA	  reads	  (RPM)	  and	  transformed	  to	  log2	  
scale	  (log2	  RPM).	  Deep	  sequencing	  data	  came	  from	  Song	  et	  al.	  (2014).	  DGRP:	  Drosophila	  
melanogaster	  genetics	  reference	  panel,	  piRNA:	  Piwi-‐interacting	  RNA.	  
	  

1.8	  Identification	  of	  TEs	  from	  next-‐generation	  sequencing	  data	  

To	  fully	  understand	  the	  emergence	  of	  piRNA-‐mediated	  repressor	  alleles	  and	  their	  

evolutionary	  dynamics,	  the	  first	  step	  is	  to	  detect	  individual	  TE	  insertions	  in	  host	  

genomes.	  However,	  TE	  insertions	  are	  highly	  polymorphic	  (i.e.,	  only	  present	  in	  

certain	  genotypes	  within	  a	  single	  species)	  and	  tend	  to	  be	  rare	  (i.e.,	  segregate	  at	  low	  

frequencies),	  making	  it	  necessary	  to	  annotate	  TEs	  in	  each	  genotype	  or	  population	  to	  
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be	  studied.	  Illumina	  whole	  genome	  re-‐sequencing	  (WGS),	  one	  of	  next-‐generation	  

sequencing	  (NGS)	  techniques,	  provides	  an	  unprecedented	  opportunity	  to	  annotate	  

presence	  and	  absence	  of	  individual	  TEs	  in	  a	  given	  genome	  or	  pooled	  genomes.	  

Multiple	  algorithms	  have	  been	  developed	  to	  annotate	  TEs	  from	  WGS	  data	  (Zhuang	  

et	  al.	  2014;	  Rahman	  et	  al.	  2015;	  Adrion	  et	  al.	  2017;	  Fiston-‐Lavier	  et	  al.	  2011;	  Robb	  et	  

al.	  2013;	  Nakagome	  et	  al.	  2014),	  most	  of	  which	  take	  advantage	  of	  discordant	  reads	  

and	  split	  reads	  to	  infer	  the	  presence	  or	  absence	  of	  specific	  TE	  insertions	  (Figure	  1.6;	  

reviewed	  in	  Ewing	  2015).	  

However,	  identifying	  TE	  insertions	  from	  WGS	  has	  some	  limitations.	  First,	  WGS	  

is	  expensive	  and	  it	  is	  unnecessary	  to	  perform	  whole	  genome	  sequencing	  if	  a	  few	  TEs	  

are	  investigated.	  In	  addition,	  reads	  supporting	  presence	  or	  absence	  of	  individual	  TE	  

insertions	  are	  not	  always	  sampled	  from	  WGS	  or	  are	  not	  sampled	  with	  sufficient	  

coverage	  to	  reliably	  infer	  an	  insertion	  or	  deletion	  event.	  This	  may	  be	  particularly	  

true	  for	  detecting	  somatic	  TE	  mutations	  or	  TE	  insertions	  in	  pooled	  samples,	  where	  

individual	  TE	  insertions	  tend	  to	  be	  rare.	  Moreover,	  precise	  insertion	  breakpoints	  

could	  be	  not	  determined	  if	  there	  is	  a	  lack	  of	  split	  reads.	  Finally,	  due	  to	  the	  short	  

length	  of	  Illumina	  reads	  (1	  x	  50	  bp	  –	  2	  x	  300	  bp),	  detecting	  TE	  insertions	  in	  

repetitive	  regions	  is	  challenging	  because	  can	  be	  uniquely	  assigned	  to	  a	  single	  

location	  in	  the	  reference	  genome	  (reviewed	  in	  Barrón	  et	  al.	  2014).	  This	  poses	  a	  

serious	  challenge	  to	  the	  detection	  of	  TE	  insertions	  in	  piRNA	  clusters,	  as	  the	  majority	  

of	  piRNA	  clusters	  are	  located	  in	  repetitive	  regions	  (Brennecke	  et	  al.	  2007).	  
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	   An	  alternative	  method	  to	  curate	  TE	  insertions	  is	  targeted	  genomic	  re-‐

sequencing	  (TGS).	  The	  central	  feature	  of	  TGS	  is	  the	  enrichment	  of	  DNA	  fragment	  

with	  TEs	  through	  biochemical	  marked	  probes	  and/or	  polymerase	  chain	  reaction	  

(PCR)	  using	  TE-‐specific	  primers	  (Platt	  et	  al.	  2015;	  Witherspoon	  et	  al.	  2010;	  Ewing	  

and	  Kazazian	  2010).	  After	  sequencing	  the	  TE-‐enriched	  fragments,	  the	  insertion	  sites	  

are	  determined	  by	  mapping	  reads	  to	  the	  reference	  genome	  (the	  same	  as	  WGS,	  

Figure	  1.6).	  One	  advantage	  of	  TGS	  is	  that	  the	  sequencing	  coverage	  is	  exceptionally	  

high	  around	  the	  TE	  insertion	  sites,	  decreasing	  the	  likelihood	  that	  rare	  insertions	  go	  

undetected.	  Moreover,	  precise	  insertion	  junctions	  can	  be	  pinpointed,	  as	  one	  read	  in	  

a	  read	  pair	  always	  spans	  TE	  insertion	  junctions.	  However,	  compared	  to	  WGS,	  TGS	  is	  

only	  suitable	  when	  a	  few	  TEs	  are	  investigated	  and	  TGS	  has	  not	  yet	  fundamentally	  

solved	  the	  problem	  of	  detecting	  TEs	  in	  repetitive	  regions	  due	  to	  short	  read	  length.	  

	   The	  long-‐read	  sequencing	  techniques,	  including	  PacBio	  

(https://www.pacb.com)	  and	  Oxford	  Nanopore	  (https://nanoporetech.com),	  

provide	  a	  feasible	  way	  to	  annotate	  TE	  insertions	  in	  repetitive	  regions.	  Compared	  to	  

short-‐read	  sequencing	  strategy,	  PacBio	  and	  Nanopore	  can	  produce	  longer	  reads	  

(N50	  >	  10	  kb,	  i.e.,	  50%	  of	  total	  sequencing	  coverage	  is	  derived	  from	  reads	  greater	  

than	  10	  kb),	  increasing	  unique	  alignment	  rate	  (Jain	  et	  al.	  2018;	  Chakraborty	  et	  al.	  

2018).	  However,	  most	  current	  PacBio	  and	  Nanoproe	  platforms	  have	  high	  

sequencing	  error	  rates	  (1%	  -‐	  20%;	  Weirather	  et	  al.	  2017).	  Moreover,	  PacBio	  

sequencing	  is	  currently	  expensive.	  The	  advancement	  of	  long-‐read	  sequencing	  
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techniques,	  cost-‐efficient	  and	  easy-‐to-‐use	  platforms	  of	  Nanopore	  in	  particular,	  

promise	  greatly	  enhanced	  power	  to	  annotated	  TE	  insertions	  in	  repetitive	  regions.	  

	  

Figure	  1.6	  (A)	  Identification	  of	  TE	  insertions	  from	  paired-‐end	  WGS	  reads.	  Discordant	  reads	  
are	  read	  pairs	  that	  one	  end	  of	  the	  pair	  is	  mapped	  to	  a	  TE	  and	  its	  mate	  is	  mapped	  to	  the	  
reference	  genome	  (e.g.,	  read	  1,	  2,	  3).	  Splits	  reads	  are	  read	  pairs	  where	  one	  segment	  of	  one	  
read	  is	  mapped	  to	  a	  TE	  and	  the	  remaining	  is	  mapped	  to	  the	  reference	  genome	  (e.g.,	  read	  4,	  
5,	  6).	  Both	  discordant	  reads	  and	  split	  reads	  indicate	  the	  presence	  of	  novel	  TE	  insertions,	  but	  
only	  split	  reads	  reveal	  precise	  insertion	  breakpoints.	  If	  the	  TE	  insertion	  is	  not	  fixed	  in	  the	  
sample	  genome,	  reads	  spanning	  the	  junction	  (Read	  7)	  may	  be	  present	  and	  the	  frequency	  of	  
the	  insertion	  could	  be	  estimated	  as	  (discordant	  reads	  +	  split	  reads)/(discordant	  reads	  +	  
split	  reads	  +	  reads	  spanning	  the	  junction).	  (B)	  Identification	  absence	  of	  TEs	  from	  paired-‐end	  
WGS	  reads.	  In	  this	  case,	  discordant	  reads	  are	  reads	  spanning	  the	  insertion	  breakpoint	  (e.g.,	  
read	  3,	  4,	  5).	  If	  not	  all	  chromosomes	  lose	  the	  insertion,	  there	  would	  be	  reads	  aligned	  to	  the	  
TE	  (e.g.,	  read	  1,	  2)	  and	  the	  frequency	  of	  the	  insertion	  could	  be	  estimated	  as	  reads	  aligned	  to	  
the	  TE/(reads	  aligned	  to	  the	  TE	  +	  discordant	  reads).	  Reads	  aligned	  to	  the	  reference	  genome	  
are	  black	  and	  reads	  aligned	  to	  TEs	  are	  red.	  TE:	  transposable	  element,	  WGS:	  whole	  genome	  
re-‐sequencing.	  
	  

	  

1.9	  Dissertation	  outline	  

This	  dissertation	  uses	  the	  invasion	  of	  the	  D.	  melanogaster	  genome	  by	  P-‐elements	  to	  

study	  (1)	  the	  role	  of	  de	  novo	  mutation	  to	  the	  origin	  of	  piRNA-‐mediated	  repressor	  

alleles	  (P-‐elements	  in	  piRNA	  clusters),	  (2)	  the	  role	  of	  positive	  selection	  on	  the	  

population	  dynamics	  of	  repressor	  alleles.	  

A

sample
genome

reference
genome

B

read 1 read 2
read 3

read 5 
read 4

read 6

TE

TE

read 7
read 1

read 2

read 3
read 4
read 5



	   19	  

In	  Chapter	  2,	  I	  adapted	  a	  targeted	  sequencing	  strategy	  to	  PCR	  amplify	  P-‐

elements	  and	  their	  flanking	  genomic	  DNA	  sequences	  in	  a	  DGRP	  genome	  using	  P-‐

element	  specific	  primers	  and	  a	  set	  of	  degenerate	  primers.	  The	  PCR	  products	  were	  

sequenced	  on	  the	  Illumina	  Miseq	  platform.	  To	  identify	  the	  P-‐element	  insertion	  sites,	  

I	  developed	  a	  computational	  pipeline.	  I	  found	  that	  targeted	  sequencing	  is	  powerful	  

for	  annotating	  the	  precise	  insertion	  sites	  of	  P-‐elements,	  even	  for	  P-‐elements	  in	  

heterochromatic	  regions.	  Compared	  to	  whole	  genome	  re-‐sequencing	  (WGS),	  

targeted	  sequencing	  provides	  a	  cost-‐efficient	  approach	  to	  identify	  TE	  insertions.	  

In	  Chapter	  3,	  I	  modified	  the	  pipeline	  developed	  in	  Chapter	  2	  to	  annotate	  P-‐

element	  insertions	  in	  all	  DGRP	  genomes	  from	  whole	  genome	  re-‐sequencing	  reads.	  I	  

also	  annotated	  ancestral	  piRNA	  clusters	  that	  were	  active	  before	  P-‐element	  invasion	  

from	  a	  large	  number	  of	  P-‐element-‐free	  D.	  melanogaster	  strains	  collected	  prior	  to	  P-‐

element	  invasion.	  I	  found	  that	  over	  90%	  of	  DGRP	  genomes	  have	  at	  least	  one	  P-‐

element	  in	  ancestral	  piRNA	  clusters,	  suggesting	  de	  novo	  mutation	  is	  the	  

predominant	  mechanism	  for	  the	  origin	  of	  piRNA-‐mediated	  repressors.	  Moreover,	  I	  

found	  at	  least	  84	  different	  de	  novo	  insertions	  into	  ancestral	  piRNA	  clusters,	  which	  as	  

allelic	  class	  is	  subject	  to	  positive	  selection.	  Therefore,	  the	  evolution	  of	  P-‐element	  

repression	  presents	  a	  striking	  example	  of	  polygenic	  adaptation.	  
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Chapter	  2	  Targeted	  identification	  of	  TE	  

insertions	  in	  a	  Drosophila	  genome	  

through	  hemi-‐specific	  PCR1	  

	  

	   	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1	  This	  chapter	  has	  been	  previously	  published.	  Reference:	  Zhang,	  S.	  &	  Kelleher,	  E.S.,	  
2017.	  Targeted	  identification	  of	  TE	  insertions	  in	  a	  Drosophila	  genome	  through	  hemi-‐
specific	  PCR.	  Mobile	  DNA.	  8:10.	  doi:	  10.1186/s13100-‐017-‐0092-‐1. 
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2.1	  Introduction	  

Transposable	  elements	  (TEs)	  are	  mobile	  genetic	  entities	  that	  are	  major	  contributors	  

to	  the	  evolution	  of	  eukaryotic	  genomes.	  TE	  proliferation	  can	  drive	  dramatic	  changes	  

in	  genome	  size	  (Vitte	  and	  Panaud	  2005;	  Lee	  and	  Kim	  2014;	  Sun	  et	  al.	  2012;	  Sun	  and	  

Mueller	  2014)	  and	  gene	  regulation	  (Lee	  2015;	  Hollister	  and	  Gaut	  2009;	  Lynch	  et	  al.	  

2011;	  Jjingo	  et	  al.	  2014).	  Additionally,	  ectopic	  recombination	  between	  TE	  insertions	  

produces	  structural	  rearrangements	  within	  and	  between	  chromosomes	  (Startek	  et	  

al.	  2015;	  Robberecht	  et	  al.	  2013;	  Zhang	  et	  al.	  2013;	  Prada	  and	  Laissue	  2014;	  Sarilar	  

et	  al.	  2014).	  Finally,	  transposition	  into	  novel	  genomic	  sites	  produces	  abundant	  

intraspecific	  variation	  in	  the	  presence	  and	  absence	  of	  individual	  TE	  insertions	  (Robb	  

et	  al.	  2013;	  Kofler	  et	  al.	  2015b;	  Rishishwar	  et	  al.	  2015).	  	  

Despite	  their	  contribution	  to	  genetic	  variation,	  population	  genomic	  studies	  of	  

TEs	  remain	  challenging.	  Like	  all	  repetitive	  elements,	  TEs	  are	  inherently	  problematic	  

to	  assign	  to	  particular	  genomic	  locations.	  Furthermore,	  TEs	  are	  often	  found	  in	  

heterochromatic	  regions,	  such	  that	  the	  genomic	  sequences	  that	  surround	  them	  may	  

also	  be	  repetitive.	  Finally,	  TE	  insertions	  are	  often	  polymorphic	  within	  samples	  used	  

for	  genome	  re-‐sequencing,	  meaning	  they	  are	  supported	  by	  few	  sequencing	  reads,	  

and	  discerning	  between	  false	  positives	  and	  rare	  insertions	  can	  prove	  difficult	  

(Kofler	  et	  al.	  2012;	  Zhuang	  et	  al.	  2014;	  Rahman	  et	  al.	  2015;	  Fiston-‐Lavier	  et	  al.	  

2015).	  	  

Whole	  genome	  re-‐sequencing	  (WGS)	  is	  often	  employed	  to	  provide	  a	  

comprehensive	  picture	  of	  genetic	  variation,	  including	  the	  presence	  and	  absence	  of	  
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TE	  insertions.	  Numerous	  methodologies	  have	  been	  developed	  for	  annotation	  of	  

polymorphic	  TE	  insertions	  from	  WGS	  data	  (Keane	  et	  al.	  2013;	  Bergman	  2012;	  Chen	  

et	  al.	  2017;	  Fiston-‐Lavier	  et	  al.	  2015;	  Kofler	  et	  al.	  2012;	  Zhuang	  et	  al.	  2014;	  Rahman	  

et	  al.	  2015).	  However,	  WGS	  of	  a	  large	  population	  genomic	  sample	  remains	  

expensive,	  and	  may	  be	  unnecessary	  for	  studies	  that	  focus	  on	  one	  or	  a	  few	  active	  TE	  

families.	  Additionally	  because	  WGS	  provides	  variable	  sequence	  coverage	  across	  the	  

genome,	  and	  the	  power	  to	  annotated	  particular	  TE	  insertions	  may	  be	  limited	  by	  

stochastic	  low	  read-‐depth.	  Read	  depth	  may	  be	  critical	  for	  identification	  of	  a	  unique	  

TE	  insertion	  site,	  particularly	  in	  heterochromatic	  repeat-‐rich	  regions	  that	  contain	  

limited	  unique	  sequence.	  

	  Targeted	  genomic	  re-‐sequencing	  (TGS)	  of	  TE	  insertions	  allows	  for	  vastly	  

increased	  sequencing	  depth	  at	  TE	  insertion	  sites	  in	  smaller	  sequencing	  libraries	  as	  

compared	  to	  WGS	  (Ewing	  and	  Kazazian	  2010;	  Platt	  et	  al.	  2015;	  Witherspoon	  et	  al.	  

2010).	  TGS	  therefore	  offers	  combined	  potential	  for	  more	  robust	  identification	  of	  TE	  

insertions	  that	  are	  rare	  or	  occur	  in	  repetitive	  regions,	  at	  a	  reduced	  sequencing	  cost.	  

Here,	  we	  adapt	  a	  hemi-‐specific	  PCR	  approach	  for	  TGS	  of	  TE	  insertions	  on	  the	  

Illumina	  platform	  (Ewing	  and	  Kazazian	  2010)	  to	  Drosophila	  genomes.	  We	  further	  

present	  a	  computational	  method	  for	  identification	  of	  precise	  TE	  insertion	  sites	  from	  

TGS	  data.	  Although	  our	  approach	  is	  adaptable	  to	  any	  TE	  or	  genome,	  we	  piloted	  it	  by	  

re-‐sequencing	  insertions	  of	  P-‐elements,	  DNA	  transposons	  that	  recently	  invaded	  the	  

D.	  melanogaster	  genome	  and	  are	  highly	  polymorphic	  among	  strains	  (Kelleher	  2016;	  

Srivastav	  and	  Kelleher	  2017;	  Anxolabéhère	  et	  al.	  1988;	  Ronsseray	  et	  al.	  1989;	  
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Bingham	  et	  al.	  1982;	  Rubin	  et	  al.	  1982).	  To	  evaluate	  our	  approach,	  we	  compared	  our	  

results	  to	  two	  TE	  annotation	  sets	  based	  on	  WGS	  data	  for	  the	  same	  strain	  (Mackay	  et	  

al.	  2012;	  Zhuang	  et	  al.	  2014;	  Rahman	  et	  al.	  2015).	  	  

We	  demonstrate	  that	  TGS	  by	  hemi-‐specific	  PCR	  is	  a	  powerful	  method	  for	  

identification	  of	  polymorphic	  P-‐element	  TE	  insertions	  in	  Drosophila,	  identifying	  

almost	  all	  known	  insertions	  (~94%),	  while	  also	  uncovering	  previously	  un-‐

annotated	  insertions	  in	  repetitive	  genomic	  regions.	  False-‐positives	  in	  TGS	  data	  were	  

easily	  differentiated	  from	  true	  insertions	  based	  on	  read	  support.	  We	  further	  

demonstrate	  that	  TGS	  allows	  for	  identification	  of	  precise	  insertion	  sites	  for	  all	  

annotated	  TEs,	  as	  compared	  to	  WGS,	  where	  the	  absence	  of	  reads	  spanning	  the	  TE	  

insertion	  breakpoint	  often	  limits	  the	  resolution	  of	  the	  annotations	  to	  a	  genomic	  

window.	  Finally,	  we	  describe	  a	  new	  method	  for	  estimating	  the	  polymorphic	  

frequency	  of	  individual	  TE	  insertions	  from	  WGS	  data,	  which	  takes	  advantage	  of	  

precise	  insertion	  sites	  provided	  by	  TGS.	  Overall,	  our	  results	  suggest	  that	  TGS	  based	  

on	  hemi-‐specific	  PCR	  may	  be	  a	  more	  powerful	  and	  precise	  method	  for	  annotation	  of	  

polymorphic	  TE	  insertions	  than	  WGS	  for	  the	  study	  of	  particular	  TE	  families,	  such	  as	  

the	  P-‐element.	  However,	  the	  two	  approaches	  are	  complementary,	  and	  together	  

provide	  the	  most	  complete	  picture	  of	  TE	  location	  and	  frequency.	  
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2.2	  Results	  

2.2.1	  Hemi-‐specific	  PCR	  amplifies	  abundant	  P-‐element	  insertions	  

P-‐elements	  are	  absent	  from	  the	  D.	  melanogaster	  reference	  genome	  (y1;	  cn1	  bw1	  

sp1)(Hoskins	  et	  al.	  2015),	  but	  are	  ubiquitous	  among	  recently	  collected	  wild-‐type	  

genomes	  (Zhuang	  et	  al.	  2014;	  Rahman	  et	  al.	  2015).	  We	  therefore	  chose	  to	  pilot	  our	  

approach	  by	  examining	  P-‐elements	  in	  the	  wild-‐derived	  strain	  RAL-‐492,	  which	  was	  

collected	  from	  Raleigh	  NC	  in	  2003	  (Mackay	  et	  al.	  2012).	  Illumina	  paired-‐end	  whole-‐

genome	  sequencing	  data	  was	  previously	  published	  for	  RAL-‐492,	  and	  genomic	  P-‐

elements	  were	  previously	  annotated	  by	  the	  TEMP	  (33	  insertions;	  Zhuang	  et	  al.	  

2014)	  and	  TIDAL	  (29	  insertions;	  Rahman	  et	  al.	  2015)	  TE	  annotation	  packages.	  	  

	   To	  amplify	  P-‐element	  insertions	  and	  adjacent	  sequence	  from	  the	  RAL-‐492	  

genome	  (Mackay	  et	  al.	  2012),	  we	  employed	  a	  hemi-‐specific	  PCR	  approach,	  using	  a	  

forward	  primer	  specific	  to	  a	  region	  at	  the	  3’	  end	  of	  P-‐elements	  that	  is	  required	  for	  

transposition	  (Mullins	  et	  al.	  1989),	  and	  a	  series	  of	  15	  degenerate	  reverse	  primers	  

(Figure	  2.1).	  Each	  degenerate	  reverse	  primers	  contains	  a	  different	  common	  

pentamer	  in	  the	  D.	  melanogaster	  genome	  followed	  by	  5	  four-‐fold	  degenerate	  

nucleotides	  (N	  bases),	  allowing	  it	  to	  recognize	  a	  diversity	  of	  chromosomal	  sites	  

(Table	  S2.1).	  	  To	  determine	  the	  optimal	  annealing	  temperature	  for	  hemi-‐specific	  

PCR,	  and	  verify	  that	  our	  approach	  would	  amplify	  a	  range	  of	  DNA	  fragments	  

corresponding	  to	  multiple	  P-‐element	  insertions,	  we	  examined	  the	  size	  distribution	  

of	  amplicons	  for	  4	  degenerate	  primers	  at	  two	  different	  annealing	  temperatures	  

(55	   ̊C	  and	  50	  	   ̊C;	  Figure	  2.2).	  Although	  a	  diversity	  of	  fragment	  sizes	  were	  observed	  
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for	  both	  annealing	  temperatures,	  the	  range	  was	  broader	  and	  more	  evenly	  

distributed	  among	  amplicons	  at	  50	  	   ̊C.	  We	  therefore	  separately	  conducted	  hemi-‐

specific	  PCR	  for	  15	  degenerate	  primers	  at	  the	  annealing	  temperature	  of	  50	  	   ̊C	  to	  

generate	  our	  sequencing	  libraries.	  

Figure	  2.1	  Hemi-‐specific	  PCR	  of	  P-‐element	  insertions.	  (A)	  Sequencing	  libraries	  were	  
generated	  by	  nested	  hemi-‐specific	  PCR.	  First,	  asymmetric	  PCR	  enriches	  for	  P-‐element	  
3’ends	  using	  a	  P-‐element	  specific	  primer	  (P-‐enrich-‐F)	  that	  aligns	  to	  P-‐element	  from	  position	  
2752	  to	  2774	  (out	  of	  2907	  total	  nucleotides).	  Next,	  a	  degenerate	  reverse	  primer	  is	  added	  
recognize	  and	  amplify	  unknown	  sequences	  that	  are	  adjacent	  to	  P-‐element	  3’	  ends.	  Third,	  
nested	  PCR	  with	  the	  P-‐nested-‐F	  primer	  cocktail	  (positions	  2856	  to	  2877)	  and	  the	  
degenerate	  reverse	  primer	  enhances	  PCR	  specificity	  for	  P-‐elements	  and	  produces	  amplicons	  
with	  5’	  end	  read	  complexity,	  which	  is	  required	  for	  Illumina	  sequencing.	  Last,	  DNA	  fragments	  
are	  amplified	  with	  indexing	  primers	  to	  allow	  for	  multiplexing.	  The	  resulting	  amplicons	  
consist	  of	  adapters	  at	  each	  end,	  a	  P-‐element	  3’	  end	  and	  its	  adjacent	  genomic	  sequences.	  
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Figure	  2.2	  Hemi-‐specific	  PCR	  amplified	  multiple	  DNA	  fragments.	  PCR	  products	  from	  
nested	  PCR	  with	  four	  degenerate	  primers	  (R4,	  R6,	  R10	  and	  R11)	  are	  shown	  for	  two	  
different	  annealing	  temperatures.	  DNA	  fragments	  between	  300	  –	  500	  bp	  (indicated	  in	  red	  
box)	  were	  selected	  for	  sequencing.	  

	  

We	  sequenced	  0.43	  –	  1.31	  million	  read	  pairs	  for	  each	  of	  15	  degenerate	  

primers	  (Table	  S2.2).	  >93%	  of	  read	  pairs	  for	  all	  15	  degenerate	  primers	  contained	  3’	  

P-‐element	  sequences,	  indicating	  our	  PCR	  conditions	  were	  highly	  specific	  (Table	  

S2.2).	  After	  trimming	  P-‐element	  sequence	  and	  low-‐quality	  ends,	  we	  aligned	  read	  

pairs	  to	  release	  6	  of	  the	  D.	  melanogaster	  genome	  (dm6)	  (Hoskins	  et	  al.	  2015),	  and	  

the	  Telomere	  Associated	  Satellites	  of	  the	  X-‐chromosome	  (X-‐TAS)	  (Karpen	  and	  

Spradling	  1992).	  Although	  X-‐TAS	  is	  absent	  from	  the	  genome	  of	  the	  dm6	  reference	  

strain	  (y1;	  cn1	  bw1	  sp1)	  (Hoskins	  et	  al.	  2015),	  these	  subtelomeric	  satellites	  are	  

common	  among	  wild-‐derived	  genomes	  and	  often	  contain	  P-‐elements	  (Anderson	  et	  
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al.	  2008;	  Ronsseray	  et	  al.	  1996;	  Marin	  et	  al.	  2000;	  Stuart	  et	  al.	  2002).	  Depending	  on	  

the	  degenerate	  primer,	  80.8%	  -‐	  98.0%	  of	  read	  pairs	  were	  aligned	  to	  the	  reference,	  

with	  20.8%	  -‐	  97.3%	  of	  read	  pairs	  aligning	  to	  the	  reference	  in	  unique	  genomic	  

location	  (Table	  S2.2).	  Therefore,	  there	  is	  variation	  among	  the	  degenerate	  primers	  in	  

the	  degree	  to	  which	  the	  insertions	  they	  amplify	  are	  surrounded	  by	  unique	  genome	  

sequence.	  	  

To	  identify	  P-‐element	  insertions	  from	  our	  sequencing	  reads,	  we	  first	  

considered	  read	  pairs	  that	  could	  be	  uniquely	  mapped	  to	  the	  reference	  genome	  (see	  

Materials	  and	  Methods).	  	  In	  total,	  53	  independent	  P-‐element	  insertion	  sites	  were	  

suggested	  in	  the	  RAL-‐492	  genome,	  based	  on	  the	  unique	  and	  concordant	  alignment	  

of	  	  >20	  P-‐element-‐derived	  read	  pairs	  to	  the	  reference	  for	  each	  insertion	  (Table	  S2.3).	  

Of	  these	  53	  insertions,	  27	  had	  previously	  been	  identified	  from	  whole	  genome	  re-‐

sequencing	  data	  by	  both	  TIDAL	  (Zhuang	  et	  al.	  2014)	  and	  TEMP	  packages	  (Rahman	  

et	  al.	  2015),	  and	  an	  additional	  six	  had	  been	  identified	  by	  TEMP	  only	  (Figure	  2.3).	  By	  

contrast,	  only	  two	  insertions	  found	  by	  TIDAL	  and	  TEMP	  were	  not	  detected	  by	  hemi-‐

specific	  PCR.	  Hemi-‐specific	  PCR	  therefore	  identified	  almost	  all	  high-‐confidence	  P-‐

element	  insertions	  detected	  in	  whole	  genome	  re-‐sequencing	  data	  while	  also	  

suggesting	  up	  to	  20	  previously	  unknown	  insertions.	  

To	  determine	  why	  hemi-‐specific	  PCR	  may	  fail	  to	  detect	  a	  small	  number	  of	  

insertions,	  we	  examined	  the	  insertion	  sites	  of	  the	  two	  P-‐elements	  annotated	  by	  both	  

TIDAL	  and	  TEMP	  but	  not	  hemi-‐specific	  PCR.	  We	  discovered	  that	  in	  both	  cases,	  the	  

annotated	  insertions	  were	  two	  tail-‐to-‐tail	  P-‐element	  insertions,	  meaning	  that	  



	   28	  

amplification	  from	  the	  3’	  end	  of	  one	  element	  would	  produce	  sequence	  from	  the	  3’	  

end	  of	  the	  adjacent	  element,	  rather	  than	  genomic	  sequence	  corresponding	  to	  the	  

insertion	  site.	  False	  negatives	  could	  therefore	  be	  avoided	  with	  this	  method	  in	  the	  

future	  by	  placing	  P-‐element	  specific	  primers	  at	  both	  the	  5’	  and	  3’	  ends	  of	  the	  

element.	  	  

We	  also	  did	  not	  detect	  19	  P-‐element	  insertions	  that	  were	  found	  only	  by	  

TEMP	  (Figure	  2.3).	  Notably,	  these	  insertions	  were	  excluded	  from	  the	  published	  

TEMP	  annotations	  because	  they	  were	  not	  estimated	  to	  occur	  at	  more	  than	  80%	  

frequency	  in	  any	  inbred	  line,	  including	  RAL-‐492	  (Zhuang	  et	  al.	  2014).	  If	  these	  

insertions	  are	  true	  positives	  that	  are	  segregating	  at	  a	  low	  frequency	  in	  RAL-‐492	  

(Figure	  S2.1A),	  they	  may	  not	  have	  been	  represented	  in	  the	  sample	  of	  genomic	  DNA	  

that	  we	  used	  for	  Illumina	  library	  prep.	  	  Alternatively,	  these	  insertions	  may	  be	  false	  

positives,	  as	  they	  are	  supported	  by	  fewer	  read-‐pairs	  in	  whole	  genome	  re-‐sequencing	  

data	  than	  those	  that	  were	  also	  identified	  by	  TIDAL,	  hemi-‐specific	  PCR,	  or	  both	  

(Figure	  S2.1B).	  Indeed,	  we	  attempted	  to	  amplify	  one	  of	  these	  insertions	  using	  

standard	  PCR	  and	  were	  unable	  to	  do	  so	  (Table	  S2.4).	  
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Figure	  2.3	  The	  number	  of	  P-‐element	  insertions	  found	  by	  Hemi-‐specific	  PCR,	  TEMP	  and	  TIDAL.	  
The	  number	  of	  P-‐element	  insertions	  is	  indicated	  in	  each	  subset.	  The	  number	  in	  parentheses	  indicates	  
the	  number	  of	  known	  or	  potential	  false	  positives.	  

	  

	  

2.2.2	  Validation	  of	  novel	  insertions	  and	  identification	  of	  false	  positives	  

To	  validate	  the	  20	  candidate	  novel	  P-‐element	  insertions	  identified	  by	  hemi-‐specific	  

PCR	  we	  performed	  site-‐specific	  PCR.	  Among	  the	  P-‐element	  insertions	  found	  only	  by	  

hemi-‐specific	  PCR	  (Figure	  2.3),	  three	  insertions	  (chr2L:20917521,	  chrX_TAS:4894	  

and	  chrY:768808)	  could	  be	  amplified	  from	  RAL-‐492	  genomic	  DNA	  (Table	  S2.4).	  

Insertions	  at	  chrX_TAS:4894	  and	  chrY:768808	  appear	  to	  be	  fixed	  in	  the	  RAL-‐492	  

strain,	  and	  we	  were	  able	  to	  identify	  read	  pairs	  (15	  for	  chrX_TAS:4894	  and	  18	  for	  

chrY:768808)	  in	  the	  previous	  WGS	  data	  that	  support	  these	  two	  insertions.	  	  

However,	  because	  these	  insertions	  are	  located	  in	  repetitive	  genomic	  regions,	  there	  

were	  no	  read	  pairs	  in	  the	  WGS	  data	  that	  uniquely	  aligned	  to	  either	  insertion	  site,	  

preventing	  their	  detection	  by	  TEMP	  and	  TIDAL.	  The	  read	  depth	  provided	  by	  TGS	  

therefore	  offers	  greater	  power	  to	  identify	  TE	  insertions	  in	  heterochromatic	  regions.	  
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The	  third	  insertion,	  chr2L:20917521	  is	  polymorphic,	  as	  indicated	  by	  the	  presence	  of	  

PCR	  amplicons	  corresponding	  to	  both	  inserted	  and	  un-‐inserted	  chromosomes	  

(Figure	  S2.2).	  There	  were	  no	  read	  pairs	  supporting	  this	  polymorphic	  insertion	  in	  the	  

previous	  WGS	  data,	  perhaps	  because	  the	  inserted	  chromosome	  was	  not	  sampled	  

among	  individuals	  used	  for	  the	  sequencing	  library.	  

	  We	  could	  not	  validate	  the	  remaining	  17	  insertions	  that	  were	  uniquely	  

identified	  by	  hemi-‐specific	  PCR,	  either	  through	  insertion-‐specific	  PCR	  or	  from	  

previous	  whole-‐genome	  sequencing	  data	  (Table	  S2.4).	  We	  therefore	  believe	  these	  

are	  false	  positives	  that	  result	  from	  PCR	  artifacts	  that	  occur	  during	  library	  prep.	  

Fortunately,	  false	  positives	  are	  easily	  distinguished	  from	  true	  insertions	  by	  the	  low	  

abundance	  of	  supporting	  reads	  among	  our	  sequencing	  libraries	  and	  their	  presence	  

in	  sequencing	  libraries	  from	  only	  a	  few	  degenerate	  primers	  (Figure	  2.4).	  If	  we	  

require	  at	  least	  100	  read	  pairs	  and	  four	  degenerate	  primers	  to	  define	  a	  P-‐element	  

insertion,	  we	  are	  able	  to	  exclude	  all	  but	  one	  of	  the	  false	  positives.	  Excluding	  false-‐

positives,	  we	  detected	  36	  P-‐element	  insertions	  in	  the	  RAL-‐492	  genome,	  three	  of	  

which	  were	  previously	  unknown	  (Table	  S2.3).	  

	  

2.2.3	  Sequence	  similarity	  to	  true	  insertion	  sites	  may	  produce	  false	  positives	  

There	  is	  one	  outlier	  among	  the	  false	  positives:	  an	  insertion	  at	  chr3L:25797105	  

(Figure	  2.4A)	  that	  is	  supported	  by	  1478	  read	  pairs	  and	  13	  degenerate	  primers.	  

Notably,	  we	  found	  the	  sequence	  around	  this	  insertion	  site	  was	  94%	  similar	  across	  

446	  bp	  to	  sequence	  at	  a	  true	  insertion	  site	  (chr3L:26023661).	  Therefore,	  some	  false	  
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positives	  may	  occur	  due	  to	  nucleotide	  substitutions	  introduced	  during	  PCR	  and	  

sequencing,	  which	  cause	  a	  subset	  of	  reads	  derived	  from	  a	  true	  insertion	  to	  align	  

better	  to	  highly	  similar	  sequences	  elsewhere	  in	  the	  genome.	  Consistent	  with	  this,	  

the	  reads	  supporting	  the	  false	  positive	  were	  0.17%	  as	  abundant	  in	  our	  data	  as	  

compared	  to	  reads	  supporting	  the	  true	  insertion	  (Table	  S2.3),	  which	  is	  similar	  to	  

what	  is	  expected	  based	  on	  the	  per-‐site	  mutation	  rate	  for	  Taq	  DNA	  polymerase	  

(0.003%)	  (McInerney	  et	  al.	  2014)	  and	  the	  Illumina	  MiSeq	  platform	  (0.8%)	  (Quail	  et	  

al.	  2012).	  Furthermore,	  reads	  supporting	  the	  true	  insertion	  site	  were	  separated	  by	  

fewer	  mutations	  from	  the	  reference	  genome	  (mean	  2.2	  mutations	  per	  100	  bp)	  as	  

compared	  to	  reads	  supporting	  the	  false	  positive	  insertion	  (mean	  6.7	  mutations	  per	  

100	  bp).	  

To	  determine	  whether	  sequence	  identity	  might	  explain	  other	  potential	  false	  

positives	  we	  observed	  in	  our	  data,	  we	  compared	  0.8	  Kb	  of	  the	  genomic	  region	  

surrounding	  all	  insertion	  sites	  to	  each	  other	  via	  BLAST	  (Altschul	  et	  al.	  1990).	  We	  

found	  that	  the	  genomic	  sequence	  at	  two	  potential	  false	  positives	  chr3L:26834988	  

and	  chrUn_CP007074v1:15794	  exhibited	  significant	  sequence	  similarity	  to	  the	  PCR-‐

verified	  insertion	  chrX_TAS:4894	  (87%	  across	  83	  bp	  for	  chr3L:26834988;	  84%	  

identity	  across	  93	  bp	  for	  chrUn_CP007074v1:15794).	  In	  both	  cases,	  reads	  

supporting	  the	  potential	  false-‐positive	  insertions	  were	  <1%	  as	  abundant	  as	  reads	  

supporting	  the	  true	  positive.	  
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Figure	  2.4	  Read	  and	  primer	  support	  for	  true	  insertions	  and	  false	  positives	  detected	  
by	  hemi-‐specific	  PCR.	  False-‐positives	  were	  detected	  by	  hemi-‐specific	  PCR	  but	  could	  not	  be	  
validated	  by	  insertion-‐specific	  PCR	  or	  whole	  genome	  re-‐sequencing	  data,	  whereas	  true	  
insertions	  were	  verified	  by	  one	  or	  both	  of	  these	  methods.	  (A)	  True	  insertions	  are	  sampled	  
more	  sequencing	  libraries	  generated	  using	  different	  degenerate	  primers	  for	  hemi-‐specific	  
PCR	  (Welch’s	  t22	  =	  15.56,	  P	  =	  2.91	  x	  10-‐13).	  (B)	  True	  insertions	  are	  supported	  by	  larger	  
number	  of	  uniquely	  mapping	  read	  pairs	  in	  hemi-‐specific	  PCR	  libraries	  (Welch’s	  t50	  =	  13.78,	  
P	  <	  2.2	  x	  10-‐16).	  The	  number	  of	  read	  pairs	  was	  normalized	  to	  reads	  per	  million	  based	  on	  
total	  sequenced	  reads	  from	  each	  degenerate	  primer.	  

	  

	  

2.2.4	  The	  majority	  of	  sequencing	  reads	  are	  explained	  by	  annotated	  insertions	  

For	  some	  degenerate	  primers,	  >50%	  of	  read	  pairs	  aligned	  to	  the	  reference	  genome	  

in	  multiple	  locations	  (i.e.	  multiply	  mapping,	  Table	  S2.2).	  These	  read	  pairs	  might	  be	  

derived	  from	  one	  of	  the	  36	  insertions	  that	  were	  annotated	  from	  unique	  alignments.	  

Alternatively,	  they	  may	  indicate	  the	  presence	  of	  false	  negatives,	  which	  could	  not	  be	  

annotated	  due	  to	  an	  absence	  of	  uniquely	  mapping	  reads.	  To	  differentiate	  between	  

these	  alternatives,	  we	  constructed	  a	  putative	  contig	  for	  each	  of	  the	  36	  P-‐element	  

chr3L:25797105

0

4

8

12

16

false positive true insertion

Pr
im

er
 n

um
be

r
A

5

10

15

20

false positive true insertion

lo
g 2

 n
or

m
al

ize
d 

re
ad

 c
ou

nt

B



	   33	  

insertions,	  which	  was	  comprised	  of	  the	  full-‐length	  P-‐element	  consensus	  flanked	  by	  

500	  nucleotides	  of	  adjacent	  genomic	  sequence	  (see	  Materials	  and	  Methods).	  

Multiply	  mapping	  reads	  that	  support	  annotated	  insertions	  were	  then	  identified	  

based	  on	  their	  alignment	  to	  the	  36	  putative	  insertion	  contigs.	  

For	  all	  but	  one	  of	  the	  degenerate	  primers,	  >95%	  of	  multiply	  mapping	  reads	  

could	  be	  aligned	  to	  at	  least	  one	  of	  the	  36	  putative	  insertion	  contigs	  (Table	  S2.2).	  

Furthermore,	  most	  multiply	  mapping	  reads	  were	  aligned	  to	  insertions	  in	  repetitive	  

genomic	  regions,	  such	  as	  chrX_TAS:4894.	  Therefore,	  with	  the	  exception	  of	  the	  tail-‐

to-‐tail	  elements,	  our	  analysis	  pipeline	  likely	  detects	  most	  or	  all	  of	  the	  P-‐elements	  

present	  in	  hemi-‐specific	  Illumina	  libraries.	  

	  

2.2.5	  Improved	  insertion	  site	  identification	  and	  frequency	  estimation	  

Read-‐pairs	  generated	  by	  hemi-‐specific	  PCR	  include	  at	  least	  one	  “split-‐read”	  which	  is	  

comprised	  of	  both	  TE	  and	  adjacent	  genomic	  sequences.	  Split	  reads	  are	  invaluable	  

for	  TE	  annotation,	  because	  they	  allow	  for	  precise	  identification	  of	  the	  breakpoint	  

that	  characterizes	  each	  insertion	  (Figure	  2.5),	  but	  are	  often	  absent	  from	  annotations	  

based	  on	  WGS	  data	  due	  to	  lower	  read	  depth	  at	  individual	  insertion	  sites.	  For	  

example,	  although	  the	  precise	  insertion	  site	  of	  all	  36	  insertions	  detected	  in	  the	  RAL-‐

492	  genome	  by	  hemi-‐specific	  PCR	  were	  identified,	  five	  of	  these	  insertion	  sites	  were	  

absent	  from	  TEMP	  annotations	  based	  on	  WGS	  data,	  due	  to	  a	  lack	  of	  split	  reads	  

(Zhuang	  et	  al.	  2014).	  An	  additional	  five	  insertions	  had	  slightly	  different	  insertion	  
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sites	  inferred	  by	  hemi-‐specific	  and	  WGS,	  suggesting	  potential	  inaccuracy	  in	  

annotation	  of	  the	  insertion	  site.	  	  

Figure	  2.5	  Insertion	  site	  identification	  and	  putative	  insertion	  contig	  structure.	  Read-‐1	  
of	  each	  pair	  generated	  by	  hemi-‐specific	  PCR	  is	  a	  split	  read	  that	  contains	  both	  P-‐element	  and	  
adjacent	  genomic	  sequence.	  Breakpoints	  are	  determined	  based	  on	  the	  alignment	  of	  read-‐1	  
(red)	  to	  the	  plus	  (A)	  or	  minus	  genomic	  strand	  (B).	  Contigs	  are	  constructed	  through	  
insertion	  of	  the	  P-‐element	  consensus	  at	  the	  insertion	  site,	  which	  is	  flanked	  by	  an	  8	  bp	  target	  
site	  duplication	  on	  either	  side.	  
	  

Precision	  and	  accuracy	  of	  insertions	  site	  annotation	  could	  be	  of	  particular	  

value	  in	  facilitating	  the	  estimation	  of	  polymorphic	  TE	  insertion	  frequencies	  from	  

WGS	  data.	  TE	  annotation	  packages	  such	  as	  TEMP	  and	  TIDAL	  estimate	  the	  frequency	  

of	  an	  individual	  TE	  insertion	  among	  sequenced	  genomes	  as	  the	  proportion	  of	  read	  

pairs	  aligning	  to	  the	  insertion	  site	  that	  support	  the	  insertion	  allele.	  However,	  

because	  precise	  insertion	  sites	  are	  not	  always	  known,	  reads	  supporting	  each	  

chromosome	  cannot	  be	  identified	  by	  concurrent	  alignment	  to	  the	  reference	  genome	  

and	  a	  putative	  insertion	  allele.	  Rather,	  reads	  are	  aligned	  to	  the	  reference	  genome	  
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only,	  and	  read-‐pairs	  supporting	  the	  insertion	  allele	  are	  identified	  by	  a	  minimal	  

number	  of	  nucleotides	  (7	  nt	  for	  TEMP	  and	  22	  nt	  for	  TIDAL)	  that	  align	  to	  the	  TE	  

consensus.	  Such	  an	  approach	  likely	  underestimates	  the	  number	  of	  reads	  supporting	  

the	  insertion	  chromosome	  by	  excluding	  read-‐pairs	  that	  include	  very	  little	  TE	  

sequence.	  	  

Taking	  advantage	  of	  the	  precise	  breakpoints	  that	  are	  provided	  by	  hemi-‐

specific	  PCR,	  we	  developed	  a	  new	  method	  for	  estimating	  the	  frequency	  of	  

polymorphic	  TE	  insertions	  in	  WGS	  data.	  Unfortunately,	  the	  frequency	  of	  the	  

insertion	  allele	  cannot	  be	  estimated	  from	  TGS	  data,	  because	  reads	  supported	  the	  

reference	  allele	  (lacking	  a	  TE	  insertion)	  are	  not	  represented	  in	  the	  sequencing	  

library.	  	  We	  aligned	  WGS	  reads	  concurrently	  to	  the	  reference	  genome	  as	  well	  as	  

putative	  contigs	  for	  each	  of	  the	  36	  annotated	  insertions.	  We	  then	  estimated	  the	  

frequency	  of	  each	  P-‐element	  insertion	  based	  on	  the	  number	  of	  read-‐pairs	  in	  WGS	  

data	  that	  exhibit	  a	  significantly	  better	  alignment	  to	  the	  putative	  insertion	  contig	  

than	  to	  the	  corresponding	  window	  in	  the	  reference	  genome.	  	  

Based	  on	  this	  approach,	  we	  estimate	  that	  97.2%	  (35	  out	  of	  36)	  of	  the	  P-‐

element	  insertions	  identified	  by	  both	  TEMP	  and	  hemi-‐specific	  PCR	  are	  completely	  

fixed	  in	  RAL-‐492,	  as	  expected	  in	  a	  highly	  inbred	  line.	  By	  contrast,	  using	  the	  same	  

WGS	  data	  as	  we	  employed,	  TIDAL	  and	  TEMP	  estimated	  that	  many	  insertions	  

remained	  polymorphic	  after	  inbreeding	  (Figure	  2.6A).	  Specifically,	  for	  the	  27	  

insertions	  found	  by	  TEMP,	  TIDAL	  and	  hemi-‐specific	  PCR	  (Figure	  2.3),	  the	  median	  

frequency	  estimated	  from	  concurrent	  alignment	  to	  the	  reference	  and	  putative	  
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insertion	  contig	  was	  0.31	  higher	  than	  the	  TIDAL	  estimate	  (P	  <	  1	  x	  10-‐6,	  based	  on	  106	  

permutations	  of	  the	  observed	  data)	  and	  0.11	  higher	  than	  the	  TEMP	  estimate	  (P	  =	  5.1	  

x	  10-‐4,	  based	  on	  106	  permutations	  of	  the	  observed	  data).	  The	  higher	  estimated	  TE	  

insertion	  frequencies	  generated	  by	  concurrent	  mapping	  resulted	  from	  a	  larger	  

number	  of	  identified	  read	  pairs	  that	  support	  the	  insertion	  chromosome,	  as	  

compared	  to	  the	  TIDAL	  and	  TEMP	  approaches	  (Figure	  2.6B;	  linear	  contrast	  F1,54	  =	  

564.54,	  P	  <	  2	  x	  10-‐16).	  Furthermore,	  TIDAL	  generated	  the	  lowest	  estimated	  

frequencies	  and	  the	  fewest	  reads	  supporting	  the	  inserted	  chromosome,	  which	  is	  

consistent	  with	  the	  most	  stringent	  requirements	  for	  identification	  of	  reads	  

supporting	  the	  insertion	  (22	  nt	  overlap	  with	  the	  consensus).	  

Figure	  2.6	  Estimation	  of	  TE	  insertion	  frequency.	  (A)	  Estimated	  frequencies	  for	  27	  TE	  
insertions	  in	  RAL-‐492	  generated	  by	  TEMP,	  TIDAL,	  and	  our	  concurrent	  alignment	  approach	  
(contig).	  All	  three	  frequency	  estimates	  are	  based	  on	  previously	  published	  WGS	  data	  from	  
RAL-‐492	  (Mackay	  et	  al.	  2012).	  (B)	  The	  number	  of	  WGS	  read	  pairs	  supporting	  each	  P-‐
element	  insertion	  identified	  by	  TIDAL,	  TEMP	  and	  concurrent	  alignment	  (contig).	  
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For	  six	  insertions,	  we	  validated	  that	  the	  insertion	  was	  fixed	  in	  our	  RAL-‐492	  

sample	  by	  performing	  PCR	  with	  primers	  on	  either	  side	  of	  the	  insertion	  site,	  such	  

that	  both	  the	  insertion	  allele	  and	  the	  reference	  (un-‐inserted)	  allele	  would	  amplify	  if	  

present.	  Only	  the	  insertion	  allele	  amplified,	  suggesting	  that	  the	  reference	  allele	  was	  

absent.	  Collectively,	  our	  observations	  suggest	  a	  systematic	  bias	  towards	  low	  TE	  

insertion	  frequency	  estimates	  when	  reads	  are	  not	  aligned	  to	  a	  putative	  insertion	  

contig	  that	  is	  defined	  by	  precise	  breakpoints.	  

	  

	   	  

2.3	  Discussion	  

Our	  results	  validate	  hemi-‐specific	  PCR	  as	  a	  powerful	  method	  for	  TGS	  of	  particular	  

TE	  families.	  Of	  38	  true	  insertions	  in	  the	  RAL-‐492	  genome,	  which	  were	  either	  

independently	  validated	  by	  site-‐specific	  PCR	  (Table	  S2.4),	  or	  were	  found	  in	  multiple	  

annotation	  sets	  (Table	  S2.3),	  36	  could	  be	  identified	  from	  sequencing	  reads	  

generated	  by	  hemi-‐specific	  PCR.	  By	  contrast,	  TEMP	  detected	  35	  true	  insertions	  

(Zhuang	  et	  al.	  2014)	  while	  TIDAL	  detected	  29	  (Figure	  2.3)(Rahman	  et	  al.	  2015).	  

Hemi-‐specific	  PCR	  therefore	  exhibited	  marginally	  to	  significantly	  improved	  power	  

to	  detect	  true	  insertions	  when	  compared	  to	  previous	  analyses	  of	  WGS	  data,	  based	  on	  

~50%	  fewer	  sequencing	  reads	  (Table	  S2.2)(Mackay	  et	  al.	  2012).	  Furthermore,	  given	  

that	  all	  but	  one	  true	  insertion	  was	  supported	  by	  >1000	  uniquely	  mapping	  reads	  in	  

our	  data	  (Table	  S2.3),	  hemi-‐specific	  PCR	  libraries	  could	  be	  highly	  multiplexed	  while	  

still	  retaining	  power	  to	  discover	  the	  vast	  majority	  of	  insertions.	  Importantly,	  we	  
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were	  able	  to	  avoid	  almost	  all	  false	  positives	  by	  excluding	  insertions	  that	  were	  

supported	  by	  few	  reads	  or	  degenerate	  primers	  (Figure	  3),	  revealing	  that	  the	  

enhanced	  power	  of	  TGS	  for	  genome	  annotation	  does	  not	  come	  at	  the	  expense	  of	  

accuracy.	  By	  contrast,	  TEMP	  annotation	  of	  WGS	  data	  detected	  almost	  all	  true	  

insertions	  but	  also	  exhibited	  a	  high	  false-‐positive	  rate,	  while	  TIDAL	  avoided	  false	  

positives	  but	  missed	  many	  true	  insertions	  (Figure	  3;	  Table	  S2.4).	  

Annotating	  TE	  insertions	  in	  heterochromatic	  regions	  based	  on	  WGS	  data	  

remains	  challenging,	  as	  individual	  insertions	  are	  often	  supported	  by	  only	  few	  read	  

pairs,	  which	  may	  not	  yield	  a	  unique	  alignment	  in	  repeat	  rich	  sequence.	  Annotation	  

of	  polymorphic	  TE	  insertions	  in	  heterochromatic	  regions	  is	  of	  particular	  interest	  

due	  to	  the	  known	  role	  of	  heterochromatic	  piRNA	  clusters	  in	  regulating	  germline	  TE	  

activity	  in	  both	  mammals	  and	  insects	  (Aravin	  et	  al.	  2007a;	  Brennecke	  et	  al.	  2007).	  

TGS	  by	  hemi-‐specific	  PCR	  offered	  improved	  annotation	  in	  heterochromatic	  regions,	  

as	  two	  of	  the	  three	  previously	  un-‐annotated	  insertions	  we	  discovered	  here	  were	  in	  

heterochromatin.	  Indeed,	  one	  of	  the	  previously	  unknown	  insertions	  we	  annotated	  is	  

in	  the	  X-‐TAS,	  a	  prolific	  piRNA	  cluster	  (Aravin	  et	  al.	  2007a)	  that	  plays	  an	  important	  

role	  in	  P-‐element	  regulation	  (Ronsseray	  et	  al.	  1991;	  Brennecke	  et	  al.	  2008;	  

Ronsseray	  et	  al.	  1996;	  Marin	  et	  al.	  2000;	  Stuart	  et	  al.	  2002).	  TGS	  by	  hemi-‐specific	  

PCR	  may	  therefore	  provide	  an	  opportunity	  to	  examine	  polymorphic	  TE	  insertions	  

that	  determine	  differences	  in	  TE	  regulation	  (Zanni	  et	  al.	  2013).	  

Our	  TGS	  and	  analysis	  method,	  based	  on	  hemi-‐specific	  PCR,	  also	  provided	  

precise	  insertions	  sites	  for	  all	  annotated	  TEs,	  which	  are	  often	  lacking	  from	  
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annotations	  based	  on	  WGS	  data.	  Precise	  insertion	  sites	  provide	  more	  information	  

about	  the	  potential	  functional	  impact	  of	  a	  TE	  insertion.	  Additionally,	  as	  we	  

demonstrated,	  they	  allow	  for	  more	  accurate	  estimates	  of	  the	  polymorphic	  frequency	  

of	  TE	  insertions	  from	  WGS	  data.	  Estimating	  TE	  insertion	  site	  frequencies	  is	  critical	  

for	  examining	  the	  selective	  forces	  that	  act	  on	  TE	  insertions	  (Petrov	  et	  al.	  2011;	  

Kofler	  et	  al.	  2012,	  2015b).	  They	  are	  also	  important	  to	  consider	  when	  evaluating	  

associations	  between	  particular	  TE	  insertions	  and	  phenotypes	  of	  interest	  in	  

genome-‐wide	  association	  studies.	  	  

	  

2.4	  Conclusion	  

Our	  results	  indicate	  that	  hemi-‐specific	  PCR	  offers	  an	  attractive	  alternative	  approach	  

to	  WGS	  for	  identification	  of	  polymorphic	  TE	  insertions	  of	  particular	  TE	  families	  in	  

Drosophila	  genomes.	  As	  expected	  for	  a	  targeted	  approach	  focused	  on	  a	  single	  TE	  

family,	  TGS	  was	  more	  powerful	  for	  annotating	  true	  positive	  P-‐element	  insertions	  

than	  WGS,	  and	  also	  offered	  enhanced	  precision	  and	  accuracy	  in	  determining	  the	  

exact	  location	  of	  those	  insertions.	  Furthermore,	  this	  performance	  was	  achieved	  at	  a	  

lower	  read	  depth	  and	  therefore	  reduced	  sequencing	  cost.	  	  

TGS	  is	  easily	  adapted	  to	  other	  host	  genomes	  or	  TE	  families	  through	  

development	  of	  new	  nested	  and	  degenerate	  primer	  sets.	  Indeed	  our	  method	  is	  

modeled	  after	  that	  of	  Ewing	  and	  Kazazian	  (2010),	  which	  curated	  LINE-‐1	  elements	  in	  

human	  genomes.	  Additionally,	  TGS	  could	  be	  expanded	  to	  identify	  polymorphic	  

insertions	  for	  many	  TE	  families	  in	  the	  same	  library	  by	  incorporating	  multiple	  nested	  
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primer	  pairs.	  Such	  an	  approach	  would	  be	  invaluable	  for	  population	  genomic	  studies	  

that	  focus	  on	  the	  dynamics	  of	  particular	  active	  TE	  families.	  

	  

2.5	  Materials	  and	  Methods	  

2.5.1	  Genomic	  DNA	  samples	  

RAL-‐492	  and	  RAL-‐802	  strains	  were	  obtained	  from	  the	  Bloomington	  Drosophila	  

Stock	  Center.	  Genomic	  DNA	  was	  extracted	  using	  the	  Qiagen	  DNeasy	  Blood	  and	  

Tissue	  kit.	  

	  

2.5.2	  Primer	  design	  

Our	  library	  preparation	  method	  is	  modeled	  after	  the	  approach	  described	  by	  Ewing	  

and	  Kazazian	  (2010),	  which	  amplifies	  LINE-‐1	  elements	  and	  adjacent	  genomic	  

sequences	  in	  human	  genomes	  (Figure	  2.1).	  By	  combining	  nested	  forward	  primers	  

that	  are	  specific	  to	  3’	  end	  of	  P-‐element	  with	  degenerate	  reverse	  primers,	  we	  

preferentially	  amplified	  P-‐elements	  and	  their	  adjacent	  genomic	  sequences.	  The	  first	  

P-‐element	  specific	  primer	  (P-‐enrich-‐F)	  enriches	  3’	  P-‐element	  ends,	  while	  the	  second	  

(P-‐nested-‐F)	  contains	  Illumina	  nextera	  adapter	  sequences	  to	  allow	  for	  sequencing	  of	  

amplicons.	  The	  nested	  forward	  primers	  used	  for	  PCR	  bind	  to	  sequences	  that	  are	  

required	  for	  P-‐element	  mobilization,	  and	  therefore	  are	  expected	  to	  a	  conserved	  

among	  genomic	  P-‐elements	  (Mullins	  et	  al.	  1989).	  	  In	  addition,	  the	  forward	  nested	  

primer	  was	  an	  equimolar	  cocktail	  of	  4	  different	  primers,	  which	  are	  complementary	  
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to	  the	  same	  stretch	  of	  the	  P-‐element	  3’	  end	  (position	  2856	  to	  2877),	  but	  have	  

spacers	  of	  0	  -‐	  3	  "N"	  nucleotides	  from	  the	  Illumina	  adaptor	  sequence	  (Figure	  2.1).	  

The	  spacers	  ensure	  sequence	  complexity	  at	  the	  start	  of	  the	  sequencing	  read,	  which	  

is	  critical	  to	  the	  success	  of	  the	  sequencing	  reaction.	  

	   To	  design	  degenerate	  reverse	  primers	  for	  hemi-‐specific	  PCR,	  we	  first	  

identified	  common	  pentamers	  in	  the	  D.	  melanogaster	  genome	  with	  jellyfish	  (Marçais	  

and	  Kingsford	  2011).	  We	  selected	  a	  set	  of	  15	  pentamers	  that	  are	  common,	  but	  also	  

diverse	  in	  their	  sequence	  composition,	  to	  maximize	  the	  breadth	  of	  genomic	  

sequences	  that	  could	  be	  recognized	  by	  the	  degenerate	  primers.	  Each	  degenerate	  

primer	  was	  comprised	  of	  an	  Illumina	  adapter	  for	  nextera	  sequencing,	  followed	  by	  5	  

degenerate	  nucleotides,	  followed	  by	  a	  common	  pentamer	  from	  5’	  to	  3’.	  Primers	  used	  

in	  library	  construction	  are	  listed	  in	  Table	  S2.1.	  

	  

2.5.3	  Library	  construction	  by	  hemi-‐specific	  PCR	  

The	  first	  six	  cycles	  of	  PCR	  were	  asymmetric,	  and	  enriched	  for	  the	  3’	  end	  of	  P-‐

elements.	  The	  PCR	  was	  conducted	  in	  a	  46	  μL	  reaction	  volume	  with	  10	  μL	  of	  5X	  

GoTaq	  Flexi	  Buffer	  (Promega),	  6	  μL	  of	  25	  mM	  MgCl2,	  2	  μL	  of	  20	  μM	  P-‐enrich-‐F	  

primer,	  0.5	  μL	  of	  100%	  DMSO,	  0.5	  μL	  of	  Flexi	  GoTaq,	  1	  μL	  of	  10	  mM	  dNTPs,	  and	  

~500	  ng	  template	  DNA.	  The	  PCR	  conditions	  were	  2:30	  min	  at	  95	  	  ̊C,	  followed	  by	  6	  

cycles	  of	  30	  sec	  at	  95	  	̊  C,	  1	  min	  at	  62	  	  ̊C	  and	  2	  min	  at	  72	  	  ̊C.	  

The	  second	  PCR	  was	  hemi-‐specific,	  and	  allowed	  for	  12	  cycles	  of	  amplification	  

of	  P-‐element	  3’	  ends	  and	  adjacent	  genomic	  sequences.	  4	  μL	  of	  each	  degenerate	  



	   42	  

primer	  (5	  μM)	  was	  added	  to	  a	  separate	  asymmetric	  PCR	  reaction	  mix.	  The	  reaction	  

conditions	  were	  2	  min	  at	  95	  	  ̊C,	  followed	  by	  12	  cycles	  of	  30	  sec	  at	  95	  	  C̊,	  30	  sec	  at	  

50	  	  C̊	  and	  2	  min	  at	  72	  	  ̊C,	  followed	  by	  10	  min	  at	  72	  	  ̊C.	  The	  PCR	  product	  was	  purified	  

using	  the	  QIAquick	  PCR	  Purification	  Kit	  (Qiagen),	  yielding	  20	  μL	  DNA.	  	  

The	  third	  PCR	  (15-‐20	  cycles)	  was	  nested,	  and	  provides	  enhanced	  specificity	  

for	  P-‐element	  targets.	  Purified	  PCR	  products	  from	  PCRs	  1	  and	  2	  were	  used	  as	  

templates,	  and	  amplification	  was	  targeted	  by	  an	  Illumina-‐tagged	  forward	  nested	  P-‐

element	  primer,	  and	  the	  same	  degenerate	  reverse	  primer	  employed	  PCR	  2.	  The	  PCR	  

was	  conducted	  in	  50	  μL	  reaction	  volume	  with	  10	  μL	  of	  5X	  GoTaq	  Flexi	  Buffer,	  6	  μL	  of	  

25	  mM	  MgCl2,	  4	  μL	  of	  5	  μM	  equimolar	  forward	  primer,	  4	  μL	  of	  degenerate	  primer,	  

0.5	  μL	  of	  100%	  DMSO,	  0.5	  μL	  of	  Flexi	  GoTaq,	  1	  μL	  of	  10	  mM	  dNTPs,	  and	  10	  μL	  

template	  DNA	  from	  last	  step.	  The	  PCR	  condition	  is:	  2	  min	  at	  95	  	  C̊,	  followed	  by	  15	  -‐	  

20	  cycles	  of	  30	  sec	  at	  95	  	  C̊,	  30	  sec	  at	  55	  	  C̊	  and	  30	  sec	  at	  72	  	  ̊C,	  followed	  by	  10	  min	  at	  	  

72	  	  C̊.	  For	  degenerate	  primers	  R4,	  R6,	  R8,	  R9,	  R11,	  R12,	  R13,	  R15,	  PCR	  3	  was	  

performed	  for	  15	  cycles.	  Because	  the	  remaining	  degenerate	  primers	  yielded	  weak	  

bands	  or	  no	  bands	  after	  15	  cycles,	  we	  increased	  the	  number	  of	  cycles	  to	  20	  for	  these	  

primers.	  For	  all	  15	  libraries,	  300	  –	  500	  bp	  PCR	  products	  were	  isolated	  from	  agarose	  

gels	  and	  purified	  using	  the	  QIAquick	  Gel	  Extraction	  Kit	  (Qiagen),	  and	  22.	  5	  μL	  

purified	  DNA	  were	  eluted.	  	  

The	  fourth	  PCR	  (8	  cycles)	  incorporated	  indices	  for	  multiplexing	  on	  the	  

Illumina	  platform	  using	  the	  Illumina	  Nextera	  XT	  Index	  Kit.	  The	  PCR	  was	  conducted	  

in	  a	  50	  μL	  reaction	  volume	  with	  10	  μL	  of	  5X	  GoTaq	  Flexi	  Buffer,	  6	  μL	  of	  25	  mM	  
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MgCl2,	  5	  μL	  of	  index	  1,	  5	  μL	  of	  index	  2,	  0.5	  μL	  of	  Flexi	  GoTaq,	  1	  μL	  of	  10	  mM	  dNTPs,	  

and	  22.5	  μL	  template	  DNA	  from	  last	  step.	  The	  PCR	  conditions	  were:	  3	  min	  at	  95	  	  C̊,	  

followed	  by	  8	  cycles	  of	  30	  sec	  at	  95	  	  C̊,	  30	  sec	  at	  55	  	  C̊	  and	  30	  sec	  at	  72	  	  ̊C,	  followed	  by	  

5	  min	  at	  	  72	  	  ̊C.	  PCR	  products	  between	  300	  –	  500	  bp	  were	  isolated	  from	  an	  agarose	  

gel,	  and	  purified	  using	  the	  QIAquick	  Gel	  Extraction	  Kit.	  The	  resulting	  sequencing	  

libraries	  were	  paired-‐end	  sequenced	  (2X150	  nt	  reads)	  on	  the	  MiSeq	  platform	  by	  the	  

Weill	  Cornell	  Epigenomics	  Core.	  Sequencing	  libraries	  are	  available	  in	  the	  NCBI	  

sequence	  read	  archive	  (SRR5712353	  to	  SRR5712367).	  

	  
	  

2.5.4	  Identification	  of	  P-‐element-‐derived	  read-‐pairs	  and	  alignment	  to	  the	  

reference	  genome	  

Based	  on	  the	  placement	  of	  the	  P-‐nested-‐F	  primer,	  read-‐1	  from	  every	  read	  pair	  

should	  begin	  with	  52	  nt	  at	  the	  3’	  terminus	  of	  the	  P-‐element	  consensus	  (Fig.	  1A).	  The	  

first	  22	  nt	  are	  included	  in	  the	  P-‐nested-‐F	  primer,	  while	  the	  remaining	  30	  will	  occur	  

only	  in	  amplicons	  that	  arise	  from	  true	  P-‐element	  3’	  ends.	  We	  therefore	  locally	  

aligned	  all	  read-‐1	  sequences	  to	  the	  full-‐length	  P-‐element	  consensus	  sequence	  

(O’Hare	  and	  Rubin	  1983)	  using	  bowtie2	  (v2.1.0)	  (Langmead	  and	  Salzberg	  2012)	  and	  

selected	  read	  pairs	  where	  the	  alignment	  of	  read-‐1	  to	  3’	  end	  of	  P-‐element	  was	  longer	  

than	  20	  nt	  using	  a	  custom	  Perl	  script	  (1	  mismatch	  and	  1	  gap	  allowed;	  

Supplementary	  script2).	  Any	  remaining	  Illumina	  sequencing	  adapters	  and	  P-‐

element	  sequences,	  as	  well	  as	  low-‐quality	  ends,	  were	  removed	  from	  our	  selected	  
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read	  pairs	  using	  cutadapt	  (v1.9.1)	  (Martin	  2011).	  The	  P-‐element	  derived	  and	  

trimmed	  read	  pairs	  were	  used	  for	  all	  down-‐stream	  analyses	  (Table	  S2.2).	  	  

	  

2.5.5	  Annotation	  of	  P-‐element	  insertions	  based	  on	  uniquely	  mapping	  read	  

pairs	  

	  To	  pinpoint	  P-‐element	  insertions	  in	  the	  RAL-‐492	  genome,	  read	  pairs	  were	  globally	  

aligned	  to	  dm6	  as	  well	  as	  X-‐TAS	  using	  bowtie2	  with	  default	  options.	  The	  results	  of	  

alignments	  to	  the	  reference	  genome	  are	  reported	  in	  Table	  S2.2.	  For	  read	  pairs	  that	  

concordantly	  (i.e.	  aligned	  with	  expected	  orientation	  and	  the	  distance	  between	  mates	  

is	  within	  500	  bp)	  and	  uniquely	  aligned	  to	  the	  reference	  genome,	  we	  determined	  the	  

breakpoints	  of	  P-‐element	  insertions	  based	  on	  the	  reported	  alignments	  using	  a	  

custom	  shell	  and	  Perl	  scripts	  (Supplementary	  script1,	  2,	  3	  and	  4).	  As	  P-‐element	  

transposition	  will	  generate	  8-‐bp	  target	  site	  duplications	  (Beall	  and	  Rio	  1997),	  we	  

defined	  breakpoints	  as	  the	  3’	  end	  of	  the	  8-‐bp	  target	  site	  duplication	  on	  the	  plus	  

genomic	  strand.	  If	  the	  P-‐element	  insertion	  is	  in	  the	  same	  orientation	  as	  the	  plus	  

genomic	  strand,	  the	  breakpoint	  is	  equal	  to	  the	  location	  where	  left-‐most	  nucleotide	  

was	  aligned	  in	  read-‐1	  plus	  7	  bp	  (Figure	  2.5A).	  In	  contrast,	  the	  breakpoint	  is	  equal	  to	  

location	  where	  the	  right-‐most	  nucleotide	  was	  aligned	  in	  read-‐1	  if	  the	  inserted	  P-‐

element	  is	  in	  the	  same	  orientation	  as	  the	  minus	  genomic	  strand	  (Figure	  2.5B).	  We	  

required	  20	  concordant,	  uniquely	  mapping	  read	  pairs	  to	  annotate	  a	  single	  insertion.	  

P-‐element	  insertions	  found	  by	  uniquely	  mapping	  read	  pairs	  are	  reported	  in	  Table	  

S2.2.	  
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2.5.6	  Determining	  the	  number	  of	  P-‐element	  reads	  that	  arise	  from	  annotated	  

insertions	  

	  To	  determine	  how	  many	  multiply	  mapping	  reads	  could	  be	  derived	  from	  one	  of	  the	  

36	  insertions,	  we	  annotated	  based	  on	  unique	  and	  concordant	  alignment	  to	  the	  

reference	  genome,	  we	  aligned	  multiply	  mapping	  reads	  to	  putative	  insertion	  contigs	  

that	  we	  generated	  for	  each	  annotated	  insertion.	  Each	  of	  the	  ~300-‐500	  bp	  PCR	  

products	  that	  were	  sequenced	  contain	  52	  bp	  of	  P-‐element	  sequence	  and	  77	  bp	  of	  

Illumina	  adapter	  sequence,	  with	  the	  remaining	  sequence	  (up	  to	  ~371	  bp)	  deriving	  

from	  the	  genomic	  region	  adjacent	  to	  each	  insertion.	  We	  therefore	  constructed	  

putative	  insertion	  contigs	  that	  contained	  the	  P-‐element	  consensus	  and	  500	  bp	  

adjacent	  genomic	  sequences	  at	  5’	  and	  3’	  end,	  including	  the	  inferred	  8	  bp	  target	  site	  

duplication	  (Figure	  2.5).	  Multiply-‐mapping	  read	  pairs	  were	  aligned	  to	  the	  putative	  

insertion	  contigs	  using	  bowtie2,	  allowing	  for	  up	  to	  5	  mismatches	  and	  2	  gaps.	  	  The	  

number	  of	  multiply	  mapping	  read	  pairs	  that	  could	  be	  aligned	  to	  at	  least	  one	  

annotated	  insertion	  are	  listed	  in	  Table	  S2.2.	  

	  

2.5.7	  Estimating	  the	  frequency	  of	  individual	  insertions	  from	  whole	  genome	  

sequencing	  paired-‐end	  data	  

To	  estimate	  frequency	  of	  each	  annotated	  TE	  insertion,	  we	  used	  previously	  published	  

whole	  genome	  re-‐sequencing	  data	  for	  RAL-‐492	  (Mackay	  et	  al.	  2012)	  to	  compare	  the	  

abundance	  of	  read	  pairs	  supporting	  the	  insertion	  allele	  and	  reference	  genome.	  Read	  
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pairs	  were	  globally	  aligned	  to	  a	  hybrid	  assembly	  that	  combined	  the	  putative	  

insertion	  contig	  for	  each	  of	  our	  insertions,	  as	  well	  as	  the	  dm6	  assembly,	  using	  

bowtie2.	  Only	  alignments	  with	  a	  mapping	  quality	  score	  (MAPQ)	  greater	  than	  10,	  

indicating	  high	  confidence	  that	  they	  are	  the	  correct	  alignment	  for	  a	  particular	  read-‐

pair,	  were	  retained.	  A	  read	  pair	  was	  considered	  to	  support	  the	  insertion	  if	  it	  aligned	  

to	  the	  putative	  insertion	  contig	  and	  its	  alignment	  spanned	  the	  breakpoint.	  Similarly,	  

a	  read	  pair	  was	  considered	  to	  support	  the	  reference	  genome	  if	  it	  aligned	  to	  dm6	  and	  

the	  alignment	  spanned	  the	  breakpoint.	  The	  frequency	  of	  the	  TE	  insertion	  was	  

estimated	  the	  proportion	  of	  the	  number	  of	  read	  pairs	  supporting	  the	  insertion	  out	  of	  

total	  number	  of	  read	  pairs	  supporting	  either	  the	  inserted	  or	  un-‐inserted	  

chromosomes.	  

	  

2.5.8	  Site-‐specific	  PCR	  

To	  verify	  the	  existence	  of	  P-‐element	  insertions	  found	  by	  hemi-‐specific	  PCR	  and	  

other	  approaches,	  we	  designed	  two	  different	  types	  of	  PCR	  assays.	  Insertion	  site	  

assays	  combined	  forward	  and	  reverse	  primers	  on	  either	  side	  of	  each	  insertion	  site,	  

such	  that	  potential	  PCR	  products	  would	  include	  both	  the	  reference	  and	  the	  insertion	  

allele.	  Breakpoint-‐specific	  assays	  combined	  a	  P-‐element	  specific	  primer	  and	  a	  

primer	  in	  the	  adjacent	  genomic	  sequence,	  and	  were	  specific	  to	  the	  insertion	  allele.	  

PCR	  products	  were	  Sanger	  sequenced	  to	  further	  verify	  the	  presence	  or	  absence	  of	  P-‐

element	  insertions.	  The	  primers	  for	  each	  insertion	  site	  we	  examined,	  as	  well	  as	  the	  

PCR	  and	  sequencing	  results,	  are	  summarized	  in	  Table	  S2.4.	  
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With	  the	  exception	  on	  the	  X-‐TAS	  insertion,	  primers	  for	  site-‐specific	  PCR	  

amplify	  a	  unique	  location	  in	  the	  reference	  genome.	  Even	  repetitive	  genomic	  regions	  

often	  carry	  distinct	  combinations	  of	  adjacent	  repeats	  that	  allow	  for	  site-‐specific	  PCR.	  

For	  the	  X-‐TAS	  insertion,	  we	  used	  a	  break	  point	  specific	  assay	  combining	  a	  primer	  

anneals	  to	  a	  satellite	  sequence	  that	  is	  unique	  to	  X-‐TAS	  array	  (Asif-‐Laidin	  et	  al.	  2017)	  

with	  a	  P-‐element	  specific	  primer.	  A	  positive	  result	  is	  diagnostic	  of	  a	  P-‐element	  

insertion	  in	  a	  particular	  orientation	  in	  the	  X-‐TAS	  locus.	  
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Chapter	  3	  piRNA-‐mediated	  silencing	  of	  

an	  invading	  transposable	  element	  

evolves	  rapidly	  through	  abundant	  

beneficial	  de	  novo	  mutations2	  

	   	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
2	  This	  chapter	  has	  been	  submitted	  as	  “piRNA-‐mediated	  silencing	  of	  an	  invading	  
transposable	  element	  evolves	  rapidly	  through	  abundant	  beneficial	  de	  novo	  
mutations”	  to	  Genome	  Research	  with	  a	  preprint	  at	  bioRxiv	  
doi:	  https://doi.org/10.1101/611350	  (Zhang	  and	  Kelleher	  2019)	  
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3.1	  Introduction	  

Transposable	  elements	  (TEs)	  are	  widespread	  genomic	  parasites	  that	  increase	  their	  

copy	  number	  by	  mobilizing	  and	  self-‐replicating	  within	  their	  host	  genomes.	  TEs	  

impose	  a	  severe	  mutational	  load	  on	  their	  hosts	  by	  producing	  deleterious	  insertions	  

that	  disrupt	  functional	  sequences	  (Levis	  et	  al.	  1984;	  McGinnis	  et	  al.	  1983),	  causing	  

DNA	  damage	  through	  encoded	  endonucleases	  (Gasior	  et	  al.	  2006),	  and	  mediating	  

ectopic	  recombination	  leading	  to	  structural	  rearrangements	  (Lim	  1988).	  TE	  

expression	  and	  proliferation	  are	  therefore	  strictly	  regulated,	  particularly	  in	  

germline	  cells	  where	  TEs	  are	  exceptionally	  active	  and	  resulting	  mutations	  are	  

transmitted	  to	  offspring.	  In	  the	  germline	  of	  most	  metazoans,	  TEs	  are	  controlled	  by	  a	  

conserved	  small	  RNA-‐mediated	  pathway,	  in	  which	  Piwi-‐interacting	  RNAs	  (piRNAs),	  

in	  complex	  with	  Argonaute	  proteins,	  silence	  TEs	  in	  a	  sequence-‐specific	  manner	  

(Houwing	  et	  al.	  2007;	  Brennecke	  et	  al.	  2007;	  Aravin	  et	  al.	  2007;	  Girard	  and	  Hannon	  

2008).	  

On	  evolutionary	  time	  scales,	  TEs	  are	  frequently	  horizontally	  transferred	  

between	  non-‐hybridizing	  species,	  allowing	  TE	  families	  to	  colonize	  new	  host	  

genomes	  (Thomas	  et	  al.	  2010;	  Dotto	  et	  al.	  2015;	  Peccoud	  et	  al.	  2017).	  Although	  host	  

regulation	  of	  endogenous	  TEs	  by	  piRNAs	  is	  ubiquitous,	  how	  the	  host	  evolves	  

repression	  to	  novel	  TEs	  invading	  the	  genome	  remains	  poorly	  understood.	  After	  

invasion,	  repressor	  alleles	  are	  proposed	  to	  arise	  through	  de	  novo	  mutation,	  when	  an	  

invading	  TE	  copy	  inserts	  into	  a	  piRNA	  producing	  locus	  referred	  to	  as	  a	  piRNA	  

cluster	  (Khurana	  et	  al.	  2011;	  Girard	  and	  Hannon	  2008).	  The	  existence	  of	  numerous	  
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alternative	  piRNA	  clusters	  (e.g.,	  142	  loci	  or	  ~3.5%	  of	  assembled	  D.	  melanogaster	  

genome	  based	  on	  Brennecke	  et	  al.	  2007)	  may	  facilitate	  the	  evolution	  of	  repression	  

by	  increasing	  the	  mutation	  rate	  to	  generate	  repressors	  (Kelleher	  2016;	  Kelleher	  et	  

al.	  2018;	  Kofler	  2019).	  However,	  the	  technical	  challenge	  of	  annotating	  polymorphic	  

TE	  insertions	  in	  repeat-‐rich	  piRNA	  clusters	  has	  limited	  the	  identification	  and	  study	  

of	  these	  repressor	  alleles.	  Furthermore,	  for	  most	  TE	  families	  it	  is	  impossible	  to	  

distinguish	  repressor	  alleles	  that	  arose	  via	  de	  novo	  insertion	  into	  existing	  piRNA	  

clusters	  from	  the	  reciprocal:	  de	  novo	  piRNA	  clusters	  that	  arose	  at	  existing	  TE	  

insertions.	  In	  particular,	  recent	  studies	  suggest	  that	  novel	  piRNA	  clusters	  may	  

emerge	  frequently	  via	  epigenetic	  mutation,	  when	  a	  change	  in	  chromatin	  state	  

triggers	  bi-‐directional	  transcription	  and	  piRNA	  production	  (De	  Vanssay	  et	  al.	  2012;	  

Le	  Thomas	  et	  al.	  2014;	  Hermant	  et	  al.	  2015).	  

	   The	  role	  of	  selection	  in	  the	  evolution	  of	  host	  TE	  repression,	  through	  piRNA	  

mediated	  silencing	  or	  otherwise,	  also	  remains	  controversial.	  In	  sexually	  reproducing	  

organisms,	  the	  selective	  advantage	  of	  a	  repressor	  allele	  is	  limited	  by	  recombination,	  

which	  separates	  the	  repressor	  from	  the	  DNA	  it	  has	  protected	  from	  deleterious	  

mutation	  (Charlesworth	  and	  Langley	  1986).	  Additionally,	  while	  selection	  for	  

repression	  may	  be	  strong	  when	  the	  genome	  is	  invaded	  by	  a	  new	  TE	  family,	  it	  is	  

unclear	  whether	  it	  is	  sustained	  for	  a	  sufficient	  number	  of	  generations	  to	  enact	  

meaningful	  changes	  in	  repressor	  allele	  frequency	  (Lee	  and	  Langley	  2012).	  On	  the	  

other	  hand,	  forward	  simulation	  models	  suggest	  that	  piRNA-‐mediated	  repressor	  

alleles	  are	  targets	  of	  positive	  selection,	  especially	  when	  transposition	  rates	  are	  high	  
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and	  TEs	  are	  highly	  deleterious	  (Lu	  and	  Clark	  2010;	  Kelleher	  et	  al.	  2018;	  Kofler	  

2019).	  Moreover,	  an	  early	  population	  genomic	  analysis	  of	  D.	  melanogaster	  suggests	  

that	  TE	  insertions	  in	  piRNA	  clusters	  may	  segregate	  at	  higher	  frequency	  than	  non-‐

cluster	  insertions,	  although	  this	  is	  based	  on	  modest	  sample	  size	  and	  read	  depth	  (Lu	  

and	  Clark	  2010).	  

The	  recent	  invasion	  of	  both	  Drosophila	  melanogaster	  and	  Drosophila	  simulans	  

by	  P-‐element	  DNA	  transposons	  (Kidwell	  1983;	  Anxolabéhère	  et	  al.	  1988;	  Kofler	  et	  

al.	  2015a)	  provides	  a	  unique	  opportunity	  to	  study	  not	  only	  the	  contributions	  of	  de	  

novo	  mutation	  to	  the	  evolution	  of	  piRNA-‐mediated	  silencing	  by	  resolving	  the	  

location	  of	  piRNA	  clusters	  both	  before	  and	  after	  an	  invasion	  event,	  but	  also	  

evolutionary	  dynamics	  of	  repressors	  when	  selection	  is	  most	  strong.	  Unlike	  most	  TEs	  

that	  have	  colonized	  host	  genome	  for	  a	  long	  evolutionary	  time,	  P-‐elements	  invaded	  

the	  D.	  melanogaster	  genome	  around	  1950	  by	  horizontal	  transfer	  from	  D.	  willistoni	  

(Daniels	  et	  al.	  1990;	  Kidwell	  1983;	  Anxolabéhère	  et	  al.	  1988).	  Similarly,	  D.	  simulans	  

acquired	  P-‐elements	  from	  D.	  melanogaster	  around	  2010	  (Kofler	  et	  al.	  2015a).	  In	  

response,	  many	  natural	  populations	  of	  D.	  melanogaster	  evolved	  piRNA-‐mediated	  

repression	  in	  less	  than	  50	  years	  (Jensen	  et	  al.	  2008;	  Brennecke	  et	  al.	  2008;	  Kidwell	  

1983).	  However,	  numerous	  strains	  collected	  prior	  to	  both	  invasions	  are	  retained	  in	  

laboratories	  and	  stock	  centers,	  providing	  a	  historical	  record	  of	  ancestral	  piRNA	  

clusters	  that	  were	  active	  before	  the	  P-‐element	  invasion.	  

Here,	  we	  take	  advantage	  of	  ~200	  fully	  sequenced	  D.	  melanogaster	  genomes,	  

comprising	  the	  Drosophila	  Genetic	  Reference	  Panel	  (DGRP)	  (Mackay	  et	  al.	  2012;	  
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Huang	  et	  al.	  2014),	  to	  study	  the	  emergence	  and	  evolutionary	  dynamics	  of	  piRNA-‐

mediated	  repressor	  alleles	  after	  the	  P-‐element	  invasion	  into	  D.	  melanogaster	  

populations.	  To	  differentiate	  de	  novo	  insertions	  into	  ancestral	  piRNA	  clusters	  from	  

novel	  piRNA	  clusters,	  we	  identified	  piRNA	  clusters	  in	  D.	  melanogaster	  from	  9	  P-‐

element	  free	  strains	  of	  D.	  melanogaster	  collected	  before	  invasion.	  Furthermore,	  to	  

empower	  the	  identification	  of	  repressor	  alleles,	  we	  developed	  a	  novel	  approach	  to	  

identify	  TE	  insertions	  in	  repetitive	  DNA.	  We	  show	  that	  more	  than	  90%	  of	  DGRP	  lines	  

have	  at	  least	  one	  P-‐element	  in	  an	  ancestral	  piRNA	  cluster,	  indicating	  P-‐element	  

repressors	  are	  widespread	  in	  natural	  populations.	  Moreover,	  we	  detected	  no	  fewer	  

than	  84	  independent	  P-‐element	  insertions	  in	  ancestral	  piRNA	  clusters,	  suggesting	  

an	  exceptionally	  high	  de	  novo	  mutation	  rate	  for	  the	  formation	  of	  piRNA-‐mediated	  

repressor	  alleles.	  Finally,	  we	  observed	  that	  P-‐element	  insertions	  in	  piRNA	  clusters	  

segregate	  at	  higher	  frequency	  than	  putatively	  neutral	  insertions	  in	  similar	  genomic	  

compartments,	  indicating	  they	  are	  targets	  of	  positive	  selection.	  Together,	  our	  results	  

reveal	  a	  striking	  example	  of	  adaptation	  in	  a	  polygenic	  system,	  in	  which	  a	  plethora	  of	  

de	  novo	  beneficial	  P-‐element	  insertions	  into	  piRNA	  clusters	  fueled	  the	  evolution	  of	  a	  

ubiquitous	  repressive	  phenotype	  in	  <60	  years.	  

	  

3.2	  Results	  

3.2.1	  Identification	  of	  ancestral	  piRNA	  clusters	  

We	  first	  sought	  to	  annotate	  ancestral	  piRNA	  clusters	  in	  the	  D.	  melanogaster	  genome.	  

We	  took	  advantage	  of	  27	  small	  RNA	  sequencing	  libraries	  from	  9	  wild-‐type	  derived	  
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strains	  (Table	  S3.1),	  which	  were	  isolated	  from	  nature	  prior	  to	  the	  P-‐element	  

invasion	  and	  are	  therefore	  devoid	  of	  genomic	  P-‐elements.	  Using	  proTRAC	  

(Rosenkranz	  and	  Zischler	  2012),	  we	  annotated	  piRNA	  clusters	  based	  on	  the	  density	  

of	  mapped	  piRNAs.	  By	  varying	  the	  density	  of	  reads	  required	  to	  annotate	  a	  piRNA	  

cluster	  (pdens	  =	  0.01,	  0.05,	  and	  0.10),	  we	  generated	  three	  sets	  of	  annotations,	  which	  

contained	  32,	  159	  and	  497	  piRNA	  clusters,	  and	  comprised	  0.30%,	  1.27	  %,	  3.68%	  of	  

the	  assembled	  D.	  melanogaster	  genome,	  respectively	  (Figure	  3.1A).	  

We	  identified	  some	  genomic	  loci	  that	  differ	  in	  their	  status	  as	  a	  piRNA	  cluster	  

between	  genotypes,	  producing	  abundant	  piRNAs	  in	  some	  strains	  while	  remaining	  

quiescent	  in	  others	  (Figure	  3.1A-‐B).	  We	  therefore	  defined	  ancestral	  piRNA	  clusters	  

as	  genomic	  regions	  that	  were	  annotated	  from	  at	  least	  one	  small-‐RNA	  library.	  

Notably,	  major	  known	  piRNA	  clusters	  such	  as	  flamenco	  and	  42AB	  (Robert	  et	  al.	  

2001;	  Malone	  et	  al.	  2009;	  Li	  et	  al.	  2009;	  Brennecke	  et	  al.	  2007)	  produced	  abundant	  

piRNAs	  in	  all	  genotypes,	  and	  were	  annotated	  as	  piRNA	  clusters	  regardless	  of	  

stringency	  (Figure	  3.1A).	  In	  light	  of	  clear	  examples	  of	  polymorphism,	  our	  

annotations	  should	  not	  be	  considered	  a	  comprehensive	  list	  of	  the	  piRNA	  clusters	  

segregating	  in	  ancestral	  populations,	  but	  rather	  a	  representative	  sample	  that	  

includes	  most	  clusters	  segregating	  at	  high	  frequency	  or	  fixed	  at	  the	  time	  of	  invasion.	  
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Figure	  3.1	  	  (A)	  Activity	  of	  32	  piRNA	  clusters	  in	  ancestral	  (P-‐element	  free)	  strains	  of	  D.	  
melanogaster.	  Each	  column	  represents	  a	  small	  RNA	  sequencing	  library	  (biological	  replicates	  
are	  combined)	  and	  each	  row	  represents	  a	  piRNA	  cluster	  annotated	  in	  at	  least	  one	  of	  these	  
libraries.	  Coordinates	  of	  piRNA	  clusters	  are	  based	  on	  the	  D.	  melanogaster	  release	  6	  
assembly	  (dm6:	  Hoskins	  et	  al.	  2015).	  piRNA	  cluster	  expression	  levels	  are	  estimated	  by	  
Reads	  Per	  Kilo	  base	  per	  Million	  mapped	  reads	  (RPKM)	  and	  transformed	  to	  log2	  scale	  (log2	  
(RPKM	  +	  1)).	  Clusters	  above	  the	  white	  line	  are	  uni-‐strand	  piRNA	  clusters	  and	  ones	  below	  
the	  white	  line	  are	  dual-‐strand	  piRNA	  clusters.	  Details	  on	  small	  RNA	  library	  prep,	  which	  may	  
be	  related	  to	  differences	  in	  annotated	  piRNA	  clusters	  between	  libraries	  from	  w1118,	  are	  
provided	  in	  Table	  S3.1.	  (B)	  An	  example	  of	  a	  polymorphism	  in	  piRNA	  cluster	  activity	  in	  an	  
annotated	  cluster	  on	  chromosome	  2L	  (23328000..23337026).	  Abundant	  piRNAs	  are	  
detected	  from	  strain	  21183,	  whereas	  strain	  21291	  produces	  few	  piRNAs.	  Only	  uniquely	  
mapping	  piRNAs	  are	  considered.	  piRNA	  density	  is	  measured	  in	  Reads	  Per	  Million	  mapped	  
reads	  (RPM)	  and	  transformed	  to	  log2	  scale	  (log2	  (RPM	  +	  1)).	  Positive	  value	  represent	  
piRNAs	  mapped	  to	  sense	  strand	  of	  the	  reference	  genome,	  and	  negative	  value	  represent	  
piRNAs	  from	  antisense	  strand.	  
	  

3.2.2	  Most	  North	  American	  genotypes	  have	  P-‐elements	  in	  ancestral	  piRNA	  

clusters	  

To	  identify	  P-‐element	  insertions	  in	  extant	  populations,	  we	  took	  advantage	  of	  the	  

published	  genomes	  from	  the	  DGRP,	  which	  includes	  more	  than	  200	  fully	  sequenced	  

inbred	  lines	  collected	  from	  North	  America	  in	  2003	  (Mackay	  et	  al.	  2012).	  All	  DGRP	  
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genomes	  are	  known	  to	  harbor	  P-‐elements	  (Zhuang	  et	  al.	  2014;	  Rahman	  et	  al.	  2015)	  

(Figure	  S3.1)	  and	  the	  majority	  of	  them	  are	  expected	  to	  repress	  P-‐element	  activity	  

(Kidwell	  et	  al.	  1983;	  Anxolabéhère	  et	  al.	  1988;	  Kidwell	  1983).	  Although	  previous	  

annotations	  suggest	  that	  less	  than	  20%	  DGRP	  genomes	  have	  P-‐elements	  in	  ancestral	  

piRNA	  clusters	  (based	  on	  32	  annotated	  piRNA	  clusters)	  (Zhuang	  et	  al.	  2014;	  

Rahman	  et	  al.	  2015),	  we	  suspected	  that	  this	  was	  a	  gross	  underestimate,	  because	  the	  

common	  requirement	  for	  unique	  read	  alignment	  to	  the	  reference	  genome	  prohibits	  

the	  identification	  TE	  insertions	  in	  repeat-‐rich	  piRNA	  clusters.	  This	  is	  particularly	  

problematic	  for	  identifying	  TE	  insertions	  in	  telomeric	  associated	  sequence	  (TAS),	  

piRNA	  clusters	  comprised	  of	  subtelomeric	  satellite	  repeats	  (Yin	  and	  Lin	  2007;	  Asif-‐

Laidin	  et	  al.	  2017).	  Indeed,	  ~50%	  of	  wild-‐derived	  genomes	  are	  believed	  to	  harbor	  a	  

P-‐element	  insertion	  in	  X-‐TAS	  (Ajioka	  and	  Eanes	  1989;	  Ronsseray	  et	  al.	  1989;	  

Biémont	  et	  al.	  1990),	  making	  the	  identification	  of	  P-‐element	  insertions	  in	  this	  piRNA	  

cluster	  of	  particular	  significance.	  We	  therefore	  developed	  an	  alternative	  approach	  to	  

annotate	  P-‐elements	  among	  DGRP	  genomes.	  

First,	  we	  annotated	  P-‐element	  insertion	  sites	  based	  on	  high-‐quality	  

alignments	  of	  split	  reads	  (mapping	  quality	  score,	  MAPQ	  ≥	  20),	  which	  are	  not	  

necessarily	  unique,	  yet	  still	  support	  a	  particular	  genomic	  location	  with	  high	  

confidence.	  Including	  high-‐quality	  non-‐unique	  alignments	  increases	  the	  number	  of	  

annotated	  P-‐elements	  by	  44%	  and	  24%	  increase	  when	  compared	  to	  TEMP	  and	  

TIDAL,	  respectively,	  two	  approaches	  that	  rely	  on	  unique	  alignments	  (Zhuang	  et	  al.	  

2014;	  Rahman	  et	  al.	  2015;	  Figure	  3.2A).	  While	  we	  did	  not	  validate	  these	  new	  
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insertions,	  the	  two	  additional	  insertions	  we	  identified	  in	  DGRP492	  were	  also	  

detected	  by	  previous	  study	  using	  hemi-‐specific	  PCR,	  indicating	  they	  are	  true	  

insertions	  (Zhang	  and	  Kelleher	  2017).	  

Despite	  relaxing	  the	  requirement	  for	  unique	  alignment,	  we	  still	  identified	  

only	  9	  DGRP	  genomes	  (4.5%)	  with	  P-‐elements	  in	  X-‐TAS.	  High-‐quality	  alignments	  

likely	  fail	  to	  provide	  a	  unique	  insertion	  site	  in	  TAS	  repeats	  because	  highly	  similar	  

tandem	  satellite	  sequences	  provide	  multiple	  equivalent	  alignments	  (Figure	  3.3A).	  

Therefore,	  we	  first	  sought	  to	  detect	  TAS	  insertions	  by	  identifying	  P-‐derived	  reads	  

that	  aligned	  only	  to	  TAS	  repeats.	  We	  found	  that	  the	  majority	  of	  DGRP	  genomic	  

libraries	  contain	  P-‐derived	  read	  pairs	  that	  align	  to	  X,	  2R	  or	  3R-‐TAS	  (Table	  S3.2),	  

while	  only	  3	  DGRP	  genomes	  contained	  P-‐derived	  reads	  aligning	  to	  2L	  and	  3L-‐TAS.	  

	  

Figure	  3.2	  (A)	  Total	  number	  of	  P-‐elements	  and	  (B)	  number	  of	  P-‐elements	  in	  ancestral	  
piRNA	  clusters	  annotated	  by	  different	  approaches.	  53	  DGRP	  genomes	  that	  were	  previously	  
annotated	  by	  TEMP	  are	  compared.	  To	  identifying	  piRNA	  cluster	  insertions,	  the	  32	  cluster	  
high	  confidence	  set	  was	  used.	  TEMP:	  insertions	  only	  found	  by	  TEMP;	  MAPQ20:	  insertions	  
only	  found	  based	  on	  high-‐quality	  mapping;	  Both:	  insertions	  found	  by	  TEMP	  and	  MAPQ20;	  
TAS:	  insertions	  only	  found	  when	  homologous	  TAS	  sequences	  were	  treated	  as	  a	  single	  locus.	  
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To	  estimate	  the	  number	  (0,	  1,	  >1)	  of	  P-‐elements	  in	  X,	  2R	  and	  3R-‐TAS	  for	  each	  

DGRP	  line,	  we	  took	  advantage	  of	  the	  distribution	  of	  the	  number	  of	  read	  pairs	  

supporting	  individual	  insertions	  outside	  of	  TAS	  from	  the	  same	  genome.	  We	  then	  

calculated	  a	  Z-‐score	  for	  the	  number	  of	  P-‐derived	  reads	  mapped	  to	  TAS.	  Using	  this	  

approach	  we	  identified	  11	  DGRP	  genomes	  that	  harbor	  no	  P-‐element	  insertions	  (6%,	  

Z	  <	  -‐1.96),	  137	  DGRP	  genomes	  that	  harbor	  one	  P-‐element	  insertion	  (70%,	  -‐1.96	  <	  Z	  <	  

1.96),	  and	  47	  genomes	  that	  carry	  two	  or	  more	  insertions	  into	  TAS	  arrays	  (24%,	  1.96	  

<	  Z)	  (Figure	  3.3B;	  Table	  S3.2).	  Given	  that	  TAS	  arrays	  are	  ancestral	  piRNA	  clusters	  

that	  are	  active	  in	  P-‐element	  free	  strains	  (Figure	  3.1A;	  Brennecke	  et	  al.	  2007;	  Yin	  and	  

Lin	  2007),	  our	  observations	  reveal	  that	  the	  majority	  of	  DGRP	  genomes	  carry	  

repressor	  alleles	  that	  arose	  by	  de	  novo	  insertion	  into	  existing	  piRNA	  clusters	  (Figure	  

3.2B).	  
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Figure	  3.3	  (A)	  The	  structure	  of	  TAS	  arrays	  (Asif-‐Laidin	  et	  al.	  2017).	  X-‐TAS	  contains	  four	  
tandem	  repeats	  (A,	  B,	  C	  and	  D	  in	  red)	  located	  between	  a	  HeT-‐A	  retrotransposon	  and	  two	  0.9	  
kb	  repeats	  (Karpen	  and	  Spradling	  1992).	  Repeat	  A	  is	  degenerated.	  Repeat	  B,	  C	  and	  D	  are	  
~1.8	  kb	  in	  length	  and	  highly	  similar	  to	  each	  other	  (>95%	  identity).	  Repeat	  B	  (enlarged	  
below)	  is	  compared	  to	  2R-‐chromosome	  TAS	  (2R-‐TAS)	  and	  3R-‐chromosome	  TAS	  (3R-‐TAS),	  
which	  are	  represented	  by	  4	  and	  6	  copies	  in	  the	  assembled	  D.	  melanogaster	  genome,	  
respectively.	  Each	  repeat	  of	  2R,	  3R	  and	  X-‐TAS	  also	  contains	  several	  subrepeats	  that	  are	  
composed	  of	  invader4	  retrotransposon	  long	  terminal	  repeats	  (LTRs)(gray;	  Bergman	  et	  al.	  
2006).	  In	  addition	  to	  invader4	  LTRs,	  the	  X,	  2R	  and	  3R-‐TAS	  repeats	  share	  other	  short	  
homologous	  fragments	  (41-‐131	  bp)	  with	  909	  bp	  being	  unique	  to	  the	  X-‐TAS	  repeat	  (not	  
shown	  in	  the	  figure;	  Asif-‐Laidin	  et	  al.	  2017).	  (B)	  The	  distribution	  of	  Z-‐scores	  among	  DGRP	  
genomes.	  DGRP	  genomes	  with	  Z	  <	  -‐	  1.96,	  -‐1.96	  <	  Z	  <	  1.96	  and	  Z	  >	  1.96	  were	  estimated	  to	  
have	  0,	  1	  and	  >1	  P-‐element,	  respectively.	  
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3.2.3	  Abundant	  repressors	  underpin	  repressive	  phenotype	  

We	  next	  sought	  to	  isolate	  individual	  repressor	  alleles	  that	  arose	  via	  de	  novo	  

insertion	  into	  TAS	  arrays.	  First,	  we	  identified	  the	  candidate	  TAS	  array(s)	  containing	  

P-‐element	  insertions	  in	  each	  DGRP	  genome	  based	  on	  proportion	  of	  P-‐derived	  read	  

pairs	  whose	  best	  alignment	  supported	  an	  insertion	  in	  X,	  2R,	  or	  3R-‐TAS	  (see	  

methods).	  For	  the	  82%	  of	  DGRP	  genomes	  for	  which	  we	  identified	  at	  least	  one	  

candidate	  TAS	  array	  harboring	  a	  P-‐element	  insertion,	  we	  further	  identified	  the	  

insertion	  site	  that	  was	  supported	  by	  the	  most	  read	  pairs	  (see	  methods).	  In	  addition,	  

based	  on	  alternative	  breakpoints	  identified	  by	  alignments	  to	  TAS	  sequences,	  we	  also	  

determined	  which	  of	  multiple	  alternate	  pseudo-‐genomes,	  containing	  P-‐element	  

insertions	  into	  different	  sites,	  was	  supported	  by	  the	  most	  reads	  (see	  methods).	  Due	  

to	  sequence	  homology	  among	  repeats	  within	  the	  same	  TAS	  array	  (>95%	  identity;	  

Figure	  3.3A),	  we	  assumed	  all	  homologous	  insertion	  sites	  among	  tandem	  repeats	  

corresponded	  to	  a	  single	  insertion	  event	  for	  these	  analyses.	  

Among	  92	  DGRP	  genomes,	  we	  found	  102	  P-‐element	  insertions	  into	  TAS	  

where	  the	  best	  insertion	  site	  identified	  by	  reference	  genome	  and	  pseudo-‐genome	  

alignments	  agreed,	  suggesting	  well-‐supported	  insertion	  sites.	  These	  corresponded	  

to	  43	  unique	  insertion	  sites,	  32	  of	  which	  we	  were	  able	  to	  verify	  by	  site-‐specific	  PCR	  

(74.4%).	  For	  the	  remaining	  11	  insertions,	  PCR	  revealed	  that	  two	  were	  located	  at	  

different	  sites,	  PCR	  failed	  for	  seven	  sites,	  and	  PCR	  was	  not	  attempted	  for	  two	  sites.	  

We	  further	  attempted	  PCR	  to	  determine	  the	  insertion	  sites	  in	  14	  DGRP	  genomes	  



	   60	  

where	  the	  two	  computational	  methods	  did	  not	  agree,	  and	  73	  DGRP	  genomes	  where	  

P-‐elements	  could	  not	  be	  assigned	  to	  a	  particular	  TAS	  or	  breakpoints	  could	  not	  be	  

determined	  due	  to	  an	  absence	  of	  split	  reads.	  These	  PCRs	  determined	  an	  additional	  

40	  P-‐element	  insertion	  sites	  in	  71	  DGRP	  genomes.	  

In	  total,	  we	  identified	  89	  independent	  insertions	  of	  P-‐elements	  into	  TAS	  

sequences	  (2R,	  3R	  or	  X-‐TAS),	  84	  of	  which	  were	  verified	  by	  PCR	  in	  at	  least	  one	  DGRP	  

genome	  (Table	  3.1;	  Table	  S3.3).	  Consistent	  with	  previous	  studies	  (Ajioka	  and	  Eanes	  

1989;	  Ronsseray	  et	  al.	  1989;	  Biémont	  et	  al.	  1990),	  we	  found	  that	  >50%	  of	  DGRP	  

genomes	  had	  P-‐element	  insertions	  in	  X-‐TAS	  and	  ~20%	  DGRP	  genomes	  had	  P-‐

elements	  in	  2R	  and	  3R-‐TAS	  (Table	  3.1;	  Table	  S3.3).	  Moreover,	  we	  discovered	  a	  

multitude	  of	  insertion	  alleles	  in	  each	  TAS	  array:	  20	  in	  2R-‐TAS,	  19	  in	  3R-‐TAS	  and	  50	  

in	  X-‐TAS	  (Table	  3.1;	  Figure	  3.4A,	  B;	  Table	  S3.3).	  

	  

Table	  3.1	  P-‐element	  insertions	  in	  TAS	  

TAS	  array	   #	  of	  genomes	  with	  

insertions	  

#	  of	  alleles	  

2R-‐TAS	   33	   20	  (20)	  

3R-‐TAS	   38	   19	  (18)	  

X-‐TAS	   133	   50	  (46)	  

2L	  and	  3L-‐TAS	   1	   1	  (0)	  

Numbers	  in	  parentheses	  indicate	  PCR	  verified	  alleles.	  
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Figure	  3.4	  (A)	  Multiple	  P-‐element	  insertion	  sites	  were	  detected	  in	  X-‐TAS.	  Due	  to	  the	  high	  
sequence	  similarity	  between	  repeats	  B,	  C	  and	  D	  of	  X-‐TAS,	  we	  arbitrarily	  assigned	  all	  P-‐
element	  insertions	  in	  these	  repeats	  to	  repeat	  B.	  Only	  insertions	  present	  in	  more	  than	  2	  
DGRP	  genomes	  are	  depicted.	  For	  each	  insertion,	  the	  breakpoint	  is	  labeled	  above	  the	  triangle	  
and	  the	  number	  of	  DGRP	  genomes	  containing	  the	  insertion	  is	  indicated	  inside	  the	  triangle.	  
Breakpoints	  positions	  in	  red	  correspond	  to	  insertion	  hotspots	  (Karpen	  and	  Spradling	  1992).	  
Sense	  P-‐elements,	  whose	  orientation	  is	  same	  as	  X-‐TAS	  were	  drawn	  above	  repeat	  B,	  whereas	  
antisense	  P-‐elements	  were	  located	  below	  repeat	  B.	  (B)	  Multiple	  P-‐element	  insertion	  sites	  
were	  detected	  in	  2R,	  3R,	  and	  X-‐TAS.	  Each	  color	  represents	  a	  unique	  P-‐element	  insertion.	  (C)	  
P-‐elements	  are	  present	  in	  non-‐TAS	  ancestral	  piRNA	  clusters	  across	  all	  major	  chromosome	  
arms,	  based	  on	  our	  annotation	  set	  of	  159	  piRNA	  clusters.	  	  
	  

	   P-‐elements	  preferentially	  insert	  into	  sequence-‐specific	  sites	  in	  X-‐TAS	  

(Karpen	  and	  Spradling	  1992),	  which	  are	  also	  found	  in	  2R	  and	  3R-‐TAS.	  We	  therefore	  

wondered	  whether	  P-‐element	  insertions	  into	  these	  hotspots	  were	  unusually	  

common	  in	  among	  TAS	  insertion	  alleles	  from	  natural	  populations.	  Indeed,	  we	  found	  

that	  these	  sites	  were	  greatly	  enriched	  for	  P-‐element	  insertion	  alleles:	  88.2%	  (15	  out	  

of	  17)	  of	  hotspots	  had	  a	  P-‐element	  insertion	  allele,	  as	  compared	  to	  only	  1.5%	  (58	  
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out	  of	  3840)	  of	  non-‐preferred	  sites	  (Pearson’s	  Chi-‐square	  test,	  χ2	  =	  639.65,	  P-‐value	  <	  

2.20x10-‐16).	  Additionally,	  hotspots	  were	  more	  likely	  to	  have	  two	  distinguishable	  

insertion	  alleles,	  one	  in	  each	  strand,	  when	  compared	  to	  non-‐preferred	  sites	  (Figure	  

3.5A;	  Pearson’s	  Chi-‐square	  test,	  χ2	  =	  18.92,	  P-‐value	  =	  1.36x10-‐5).	  Finally,	  individual	  

P-‐element	  insertions	  in	  hotspots	  were	  more	  common	  among	  DGRP	  chromosomes	  

than	  those	  occurring	  at	  non-‐preferred	  sites	  (Figure	  3.5B;	  Wilcoxon	  rank	  sum	  test,	  

W25,	  64	  =	  1259,	  P-‐value	  =	  5.88x10-‐6),	  suggesting	  that	  recurrent	  insertion	  into	  these	  

positions	  elevates	  the	  frequency	  of	  these	  insertion	  alleles.	  Taken	  together,	  these	  

results	  suggest	  that	  the	  exceptional	  abundance	  of	  P-‐elements	  insertions	  in	  TAS	  

arrays	  is	  at	  least	  partially	  explained	  by	  an	  insertion	  site	  preference.

	  

Figure	  3.5	  (A)	  The	  proportion	  of	  P-‐element	  insertions	  that	  insert	  into	  both	  sense	  and	  
antisense	  strand	  of	  TAS	  (red),	  or	  single	  strand	  (blue)	  for	  non-‐preferred	  and	  preferred	  sites.	  
(B)	  The	  comparison	  between	  frequencies	  of	  P-‐elements	  at	  non-‐preferred	  and	  preferred	  
sites.	  P-‐elements	  inserted	  at	  same	  site	  but	  in	  opposite	  orientations	  were	  considered	  
different	  insertions.	  
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3.2.4	  Cluster	  P-‐element	  insertions	  are	  targets	  of	  positive	  selection	  

Combining	  the	  TAS	  insertion	  alleles	  with	  those	  identified	  in	  non-‐TAS	  piRNA	  clusters,	  

we	  detected	  up	  to	  193	  P-‐element	  insertion	  events	  into	  at	  least	  15	  (up	  to	  37)	  

different	  ancestral	  piRNA	  clusters,	  which	  are	  located	  on	  all	  of	  the	  major	  

chromosome	  arms	  of	  the	  Drosophila	  genome	  (Figure	  3.4C).	  To	  determine	  whether	  P-‐

element	  insertions	  in	  ancestral	  piRNA	  clusters	  are	  targets	  of	  positive	  selection,	  we	  

considered	  their	  site	  frequency	  spectrum.	  Positive	  selection	  is	  expected	  to	  increase	  

the	  frequency	  of	  beneficial	  alleles	  in	  natural	  populations	  when	  compared	  to	  neutral	  

alleles	  (Nielsen	  2005).	  	  However,	  this	  observation	  is	  potentially	  confounded	  by	  the	  

recurrent	  insertion	  of	  P-‐elements	  into	  known	  insertion	  hotspots	  in	  TAS	  sequences,	  

which	  elevates	  their	  frequencies	  (Figure	  3.5B).	  We	  therefore	  excluded	  P-‐element	  

insertions	  in	  hotspots	  from	  our	  analysis	  of	  the	  site	  frequency	  spectrum.	  Consistent	  

with	  positive	  selection,	  we	  found	  that	  P-‐element	  insertions	  in	  ancestral	  piRNA	  

clusters	  segregate	  at	  higher	  frequencies	  than	  those	  outside	  of	  piRNA	  clusters	  

(Figure	  3.6A).	  

piRNA	  clusters	  occur	  predominantly	  in	  heterochromatic	  regions	  of	  low	  

recombination	  (Brennecke	  et	  al.	  2007),	  meaning	  that	  differences	  in	  the	  site-‐

frequency	  spectra	  of	  cluster	  and	  non-‐cluster	  P-‐element	  insertions	  are	  also	  

potentially	  confounded	  by	  differences	  in	  nature	  and	  efficacy	  of	  selection	  in	  different	  

genomic	  compartments	  (Hill	  and	  Robertson	  1966;	  Haddrill	  et	  al.	  2007).	  In	  

particular,	  heterochromatic	  insertions	  are	  less	  likely	  to	  disrupt	  functional	  sequences	  

or	  participate	  in	  ectopic	  recombination,	  making	  them	  less	  deleterious	  than	  those	  in	  
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euchromatin	  (Bartolomé	  and	  Maside	  2004;	  Petrov	  et	  al.	  2011;	  Kofler	  et	  al.	  2012).	  

However,	  when	  we	  restrict	  our	  comparison	  of	  cluster	  and	  non-‐cluster	  insertions	  to	  

regions	  of	  low	  recombination	  where	  heterochromatin	  resides	  (≤1	  cM/Mb)	  we	  

observe	  that	  the	  elevated	  frequency	  of	  cluster	  insertions	  becomes	  more	  pronounced	  

(Figure	  3.6B;	  Figure	  S3.3B).	  This	  suggests	  that	  the	  relatively	  higher	  frequency	  of	  P-‐

element	  insertions	  in	  ancestral	  piRNA	  clusters	  reflects	  positive	  selection,	  rather	  

than	  reduced	  purifying	  selection	  against	  TE	  insertions	  in	  heterochromatin.	  

Furthermore,	  the	  difference	  in	  frequency	  spectra	  between	  cluster	  and	  non-‐cluster	  P	  

element	  insertions	  decreases	  when	  we	  include	  insertions	  in	  lower	  confidence	  piRNA	  

clusters	  (Figure	  S3.3,	  S3.4),	  suggesting	  that	  the	  inclusion	  of	  false-‐positives	  (i.e.,	  

insertions	  into	  incorrectly	  annotated	  piRNA	  clusters)	  dampens	  the	  signature	  of	  

positive	  selection.	  Alternatively,	  this	  pattern	  could	  result	  from	  stronger	  positive	  

selection	  for	  highly-‐expressed	  piRNA	  clusters,	  which	  are	  over-‐represented	  among	  

high-‐confidence	  piRNA	  clusters.	  

	   A	  second	  important	  distinction	  between	  selection	  in	  heterochromatin	  and	  

euchromatin	  lies	  in	  the	  efficacy	  of	  positive	  selection,	  which	  is	  reduced	  in	  regions	  of	  

low	  recombination	  by	  linked	  deleterious	  variation	  ('Hill-‐Robertson	  effects':	  Hill	  and	  

Robertson	  1966).	  Although	  the	  sample	  size	  of	  piRNA	  cluster	  insertion	  in	  regions	  of	  

high	  recombination	  (>1	  cM/Mb)	  is	  small	  (n	  =	  20	  for	  high	  confidence	  piRNA	  

clusters),	  we	  did	  not	  observe	  that	  they	  segregate	  at	  higher	  frequencies	  than	  non	  

cluster	  insertions	  (Figure	  3.6C;	  Figure	  S3.3C,	  S3.4C).	  While	  these	  observations	  are	  

not	  consistent	  with	  Hill-‐Robertson	  effects,	  they	  are	  consistent	  with	  the	  theoretical	  
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observation	  that	  reduced	  recombination	  increases	  the	  efficiency	  of	  selection	  on	  TE	  

repressors	  by	  maintaining	  linkage	  between	  repressor	  alleles	  and	  the	  chromosomal	  

sites	  they’ve	  protected	  from	  mutational	  load	  (Charlesworth	  and	  Langley	  1986).	  

	  

Figure	  3.6.	  The	  frequency	  of	  P-‐elements	  in	  piRNA	  clusters	  (red)	  and	  the	  frequency	  of	  P-‐elements	  
outside	  of	  clusters	  (gray)	  are	  compared	  for	  the	  high	  confidence	  set	  of	  32	  annotated	  piRNA	  clusters.	  
The	  equivalent	  comparisons	  for	  lower	  stringency	  annotation	  sets	  are	  provided	  in	  figures	  S3	  and	  S4.	  
P-‐elements	  at	  hotspots	  were	  excluded	  from	  these	  comparisons.	  Insertions	  are	  compared	  in	  (A)	  all	  
genomic	  regions	  (W98,	  4850	  =	  215720,	  P-‐value	  =	  0.016),	  (B)	  regions	  of	  low	  recombination	  (≤1	  cM/Mb,	  
W78,	  1501	  =	  48966,	  P-‐value	  =	  0.00019)	  and	  (C)	  high	  recombination	  (>1	  cM/Mb,	  W20,	  3349	  =	  39130,	  P-‐
value	  =	  0.045).	  
	  
	  

3.3	  Discussion	  

In	  this	  study,	  we	  took	  advantage	  of	  the	  recent	  invasion	  of	  the	  Drosophila	  

melanogaster	  genome	  by	  P-‐element	  DNA	  transposons	  to	  chronicle	  the	  evolution	  of	  

piRNA-‐mediated	  repression.	  We	  found	  that	  ~94%	  D.	  melanogaster	  genomes	  have	  at	  

least	  one	  P-‐element	  in	  an	  ancestral	  piRNA	  cluster,	  suggesting	  de	  novo	  mutation,	  in	  

which	  P-‐elements	  transpose	  into	  pre-‐existing	  piRNA	  clusters,	  is	  the	  predominant	  
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mutational	  mechanism	  giving	  rise	  to	  piRNA-‐mediated	  silencing.	  Furthermore,	  we	  

uncovered	  no	  fewer	  than	  84	  repressor	  alleles,	  which	  are	  targets	  of	  positive	  

selection.	  Taken	  together,	  our	  results	  reveal	  that	  the	  common	  phenotype	  of	  P-‐

element	  repression	  exhibited	  by	  North	  American	  D.	  melanogaster	  (Ogura	  et	  al.	  2007;	  

Kidwell	  et	  al.	  1983;	  Kidwell	  1983)	  is	  underpinned	  by	  an	  unprecedented	  number	  of	  

beneficial	  repressor	  alleles,	  which	  have	  arisen	  since	  the	  P-‐element	  invasion	  in	  the	  

mid	  20th	  century.	  

The	  existence	  of	  numerous	  segregating	  repressor	  alleles	  indicates	  that	  P-‐

element	  repression	  didn’t	  evolve	  through	  a	  classical	  “hard	  sweep”,	  in	  which	  a	  single	  

beneficial	  mutation	  arises	  and	  then	  goes	  into	  fixation	  (Maynard	  Smith	  and	  Haigh	  

1974).	  Rather,	  the	  evolution	  of	  P-‐element	  repression	  in	  Drosophila	  melanogaster	  

occurred	  through	  a	  plethora	  of	  “soft	  sweeps”	  (Pennings	  and	  Hermisson	  2006),	  in	  

which	  numerous	  repressor	  alleles	  arose	  and	  increased	  in	  frequency	  simultaneously.	  

Indeed,	  to	  our	  knowledge	  the	  evolution	  of	  P-‐element	  repression	  represents	  one	  of	  

the	  most	  striking	  examples	  of	  soft-‐sweeps	  in	  a	  eukaryotic	  genome.	  By	  comparison,	  

other	  well-‐known	  examples	  such	  as	  insecticide	  resistance	  in	  D.	  melanogaster	  

(Menozzi	  et	  al.	  2004;	  Karasov	  et	  al.	  2010)	  and	  lactose	  tolerance	  in	  human	  

populations	  (Enattah	  et	  al.	  2002;	  Tishkoff	  et	  al.	  2007),	  include	  only	  4	  and	  5	  adaptive	  

mutations,	  respectively.	  The	  extreme	  soft-‐sweeps	  we	  observe	  in	  the	  evolution	  of	  P-‐

element	  repression	  are	  at	  least	  partially	  a	  consequence	  of	  the	  unique	  genetic	  

architecture	  of	  piRNA	  mediated	  silencing.	  The	  presence	  of	  multiple,	  functionally	  

redundant	  piRNA	  clusters,	  which	  will	  enact	  repression	  when	  occupied	  by	  P-‐
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elements,	  provides	  an	  exceptionally	  large	  mutational	  target	  comprising	  at	  least	  

0.3%	  of	  the	  genome.	  Polygenic	  traits	  with	  large	  mutational	  targets	  are	  predicted	  to	  

evolve	  via	  soft	  sweeps,	  because	  the	  overall	  beneficial	  mutation	  rate	  is	  increased	  

(Pritchard	  et	  al.	  2010;	  Messer	  and	  Petrov	  2013;	  Pennings	  and	  Hermisson	  2006;	  

Karasov	  et	  al.	  2010).	  Similarly,	  the	  per-‐site	  beneficial	  mutation	  rate	  within	  each	  

piRNA	  cluster	  is	  also	  high,	  owing	  to	  a	  very	  high	  genome-‐wide	  transposition	  rate	  of	  

P-‐elements	  (~0.1	  new	  insertions	  per	  element	  multiplied	  by	  genomic	  copy	  number	  

(Eggleston	  et	  al.	  1988;	  Berg	  and	  Spradling	  1991;	  Kimura	  and	  Kidwell	  1994)).	  

In	  addition	  to	  documenting	  an	  abundance	  of	  putatively	  beneficial	  alleles,	  we	  

discovered	  that	  positive	  selection	  predominantly	  acts	  on	  P-‐element	  insertions	  in	  

heterochromatic	  piRNA	  clusters.	  This	  is	  consistent	  with	  the	  theoretical	  prediction	  

that	  reduced	  recombination	  enhances	  positive	  selection	  on	  TE	  repressors	  by	  

maintaining	  linkage	  to	  the	  genomic	  regions	  they’ve	  protected	  from	  deleterious	  

insertions	  (Charlesworth	  and	  Langley	  1986).	  Indeed,	  enhanced	  selection	  on	  

repressors	  in	  low	  recombination	  regions	  might	  explain	  why	  piRNA	  clusters	  are	  

predominantly	  located	  in	  heterochromatic	  regions	  (Blumenstiel	  2011).	  

Interestingly,	  however,	  our	  results	  differ	  from	  those	  of	  Lu	  and	  Clark,	  who	  show	  that	  

piRNA	  cluster	  insertions	  of	  resident	  TE	  families	  that	  have	  occupied	  the	  genome	  for	  a	  

long	  time	  segregate	  at	  higher	  frequency	  than	  those	  outside	  of	  piRNA	  clusters	  only	  in	  

regions	  of	  high	  recombination	  (Lu	  and	  Clark	  2010).	  The	  nature	  of	  the	  discrepancy	  is	  

unclear,	  however,	  recent	  simulation	  models	  suggest	  that	  dynamics	  of	  piRNA	  
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mediated	  repressor	  alleles	  can	  differ	  significantly	  between	  recently	  invaded	  TEs	  and	  

those	  that	  are	  at	  copy	  number	  equilibrium	  (Kelleher	  et	  al.	  2018;	  Kofler	  2019).	  	  

P-‐elements	  are	  not	  randomly	  distributed	  among	  piRNA	  clusters	  in	  the	  D.	  

melanogaster	  genome.	  Rather,	  72.4%	  of	  them	  (based	  on	  32	  annotated	  piRNA	  

clusters)	  occurred	  in	  TAS	  regions,	  consistent	  with	  previous	  studies	  that	  detected	  P-‐

elements	  insertions	  using	  hybridization-‐based	  approaches	  (Ronsseray	  et	  al.	  1991;	  

Marin	  et	  al.	  2000;	  Stuart	  et	  al.	  2002;	  Brennecke	  et	  al.	  2008).	  Our	  observations	  

mirror	  those	  of	  a	  recent	  study	  of	  the	  evolution	  P-‐element	  repression	  in	  laboratory	  

populations	  of	  D.	  simulans,	  which	  is	  established	  by	  multiple	  independent	  P-‐element	  

insertions	  in	  piRNA	  clusters,	  particularly	  in	  the	  3R-‐TAS	  (Kofler	  et	  al.	  2018).	  

Furthermore,	  we	  discovered	  that	  P-‐elements	  are	  most	  commonly	  observed	  in	  

previously	  identified	  insertion	  hotspots	  (Karpen	  and	  Spradling	  1992),	  thereby	  

demonstrating	  that	  this	  mutation	  bias	  shapes	  the	  distribution	  of	  P-‐element	  

insertions	  in	  natural	  populations.	  TE	  insertions	  in	  TAS	  were	  likely	  not	  detected	  

among	  DGRP	  genomes	  previously	  because	  the	  reliance	  on	  unique	  alignments	  

excludes	  read	  pairs	  supporting	  insertions	  in	  satellite	  arrays	  (Linheiro	  and	  Bergman	  

2012;	  Zhuang	  et	  al.	  2014;	  Rahman	  et	  al.	  2015).	  Therefore,	  allowing	  for	  multiple	  

mapping	  within	  highly	  homologous	  satellite	  repeats	  represents	  a	  powerful	  method	  

for	  annotating	  TEs	  in	  these	  regions	  from	  short	  paired-‐end	  reads.	  	  

In	  summary,	  P-‐element	  repression	  in	  Drosophila	  melanogaster	  evolved	  

rapidly	  though	  abundant	  de	  novo	  mutations	  that	  arise	  from	  the	  transposition	  of	  P-‐

elements	  into	  pre-‐existing	  piRNA	  clusters.	  These	  concurrent	  beneficial	  alleles	  are	  
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targets	  of	  positive	  selection,	  resulting	  a	  striking	  example	  of	  polygenic	  adaption.	  As	  

piRNA-‐mediated	  silencing	  of	  TEs	  is	  conserved	  across	  animals,	  the	  model	  in	  which	  

rapid	  adaptation	  to	  P-‐element	  invasion	  evolves	  through	  multiple	  beneficial	  de	  novo	  

mutations	  applies	  to	  other	  TEs.	  Our	  observations	  reveal	  how	  the	  unique	  genetic	  

architecture	  of	  piRNA-‐mediated	  silencing,	  in	  which	  insertion	  into	  multiple	  

functionally	  redundant	  piRNA	  clusters	  results	  in	  a	  repressor	  allele,	  facilitates	  the	  

evolution	  of	  repression	  of	  an	  invading	  TE.	  	  
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3.4	  Materials	  and	  Methods	  

3.4.1	  DGRP	  stocks	  and	  genomes	  

All	  DGRP	  lines	  were	  ordered	  from	  the	  Bloomington	  Drosophila	  stock	  center.	  

	  

3.4.2	  piRNA	  cluster	  annotation	  

Ovarian	  small	  RNA	  sequencing	  libraries	  were	  downloaded	  from	  NCBI	  or	  were	  

generated	  by	  our	  lab	  for	  another	  project	  (Lama	  and	  Kelleher	  unpublished,	  Table	  

S3.1).	  The	  latter	  libraries	  are	  available	  from	  SRA	  archive	  (SRP160954).	  For	  each	  

library,	  adapters	  were	  trimmed	  using	  cutadapt	  (version	  1.9.1)	  (Martin	  2011).	  

Trimmed	  reads	  with	  23	  –	  29	  nt	  (typical	  size	  of	  piRNAs	  in	  Drosophila)	  were	  kept	  for	  

piRNA	  cluster	  annotation.	  Then,	  piRNA	  clusters	  were	  predicted	  separately	  in	  each	  

library	  using	  proTRAC	  (Rosenkranz	  and	  Zischler	  2012),	  which	  identifies	  genomic	  

loci	  corresponding	  to	  piRNA	  clusters	  based	  on	  the	  density	  of	  mapped	  piRNAs.	  We	  

considered	  different	  values	  of	  the	  proTRAC	  pdens	  parameter	  (0.01,	  0.05,	  0.1),	  with	  

lower	  pdens	  values	  corresponding	  to	  annotation	  sets	  that	  include	  a	  smaller	  number	  

of	  higher	  confidence	  piRNA	  clusters.	  Annotated	  piRNA	  clusters	  detected	  less	  than	  5	  

kb	  apart	  were	  considered	  a	  single	  cluster.	  

	  

3.4.3	  Detecting	  P-‐element	  insertions	  in	  DGRP	  genomes	  

DGRP	  whole	  genome	  sequencing	  reads	  were	  downloaded	  from	  the	  NCBI	  Sequence	  

Read	  Archive	  (Mackay	  et	  al.	  2012;	  Huang	  et	  al.	  2014).	  12	  DGRP	  genomes	  were	  

excluded	  from	  our	  analysis	  because	  45	  bp	  paired-‐end	  reads	  (DGRP357,	  DGRP379,	  
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DGRP427,	  DGRP486,	  DGRP786),	  or	  75	  bp	  single-‐end	  reads	  (DGRP153,	  DGRP237,	  

DGRP28,	  DGRP325,	  DGRP386,	  DGRP41,	  DGRP730)	  were	  too	  short	  to	  allow	  for	  

identification	  of	  P-‐element	  insertion	  sites.	  To	  identify	  read	  pairs	  that	  include	  P-‐

element	  sequence	  in	  the	  remaining	  genomes,	  individual	  reads	  were	  separately	  and	  

locally	  aligned	  to	  full-‐length	  P-‐element	  consensus	  (O’Hare	  and	  Rubin	  1983)	  using	  

bowtie2	  (v2.1.0)	  (Langmead	  and	  Salzberg	  2012)	  with	  default	  parameters.	  P-‐element	  

sequences	  were	  then	  trimmed	  from	  mapped	  reads	  using	  a	  custom	  Perl	  script.	  

Trimmed	  reads	  longer	  than	  30	  bp	  were	  kept	  and	  used	  for	  down-‐stream	  analyses.	  

For	  each	  DGRP	  genome,	  the	  P-‐derived	  trimmed	  reads	  were	  first	  aligned	  to	  

the	  D.	  melanogaster	  release	  6	  reference	  genome	  (dm6:	  Hoskins	  et	  al.	  2015)	  as	  well	  

as	  X-‐TAS	  (Karpen	  and	  Spradling	  1992)	  using	  bowtie2.	  Reported	  alignments	  with	  

mapping	  quality	  score	  greater	  than	  20	  and	  a	  mutational	  distance	  (sum	  of	  

mismatches	  and	  gaps	  required	  to	  convert	  the	  read	  sequence	  to	  the	  reference)	  less	  

than	  four	  were	  kept.	  Only	  the	  number	  of	  gaps	  was	  considered:	  we	  ignored	  gap	  

extensions	  assuming	  that	  two	  adjacent	  nucleotide	  insertions	  or	  deletions	  were	  

generated	  by	  one	  mutational	  event.	  To	  isolate	  breakpoints	  corresponding	  to	  P-‐

element	  insertion	  sites,	  we	  took	  advantage	  of	  split	  reads,	  in	  which	  one	  segment	  

aligned	  to	  the	  P-‐element	  consensus	  and	  the	  remainder	  aligned	  to	  the	  reference	  

genome.	  After	  breakpoints	  were	  located,	  all	  non-‐split	  P-‐derived	  read	  pairs	  (i.e.	  one	  

read	  aligns	  to	  P-‐element,	  its	  mate	  to	  the	  reference	  genome)	  within	  500	  bp	  were	  

identified.	  At	  least	  6	  supporting	  read	  pairs	  (split	  or	  non-‐split)	  were	  required	  to	  

annotate	  a	  single	  P-‐element	  insertion	  in	  non-‐TAS	  regions.	  
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3.4.4	  Detecting	  P-‐element	  insertions	  in	  TAS	  

We	  divided	  the	  dm6	  reference	  genome	  into	  two	  parts:	  TAS	  and	  non-‐TAS	  regions.	  

TAS	  regions	  included	  full-‐length	  of	  X-‐TAS	  (9872	  bp,	  L03284)	  (Karpen	  and	  Spradling	  

1992),	  2R-‐TAS	  (chr2R:25258060..25261551,	  3492	  bp)	  and	  3R-‐TAS	  

(chr3R:32073015..32079331,	  6317	  bp)	  (Yin	  and	  Lin	  2007),	  2L-‐TAS	  (chr2L:1..5041,	  

5041	  bp)	  and	  3L-‐TAS	  (chr3L:1..19608,	  19608	  bp)(Walter	  et	  al.	  1995).	  The	  other	  

genomic	  regions	  were	  categories	  as	  non-‐TAS.	  

To	  determine	  if	  P-‐derived	  reads	  that	  did	  not	  map	  to	  the	  non-‐TAS	  regions	  

corresponded	  to	  insertions	  in	  TAS,	  they	  were	  aligned	  to	  the	  TAS	  reference	  using	  

bowtie2	  outputting	  all	  valid	  alignments	  (-‐a).	  A	  read	  pair	  was	  considered	  mapped	  to	  

TAS	  if	  the	  mutational	  distance	  was	  fewer	  than	  six	  for	  paired-‐end	  reads	  and	  four	  for	  

single-‐end	  reads.	  For	  each	  DGRP	  genome,	  we	  calculated	  a	  Z-‐score	  for	  TAS-‐aligned	  

reads	  according	  to	  the	  formula:	  Z	  =	  (x	  –	  μ)	  /	  σ,	  where	  x	  is	  the	  number	  read	  pairs	  

aligned	  to	  X,	  2R	  or	  3R-‐TAS,	  μ	  is	  the	  average	  number	  of	  reads	  supporting	  individual	  

non-‐TAS	  P-‐element	  insertions	  in	  a	  given	  genome,	  and	  σ	  is	  the	  standard	  deviation	  for	  

reads	  supporting	  non-‐TAS	  insertions.	  A	  significance	  level	  α	  =	  0.05	  (Z	  =	  ±	  1.96)	  was	  

used	  to	  estimate	  the	  number	  of	  P-‐elements	  in	  TAS	  in	  each	  DGRP	  genome	  (Table	  

S3.2).	  

	  To	  determine	  which	  TAS	  arrays	  (X,	  2R	  or	  3R-‐TAS)	  contained	  a	  P-‐element	  

insertion	  in	  each	  DGRP	  genome,	  we	  first	  calculated	  mutational	  distance	  for	  all	  

reported	  alignments	  of	  each	  read	  pair	  in	  that	  genome.	  We	  then	  assigned	  each	  read	  
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pair	  to	  the	  TAS	  array	  that	  it	  aligned	  to	  with	  lowest	  mutational	  distance.	  For	  DGRP	  

genomes	  with	  one	  P-‐element	  in	  TAS	  (-‐1.96	  <	  Z	  <	  1.96),	  the	  insertion	  was	  predicted	  

to	  occur	  in	  the	  TAS	  array	  whose	  supporting	  reads	  were	  at	  least	  2	  times	  greater	  than	  

the	  reads	  supporting	  the	  other	  two	  TAS	  arrays.	  For	  DGRP	  genomes	  with	  more	  than	  

one	  P-‐element	  in	  TAS	  (1.96	  <	  Z),	  we	  sought	  to	  determine	  the	  locations	  of	  two	  P-‐

elements.	  The	  first	  insertion	  was	  predicted	  to	  occur	  in	  the	  TAS	  assay	  supported	  by	  

the	  highest	  number	  of	  reads.	  Then,	  we	  subtracted	  the	  average	  number	  of	  reads	  

supporting	  a	  non-‐TAS	  P-‐element	  insertion	  in	  the	  given	  DGRP	  genome	  from	  the	  reads	  

supporting	  the	  first	  TAS	  insertion.	  The	  second	  insertion	  was	  predicted	  the	  same	  way	  

as	  DGRP	  genomes	  with	  one	  P-‐element.	  

	  

3.4.5	  Localizing	  insertion	  sites	  of	  P-‐element	  insertions	  in	  TAS	  

A	  read	  pair	  may	  be	  equally-‐well	  aligned	  to	  several	  homologous	  satellite	  repeats	  

within	  a	  TAS	  array.	  Therefore,	  for	  2R	  and	  3R-‐TAS,	  we	  assigned	  P-‐elements	  to	  

consensus	  sequences,	  as	  their	  repeats	  are	  indistinguishable	  from	  each	  other.	  

Similarly	  for	  X-‐TAS,	  we	  were	  unable	  to	  determine	  whether	  a	  given	  insertion	  

occurred	  in	  repeat	  B,	  C,	  or	  D,	  so	  we	  arbitrarily	  assigned	  all	  insertions	  to	  repeat	  B.	  We	  

then	  identified	  the	  insertion	  breakpoint	  supported	  by	  the	  most	  split	  reads.	  

As	  an	  alternative	  approach,	  we	  also	  constructed	  pseudo	  genomes	  for	  each	  

alternative	  TAS	  insertion	  site	  in	  a	  given	  DGRP	  genome,	  which	  included	  the	  P-‐

element	  consensus	  sequence	  flanked	  at	  each	  end	  by	  an	  8	  bp	  target	  site	  duplication	  

and	  500	  nt	  of	  adjacent	  TAS	  sequence.	  Paired-‐end	  reads	  were	  aligned	  to	  the	  
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constructed	  pseudo	  genomes	  (MAPQ	  >	  10),	  and	  the	  breakpoint	  corresponding	  to	  the	  

pseudo	  genome	  with	  the	  most	  reads	  aligned	  was	  identified.	  

	  

3.4.6	  PCR	  verification	  of	  insertion	  sites	  

Genomic	  DNA	  was	  extracted	  using	  the	  QIAGEN	  DNeasy	  Blood	  &	  Tissue	  Kit	  (Cat.	  No.	  

69506)	  or	  a	  squish	  prep	  (Srivastav	  and	  Kelleher	  2017).	  To	  determine	  the	  P-‐element	  

insertion	  sites,	  a	  P-‐element	  specific	  and	  a	  TAS	  specific	  primer	  were	  used	  (Table	  

S3.4).	  As	  multiple	  bands	  were	  generally	  produced,	  owing	  to	  alternative	  annealing	  of	  

the	  TAS	  primer	  to	  multiple	  repeats,	  the	  main	  band	  was	  purified	  by	  gel	  extraction	  

using	  the	  QIAGEN	  MinElute	  Gel	  Extraction	  Kit	  (Cat.	  No.	  28606),	  and	  sequenced	  to	  

determine	  the	  breakpoint.	  

	  

3.4.7	  Recombination	  rates	  

Recombination	  rates	  at	  P-‐element	  insertions	  sites	  were	  identified	  from	  the	  genome-‐

wide	  map	  provided	  by	  Comeron	  et	  al.	  (Comeron	  et	  al.	  2012).	  Because	  these	  rates	  

were	  based	  on	  the	  release	  5	  of	  D.	  melanogaster	  reference	  genome,	  we	  converted	  our	  

annotated	  P-‐element	  insertions	  in	  release	  6	  coordinates	  to	  release	  5	  on	  the	  Flybase	  

(http://flybase.org).	  The	  recombination	  rate	  of	  insertions	  that	  didn’t	  have	  release	  5	  

counterparts	  was	  assumed	  to	  0,	  because	  the	  major	  improvement	  of	  release	  6	  

relative	  to	  release	  5	  is	  the	  assembly	  of	  heterochromatin	  regions	  (Dos	  Santos	  et	  al.	  

2015;	  Hoskins	  et	  al.	  2015).	  
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3.4.8	  Data	  analysis	  

Annotating	  piRNA	  clusters	  and	  identifying	  P-‐element	  insertions	  were	  powered	  by	  

the	  high	  performance	  computing	  resources	  from	  the	  Center	  for	  Advanced	  

Computing	  and	  Data	  Science	  (CACDS)	  at	  the	  University	  of	  Houston	  

(http://www.uh.edu/cacds/resources/hpc/).	  All	  statistical	  analyses	  were	  

performed	  in	  R	  (version	  3.3.1)(R	  Core	  Team	  2016).	  Graphs	  were	  made	  in	  RStudio	  

(RStudio	  Team	  2015)	  with	  R	  packages	  ggplot2	  (version	  2.2.1)(Wickham	  2017b),	  

gplots	  (version	  3.0.1)(G.	  W.	  Warnes,	  B.	  Bolker	  2016),	  reshape2	  (version	  

1.4.3)(Wickham	  2017a),	  and	  cowplot	  (version	  0.7.0)(Wilke	  2017).	  
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Chapter	  4	  Overall	  conclusions	  and	  
discussion	  
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4.1	  Overall	  conclusions	  

TEs	  are	  generally	  considered	  genetic	  parasites	  because	  the	  majority	  of	  TEs	  are	  

deleterious	  to	  hosts,	  producing	  deleterious	  mutations	  and	  DNA	  damage.	  The	  

deleterious	  nature	  of	  TE	  insertions	  is	  evidenced	  by	  their	  scarcity	  in	  gene-‐rich	  

genomic	  regions	  and	  their	  low	  frequency	  in	  natural	  populations	  (Kofler	  et	  al.	  2012;	  

Cridland	  et	  al.	  2013).	  In	  animals,	  TEs	  are	  silenced	  by	  the	  piRNA	  pathway,	  in	  which	  

small	  piRNAs	  derived	  from	  TE-‐enriched	  loci	  (piRNA	  clusters)	  suppress	  

complementary	  TEs	  by	  base	  pairing	  (Brennecke	  et	  al.	  2007;	  Aravin	  et	  al.	  2007b;	  

Girard	  and	  Hannon	  2008;	  Slotkin	  et	  al.	  2009;	  Bhaya	  et	  al.	  2011).	  In	  this	  dissertation,	  

I	  took	  advantage	  of	  the	  recent	  P-‐element	  invasion	  into	  the	  D.	  melanogaster	  genome	  

to	  study	  the	  emergence	  and	  dynamics	  of	  piRNA-‐mediated	  repressor	  alleles	  in	  

natural	  populations.	  

As	  P-‐element	  repressor	  alleles	  are	  P-‐element	  insertions	  located	  in	  piRNA	  

clusters,	  I	  first	  adapted	  a	  targeted	  re-‐sequencing	  strategy	  using	  a	  combination	  of	  P-‐

element	  specific	  primers	  and	  a	  set	  of	  degenerate	  primers	  (hemi-‐specific	  PCR)	  and	  

developed	  a	  computational	  pipeline	  to	  identify	  P-‐element	  insertions	  in	  the	  D.	  

melanogaster	  genome.	  I	  found	  that	  the	  targeted	  re-‐sequencing	  approach	  provides	  an	  

efficient	  way	  to	  annotate	  P-‐element	  insertions,	  even	  in	  repetitive	  genomic	  regions	  

where	  piRNA	  clusters	  reside	  (Brennecke	  et	  al.	  2007).	  In	  addition,	  I	  demonstrated	  

that	  hemi-‐specific	  PCR	  accurately	  determine	  P-‐element	  insertion	  breakpoints	  so	  

that	  P-‐element	  insertion	  frequencies	  could	  be	  estimated	  precisely	  from	  the	  
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sequencing	  data	  of	  pooled	  samples,	  which	  is	  valuable	  for	  studying	  the	  population	  

dynamics	  of	  TEs.	  	  

Although	  I	  decided	  not	  to	  use	  hemi-‐specific	  PCR	  to	  detect	  P-‐element	  

insertions	  in	  wild-‐derived	  DGRP	  genomes	  (Mackay	  et	  al.	  2012),	  the	  computational	  

pipeline	  I	  developed	  empowered	  me	  to	  re-‐annotate	  P-‐elements	  from	  existing	  whole	  

genome	  re-‐sequence	  data	  of	  those	  strains.	  In	  particular,	  I	  focused	  on	  annotating	  P-‐

element	  insertions	  in	  TAS,	  an	  important	  piRNA	  cluster	  in	  P-‐element	  regulation	  

(Brennecke	  et	  al.	  2007;	  Yin	  and	  Lin	  2007;	  Stuart	  et	  al.	  2002;	  Marin	  et	  al.	  2000).	  I	  

found	  that	  >90%	  of	  DGRP	  genomes	  have	  at	  least	  one	  P-‐element	  in	  TAS	  and	  therefore	  

the	  majority	  of	  DGRP	  genomes	  have	  P-‐element	  insertions	  in	  ancestral	  piRNA	  

clusters	  that	  were	  active	  before	  the	  P-‐element	  invasion.	  This	  suggests	  that	  de	  novo	  

mutation,	  in	  which	  P-‐elements	  transpose	  into	  pre-‐existing	  piRNA	  clusters,	  is	  the	  

predominant	  mechanism	  for	  the	  origin	  of	  P-‐element	  repressor	  alleles.	  Moreover,	  I	  

found	  more	  than	  84	  independent	  P-‐element	  repressor	  alleles	  that	  are	  under	  positive	  

selection,	  indicating	  the	  evolution	  of	  P-‐element	  repression	  is	  a	  process	  of	  polygenic	  

adaptation.	  

	  

4.2	  Discussion	  

4.2.1	  The	  application	  of	  hemi-‐specific	  PCR	  

The	  targeted	  re-‐sequencing	  strategy	  can	  be	  applied	  to	  broad	  TE-‐related	  studies.	  

Revealing	  the	  genetic	  variation	  that	  underlies	  phenotypic	  diversity	  is	  one	  of	  central	  

goals	  of	  biology.	  TEs,	  as	  a	  mutation	  inducer,	  greatly	  contribute	  to	  genetic	  variation,	  
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ranging	  from	  large	  chromosomal	  rearrangements	  to	  small	  insertions	  and	  deletions.	  

For	  example,	  TE	  insertions	  can	  account	  for	  ~70%	  of	  structural	  variants	  in	  inbred	  

mouse	  strains	  (Quinlan	  et	  al.	  2010).	  In	  addition,	  human	  populations	  are	  estimated	  to	  

have	  ~2000	  TE	  insertion	  polymorphisms	  (Bennett	  et	  al.	  2004)	  and	  approximately	  

10%	  of	  insertions	  and	  deletions	  in	  human	  (>	  100	  bp)	  are	  caused	  by	  TEs	  (Xing	  et	  al.	  

2009).	  These	  TE-‐induced	  variants	  have	  broad	  phenotypic	  effects	  on	  host,	  including	  

contributing	  to	  human	  diseases	  (Kazazian	  et	  al.	  1988;	  reviewed	  in	  Chénais	  2013),	  

fueling	  adaptation	  to	  changing	  environments	  (Aminetzach	  et	  al.	  2005;	  Daborn	  et	  al.	  

2002;	  Hof	  et	  al.	  2016;	  Ishikawa	  et	  al.	  2019;	  Niu	  et	  al.	  2019),	  and	  facilitating	  

speciation	  (reviewed	  in	  Serrato-‐Capuchina	  and	  Matute	  2018).	  Therefore,	  the	  use	  of	  

hemi-‐specific	  PCR	  to	  detect	  TE	  insertions	  lays	  foundation	  for	  uncovering	  TE-‐

induced	  variants,	  their	  biological	  consequences	  on	  the	  host,	  and	  the	  underlying	  

molecular	  mechanisms.	  

	  

4.2.2	  Soft	  sweeps	  in	  evolution	  of	  host	  resistance	  to	  invading	  TEs	  

The	  rapid	  adaptation	  to	  P-‐element	  invasion	  occurs	  through	  soft	  selective	  sweeps.	  In	  

the	  process,	  multiple	  adaptive	  mutations	  (i.e.,	  P-‐elements	  in	  piRNA	  cluster)	  originate	  

in	  the	  population	  concurrently	  and	  sweep	  to	  higher	  frequencies	  compared	  to	  

neutral	  P-‐element	  insertions.	  This	  contrasts	  to	  hard	  selective	  sweeps,	  in	  which	  a	  

single	  beneficial	  mutation	  rises	  and	  reaches	  fixation	  before	  another	  beneficial	  

mutation	  occurs	  due	  to	  low	  adaptive	  mutation	  rates	  (Maynard	  Smith	  and	  Haigh	  

1974).	  Soft	  sweeps	  are	  more	  likely	  to	  occur	  when	  adaptive	  mutation	  rate	  is	  high	  
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(Karasov	  et	  al.	  2010;	  Messer	  and	  Petrov	  2013).	  Therefore,	  P-‐element	  repression	  

evolved	  through	  soft	  sweeps	  can	  due	  to	  a	  high	  mutation	  rate	  of	  piRNA-‐mediated	  

repression,	  which	  is	  ultimately	  attributed	  to	  the	  following	  factors	  (reviewed	  in	  

Kelleher	  2016):	  1)	  the	  genetic	  redundancy	  of	  piRNA	  clusters	  (~3.5%	  of	  the	  D.	  

melanogaster	  genome	  based	  on	  Brennecke	  et	  al.	  2007);	  2)	  higher	  transposition	  rate	  

of	  P-‐elements	  (10-‐3	  –	  10-‐1	  new	  insertions	  per	  element;	  Eggleston	  et	  al.	  1988;	  Berg	  

and	  Spradling	  1991;	  Kimura	  and	  Kidwell	  1994)	  compared	  to	  per	  site	  mutation	  rate	  

of	  D.	  melanogaster	  (~10-‐10;	  Haag-‐Liautard	  et	  al.	  2007);	  3)	  the	  insertion	  bias	  of	  P-‐

elements	  into	  TAS	  piRNA	  clusters.	  

	   Soft	  sweeps	  might	  be	  the	  dominant	  mode	  for	  the	  evolution	  of	  resistance	  to	  

invading	  TEs	  due	  to	  elevated	  adaptive	  mutation	  rate.	  In	  animals,	  piRNAs	  are	  derived	  

from	  piRNAs	  clusters	  in	  order	  to	  silence	  TEs	  (Brennecke	  et	  al.	  2007;	  Houwing	  et	  al.	  

2007;	  Aravin	  et	  al.	  2007b;	  Jehn	  et	  al.	  2018).	  Similarly,	  24-‐nt	  siRNAs	  are	  proposed	  to	  

be	  generated	  from	  pericentromeric	  and	  TE-‐enriched	  islands	  in	  order	  to	  regulate	  TEs	  

(reviewed	  in	  Sigman	  and	  Slotkin	  2016).	  The	  existence	  of	  functionally	  redundant	  

small	  RNA-‐producing	  loci	  increases	  the	  mutation	  rate	  to	  repressor	  alleles.	  

Moreover,	  the	  high	  transposition	  rates	  of	  TEs	  (10-‐5	  to	  10-‐3;	  Nuzhdin	  and	  Mackay	  

1995)	  similarly	  accelerates	  the	  production	  of	  beneficial	  alleles.	  

	  

4.2.3	  The	  long-‐term	  evolution	  of	  P-‐element	  insertions	  in	  piRNA	  clusters	  

We	  observed	  that	  the	  most	  frequent	  P-‐element	  in	  piRNA	  clusters	  occurred	  at	  a	  

frequency	  of	  12%,	  indicating	  none	  of	  P-‐element	  insertions	  in	  piRNA	  clusters	  that	  I	  



	   81	  

discovered	  are	  fixed.	  Although	  ~94%	  of	  DGRP	  genomes	  have	  at	  least	  one	  P-‐elements	  

in	  ancestral	  piRNA	  clusters,	  sexual	  reproduction	  can	  still	  produce	  individuals	  

without	  P-‐elements	  in	  piRNA	  clusters	  due	  to	  recombination	  between	  cluster	  P-‐

element	  insertions.	  Individuals	  without	  P-‐elements	  in	  piRNA	  clusters	  have	  a	  lower	  

fitness	  because	  they	  are	  susceptible	  to	  P-‐element	  activity.	  Therefore,	  positive	  

selection	  will	  increase	  the	  number	  of	  P-‐elements	  in	  piRNA	  clusters	  in	  each	  

individual	  to	  decrease	  the	  rate	  of	  producing	  susceptible	  offspring.	  It	  would	  be	  

interesting	  to	  know	  the	  average	  number	  of	  P-‐element	  insertions	  in	  piRNA	  clusters	  

after	  a	  long	  evolutionary	  time.	  A	  forward	  simulation	  shows	  that	  on	  average,	  four	  

cluster	  P-‐element	  insertions	  are	  required	  in	  each	  individual	  to	  stop	  P-‐element	  

invasion	  (Kofler	  2019).	  However,	  little	  is	  known	  for	  the	  long-‐term	  evolution	  of	  

cluster	  P-‐elements	  in	  natural	  populations.	  Most	  TEs	  have	  colonized	  host	  genomes	  

for	  a	  long	  period.	  Studying	  those	  old	  TE	  invasions	  could	  shed	  light	  on	  the	  long-‐term	  

evolution	  of	  P-‐element	  insertions	  in	  piRNA	  clusters.	  

	  

4.2.4	  The	  role	  of	  epigenetic	  mutation	  in	  the	  evolution	  of	  P-‐element	  repression	  

Although	  de	  novo	  mutation	  is	  the	  predominant	  mechanism	  for	  the	  evolution	  of	  P-‐

element	  repression,	  I	  cannot	  rule	  out	  the	  role	  of	  epigenetic	  mutation	  in	  the	  process.	  

First,	  for	  the	  >90%	  of	  DGRP	  genomes	  with	  P-‐elements	  in	  ancestral	  piRNA	  clusters,	  

there	  might	  be	  epimutated	  P-‐element	  insertions	  in	  those	  genomes	  as	  our	  approach	  

is	  biased	  to	  detect	  de	  novo	  mutations.	  Therefore,	  de	  novo	  and	  epigenetic	  mutations	  

may	  act	  synergistically	  to	  regulate	  P-‐element	  activity.	  Moreover,	  I	  found	  6	  DGRP	  
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genomes	  have	  no	  P-‐elements	  in	  ancestral	  piRNA	  clusters.	  Although	  there	  may	  be	  

cluster	  P-‐elements	  failed	  to	  be	  detected	  in	  those	  genomes,	  it	  is	  possible	  that	  some	  P-‐

elements	  were	  converted	  to	  novel	  piRNA-‐producing	  loci	  by	  add	  repressive	  

heterochromatin	  marks.	  One	  future	  direction	  is	  to	  map	  the	  P-‐element	  insertions	  that	  

are	  converted	  to	  novel	  piRNA	  clusters	  in	  DGRP	  genomes	  without	  P-‐element	  in	  

ancestral	  piRNA	  clusters.	  

	  

4.2.5	  The	  evolution	  of	  P-‐element	  repression	  among	  D.	  melanogaster	  

populations	  in	  other	  geographic	  regions	  

P-‐elements	  invaded	  D.	  melanogaster	  genome	  in	  Florida,	  and	  then	  spread	  into	  

America	  and	  other	  continents	  (Kidwell	  1983).	  Therefore,	  the	  DGRP	  genomes,	  which	  

were	  collected	  in	  North	  American	  around	  2003	  (Mackay	  et	  al.	  2012),	  represent	  later	  

stage	  of	  P-‐element	  invasion	  into	  D.	  melanogaster	  genome	  compared	  to	  populations	  

in	  other	  geographic	  regions.	  It	  would	  be	  interesting	  to	  know	  if	  de	  novo	  mutation	  is	  

also	  the	  predominant	  mechanism	  for	  the	  evolution	  of	  P-‐element	  repression	  in	  

populations	  on	  other	  continents,	  which	  represent	  the	  earlier	  stage	  of	  P-‐element	  

invasion.	  Moreover,	  P-‐element-‐induced	  hybrid	  dysgenesis	  is	  severe	  at	  high	  

temperature	  (e.g.,	  29	  	   ̊C),	  whereas	  hybrid	  dysgenesis	  is	  inhibited	  at	  low	  

developmental	  temperature	  (e.g.,	  18	  	   ̊C)(Kidwell	  et	  al.	  1977).	  Hence,	  selective	  

pressure	  for	  host	  repressors	  may	  differs	  between	  D.	  melanogaster	  populations	  in	  

different	  latitudes.	  It	  remains	  unknown	  whether	  repressors	  also	  evolved	  adaptively	  

in	  all	  natural	  populations.	  The	  abundant	  sequenced	  wild-‐derived	  strains	  across	  
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diverse	  geographic	  regions,	  including	  Africa,	  Europe,	  Australia,	  and	  Aisa	  (Grenier	  et	  

al.	  2015;	  Lack	  et	  al.	  2015;	  Pool	  et	  al.	  2012;	  Kofler	  et	  al.	  2012),	  provide	  a	  unique	  

opportunity	  to	  address	  those	  questions.	  

	  

4.2.6	  The	  invasion	  of	  P-‐elements	  into	  Drosophila	  simulans	  

P-‐elements	  recently	  invaded	  into	  the	  D.	  simulans	  genome	  by	  horizontal	  transfer	  

from	  D.	  melanogaster	  around	  2006	  (Kofler	  et	  al.	  2015a;	  Hill	  et	  al.	  2016).	  In	  addition,	  

P-‐elements	  cause	  hybrid	  dysgenesis	  in	  D.	  simulans	  and	  some	  strains	  collected	  after	  

P-‐element	  invasion	  have	  acquired	  repression	  (Hill	  et	  al.	  2016;	  Yoshitake	  et	  al.	  2018).	  

Therefore,	  the	  recent	  invasion	  of	  P-‐element	  into	  D.	  simulans	  genome	  also	  offers	  an	  

opportunity	  to	  study	  the	  evolution	  of	  P-‐element	  repression	  at	  an	  early	  stage	  of	  P-‐

element	  invasion.	  In	  fact,	  a	  study	  from	  experimentally	  evolving	  D.	  simulans	  

populations	  shows	  the	  establishment	  of	  P-‐element	  repression	  through	  de	  novo	  

mutation	  (Kofler	  et	  al.	  2018).	  Moreover,	  most	  of	  the	  de	  novo	  P-‐element	  insertions	  in	  

piRNA	  clusters	  are	  located	  in	  3R-‐TAS,	  consistent	  with	  the	  special	  role	  of	  TAS	  in	  P-‐

element	  regulation	  in	  D.	  melanogaster	  (Kofler	  et	  al.	  2018).	  However,	  they	  cannot	  

disentangle	  de	  novo	  from	  epigenetic	  mutation	  as	  ~84%	  of	  piRNA-‐producing	  P-‐

element	  insertions	  were	  not	  found	  in	  their	  study	  and	  those	  insertions	  could	  

originate	  via	  de	  novo	  or	  epigenetic	  mutation	  (Kofler	  et	  al.	  2018).	  
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4.2.7	  The	  size	  of	  ancestral	  piRNA	  clusters	  

The	  actual	  size	  of	  piRNA	  clusters	  in	  D.	  melanogaster	  remains	  unknown.	  Current	  

annotations	  of	  piRNA	  clusters	  are	  based	  on	  mapping	  piRNAs	  to	  the	  reference	  

genome.	  However,	  little	  is	  known	  about	  how	  piRNA	  clusters	  are	  formed,	  what	  

nucleotide	  composition	  or	  chromatin	  marks	  are	  unique	  to	  piRNA	  clusters.	  More	  

studies	  are	  needed	  to	  investigate	  what	  defines	  a	  piRNA	  cluster.	  

	  	   The	  conclusion	  that	  de	  novo	  mutation	  is	  the	  predominant	  mechanism	  for	  the	  

evolution	  of	  P-‐element	  repress	  is	  robust	  regardless	  of	  the	  size	  of	  annotated	  

ancestral	  piRNA	  clusters.	  Although	  we	  annotated	  ancestral	  piRNA	  clusters	  from	  

diverse	  wild-‐derived	  P-‐element-‐free	  strains	  (27	  small	  RNA	  sequencing	  libraries	  of	  9	  

strains,	  Table	  S3.1),	  some	  piRNA	  clusters	  may	  be	  not	  captured	  in	  our	  analysis.	  

Moreover,	  certain	  piRNA	  clusters	  may	  be	  false	  positives,	  particuarly	  when	  we	  

applied	  a	  low	  stringency.	  However,	  TAS	  sequences	  are	  always	  annotated	  as	  piRNA	  

clusters	  no	  matter	  how	  stringency	  we	  defined	  piRNA	  clusters.	  Because	  >90%	  of	  

DGRP	  genomes	  have	  P-‐elements	  in	  TAS,	  our	  conclusion	  is	  not	  affected	  by	  the	  size	  of	  

annotated	  piRNA	  clusters.	  
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Appendix	  
	  

	  

Figure	  S2.1	  The	  P-‐element	  insertions	  found	  only	  by	  TEMP	  have	  a	  low	  frequency	  (A)	  
and	  are	  supported	  by	  few	  reads	  (B).	  P-‐element	  insertion	  detected	  by	  TEMP (two	  tail-‐to-‐
tail	  insertions	  are	  excluded)	  were	  divided	  into	  two	  groups:	  the	  “TEMP	  only”	  group	  which	  
contains	  insertions	  found	  only	  by	  TEMP,	  and	  the	  “All”	  group	  which	  contains	  insertions	  
found	  by	  TEMP,	  TIDAL	  and	  hemi-‐specific	  PCR.	  Frequency	  (called	  penetrance	  by	  TEMP)	  was	  
estimated	  from	  whole	  genome	  sequencing	  of	  the	  RAL-‐492	  line.	  TE	  read	  count	  indicates	  the	  
number	  of	  paired-‐end	  reads	  that	  support	  the	  inserted	  chromosome.	  Insertions	  annotated	  
only	  by	  TEMP	  have	  significantly	  lower	  frequencies	  than	  insertions	  also	  detected	  by	  TIDAL	  
and	  hemi-‐specific	  PCR	  (Welch’s	  t41	  =	  14.44,	  P-‐value	  <	  2.2	  x	  10-‐16).	  In	  addition,	  the	  number	  of	  
TE	  reads	  supporting	  P-‐element	  insertions	  detected	  only	  by	  TEMP	  is	  significantly	  small	  
(Welch’s	  t27	  =	  11.05,	  df	  =	  27,	  P-‐value	  =	  1.33	  x	  10-‐11).	  
	   	  



	   86	  

	  

Figure	  S2.	  PCR	  of	  annotated	  insertion	  sites.	  To	  verify	  the	  existence	  of	  some	  P-‐element	  
insertions,	  we	  performed	  insertion-‐specific	  PCR	  (Table	  S2.4).	  In	  the	  absence	  of	  P-‐element	  
insertion,	  the	  length	  of	  all	  PCR	  products	  was	  expected	  to	  be	  less	  than	  500	  bp.	  However,	  the	  
main	  bands	  of	  PCR	  products	  at	  all	  locations	  were	  more	  than	  500	  bp,	  indicating	  the	  existence	  
of	  insertion	  events.	  To	  determine	  if	  they	  are	  P-‐elements,	  we	  sequenced	  the	  PCR	  products	  
(indicated	  by	  red	  rectangles).	  Sequencing	  results	  indicated	  the	  existence	  of	  P-‐element	  at	  
each	  location.	  Notably,	  chr2L:20917521	  a	  polymorphic	  insertion	  which	  is	  absent	  from	  the	  
TEMP	  and	  TIDAL	  annotation.	  
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Figure	  S3.1	  All	  DGRP	  genomes	  analyzed	  harbored	  P-‐elements	  in	  non-‐TAS	  regions.	  193	  
DGRP	  genomes	  were	  analyzed.	  
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Figure	  S3.2	  No	  matter	  how	  many	  annotated	  ancestral	  piRNA	  clusters	  were	  annotated,	  more	  
than	  90%	  DGRP	  lines	  had	  at	  least	  one	  P-‐element	  insertion	  in	  ancestral	  piRNA	  clusters.	   	  
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Figure	  S3.3	  The	  frequency	  of	  P-‐elements	  in	  piRNA	  clusters	  and	  the	  frequency	  of	  P-‐elements	  
outside	  of	  clusters	  were	  compared.	  Annotated	  159	  clusters	  were	  used.	  P-‐elements	  at	  
hotspots	  were	  excluded	  from	  these	  comparisons.	  Insertions	  are	  compared	  in	  (A)	  all	  
genomic	  regions	  (W142,	  4806	  =	  323360,	  P-‐value	  =	  0.10),	  (B)	  regions	  of	  low	  recombination	  (≤1	  
cM/Mb,	  W117,	  1462	  =	  76641,	  P-‐value	  =	  0.0042),	  and	  (C)	  high	  recombination	  (>1	  cM/Mb,	  W25,	  

3344	  =	  48850,	  P-‐value	  =	  0.025).	  
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Figure	  S3.4	  The	  frequency	  of	  P-‐elements	  in	  piRNA	  clusters	  and	  the	  frequency	  of	  P-‐elements	  
outside	  of	  clusters	  were	  compared.	  Annotated	  497	  clusters	  were	  used.	  P-‐elements	  at	  
hotspots	  were	  excluded	  from	  these	  comparisons.	  Insertions	  are	  compared	  in	  (A)	  all	  
genomic	  regions	  (W167,	  4781	  =	  389090,	  P-‐value	  =	  0.39),	  (B)	  regions	  of	  low	  recombination	  (≤1	  
cM/Mb,	  W137,	  1442	  =	  92581,	  P-‐value	  =	  0.063),	  and	  (C)	  high	  recombination	  (>1	  cM/Mb,	  W30,	  3349	  

=	  56730,	  P-‐value	  =	  0.054).	  
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Table	  S2.1	  Primers	  used	  in	  the	  library	  construction	  (Figure	  2.1).	  P-‐enrich-‐F	  is	  
the	  forward	  primer	  used	  in	  the	  asymmetric	  PCR.	  P-‐nest-‐F_1	  –	  P-‐next-‐F_4	  are	  
forward	  primers	  used	  in	  the	  nested	  PCR.	  R1	  –	  R15	  are	  degenerate	  primers	  used	  to	  
amplify	  adjacent	  genomic	  sequence.	  
Primer	  name	   Sequence	  from	  5'	  to	  3'	  
P-‐enrich-‐F	   CACGGACATGCTAAGGGTTAATC	  
P-‐nest-‐F_1	   TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCGTTAAGTGGATGTCTCTTGCC	  
P-‐nest-‐F_2	   TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGNCGTTAAGTGGATGTCTCTTGCC	  
P-‐nest-‐F_3	   TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGNNCGTTAAGTGGATGTCTCTTGCC	  
P-‐nest-‐F_4	   TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGNNNCGTTAAGTGGATGTCTCTTGCC	  
R1	   GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGNNNNNAAATG	  
R2	   GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGNNNNNAATTG	  
R3	   GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGNNNNNAAATC	  
R4	   GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGNNNNNAAACT	  
R5	   GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGNNNNNAATGT	  
R6	   GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGNNNNNGCCAA	  
R7	   GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGNNNNNACAAT	  
R8	   GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGNNNNNGCAGC	  
R9	   GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGNNNNNCAGCA	  
R10	   GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGNNNNNAATCA	  
R11	   GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGNNNNNTGCCA	  
R12	   GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGNNNNNTGGAA	  
R13	   GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGNNNNNAGCAA	  
R14	   GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGNNNNNATTCA	  
R15	   GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGNNNNNAATGG	  
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Table	  S2.2	  The	  summary	  of	  sequenced	  paired-‐end	  reads.	  Percentage	  of	  P-‐
derived	  read	  pairs	  (column	  3)	  is	  the	  ratio	  of	  P-‐element	  derived	  read	  pairs	  to	  the	  
number	  of	  sequenced	  read	  pairs	  (column	  2).	  Unique	  alignment	  rate	  (column	  4)	  is	  
the	  percentage	  of	  read	  pairs	  aligned	  concordantly	  exactly	  one	  time,	  while	  overall	  
alignment	  rate	  (column	  5)	  is	  the	  percentage	  of	  read	  pairs	  aligned	  to	  the	  reference	  
genome	  (one	  or	  more	  than	  one	  time).	  Un-‐annotated	  rate	  (column	  6)	  is	  the	  
percentage	  of	  multiply	  mapping	  read	  pairs	  that	  cannot	  be	  explained	  by	  insertions	  
annotated	  by	  uniquely	  mapping	  reads.	  

Primer	  
name	  

Read	  
pairs	  

Percentage	  of	  P-‐
derived	  read	  pairs	  

Unique	  
alignment	  rate	  

Overall	  
alignment	  rate	  

Un-‐
annotated	  
rate	  

R1	   887994	   94.50%	   20.80%	   85.73%	   2.44%	  
R2	   669016	   96.13%	   74.49%	   97.45%	   2.45%	  
R3	   466546	   95.23%	   78.86%	   85.82%	   1.07%	  
R4	   545050	   95.59%	   97.31%	   97.97%	   0.16%	  
R5	   1309000	   93.72%	   24.58%	   88.03%	   2.39%	  
R6	   791301	   94.77%	   89.14%	   90.34%	   0.36%	  
R7	   448724	   95.62%	   31.86%	   85.82%	   14.41%	  
R8	   716995	   94.37%	   75.46%	   96.79%	   1.10%	  
R9	   798586	   93.01%	   57.36%	   97.65%	   1.25%	  
R10	   822027	   93.46%	   60.29%	   80.78%	   2.85%	  
R11	   584570	   95.54%	   78.95%	   95.52%	   2.10%	  
R12	   425970	   96.14%	   67.14%	   97.01%	   2.27%	  
R13	   479120	   95.75%	   89.57%	   93.80%	   0.84%	  
R14	   629038	   96.11%	   38.88%	   91.10%	   4.60%	  
R15	   523804	   96.20%	   72.15%	   91.16%	   1.78%	  
	   	  



!
93
!

T
a
b
l
e
&S
2
.3
&I
n
s
e
r
t
i
o
n
s
&f
o
u
n
d
&b
y
&c
o
n
c
o
r
d
a
n
t
l
y
&a
n
d
&u
n
i
q
u
e
l
y
&m
a
p
p
i
n
g
&r
e
a
d
&p
a
i
r
s
.!T
he
!in
se
rt
ed
!c
hr
om

os
om

es
!a
nd
!

br
ea
kp
oi
nt
s!
ar
e!
re
po
rt
ed
.!T
he
!n
um

be
r!
in
!e
ac
h!
ce
ll!
in
di
ca
te
s!
th
e!
nu
m
be
r!
of
!r
ea
d!
pa
ir
s!
th
at
!s
up
po
rt
!e
ac
h!
in
se
rt
io
n.
!

Se
ns
e!
m
ea
ns
!P
9e
le
m
en
t!i
s!
in
!th
e!
sa
m
e!
or
ie
nt
at
io
n!
as
!th
e!
pl
us
!g
en
om

ic
!s
tr
an
d.
!A
nt
is
en
se
!m
ea
ns
!P
9e
le
m
en
t!i
s!
in
!th
e!

sa
m
e!
or
ie
nt
at
io
n!
as
!th
e!
m
in
us
!g
en
om

ic
!s
tr
an
d.
!C
at
eg
or
y!
in
di
ca
te
s!
an
!in
se
rt
io
n!
ex
is
ts
!in
!th
e!
R
A
L9
49
2!
ge
no
m
e!
or
!it
!is
!a
!

fa
ls
e!
po
si
ti
ve
.!F
al
se
!p
os
it
iv
e!
in
se
rt
io
ns
!a
re
!m
ar
ke
d!
in
!li
gh
t!g
re
y.
!In
se
rt
io
ns
!m
ar
ke
d!
as
!y
el
lo
w
!a
re
!tw

o!
op
po
si
te
!P
9

el
em

en
t!i
ns
er
ti
on
s!
at
!th
e!
sa
m
e!
si
te
,!w
hi
ch
!a
re
!e
xc
lu
de
d!
fr
om

!th
e!
do
w
n9
st
re
am

!a
na
ly
si
s.
!T
he
!in
se
rt
io
n!
ch
r3
L:
25
79
71
05
!

(l
ig
ht
!r
ed
)!
is
!s
im
ila
r!
to
!c
hr
3L
:2
60
23
66
1!
(d
ar
k!
re
d)
.!T
he
!in
se
rt
io
n!
ch
r3
L:
26
83
49
88
!a
nd
!c
hr
U
n_
C
P
00
70
74
v1
:1
57
94
!

(l
ig
ht
!b
lu
e)
!a
re
!s
im
ila
r!
to
!c
hr
X
_T
A
S:
48
94
!(
da
rk
!b
lu
e)
.!

I
n
s
e
r
t
i
o
n
&

R
1
&

R
2
&

R
3
&

R
4
&

R
5
&

R
6
&

R
7
&

R
8
&

R
9
&

ch
r2
L:
2
2
0
6
9
9!

5
6
9
4
!

1
4
6
1
!

1
4
9
9
8
!

1
2
8
!

1
2
!

2
6
5
2
!

9
5
8
!

9
!

1
1
!

ch
r2
L:
3
7
0
7
0
9
8!

0
!

6
9
!

0
!

0
!

0
!

0
!

0
!

0
!

0
!

ch
r2
L:
7
5
7
3
6
9
7!

6
3
4
8
!

1
2
4
4
!

8
2
8
!

1
2
!

2
6
6
0
!

1
1
4
!

4
3
9
!

1
0
4
6
!

8
!

ch
r2
L:
8
9
5
1
6
3
1
!

0
!

0
!

2
6
!

0
!

0
!

0
!

0
!

0
!

0
!

ch
r2
L:
8
9
5
1
6
3
1!

4
2
!

4
2
!

2
5
8
!

0
!

2
2
!

1
5
!

2
1
!

4
!

0
!

ch
r2
L:
1
2
5
0
7
8
2
9!

1
8
7
!

1
0
8
3
4
!

1
4
6
1
8
2
!

8
3
9
!

3
8
3
!

4
7
5
4
4
4
!

3
5
6
7
!

1
7
0
2
!

7
2
!

ch
r2
L:
1
5
2
6
2
5
9
3!

0
!

3
7
!

0
!

0
!

0
!

0
!

0
!

0
!

0
!

ch
r2
L:
1
5
2
6
4
7
2
1!

4
0
!

1
7
!

3
6
6
1
!

0
!

6
2
6
!

4
6
!

4
5
!

2
9
!

1
9
7
!

ch
r2
L:
1
5
7
6
2
7
8
3!

1
2
1
3
!

3
0
!

6
7
8
!

3
6
!

1
3
0
2
9
!

3
8
1
9
0
!

8
8
4
!

1
2
8
8
!

1
6
!

ch
r2
L:
2
0
4
8
3
9
5
5!

0
!

7
5
!

0
!

0
!

0
!

0
!

0
!

0
!

0
!

ch
r2
L:
2
0
9
1
7
5
2
1!

1
0
!

1
2
8
!

4
4
6
!

0
!

0
!

0
!

2
0
9
!

3
!

7
!

ch
r2
L:
2
1
2
2
1
2
1
9!

2
0
9
!

2
7
3
!

1
1
8
3
3
!

4
!

6
8
!

9
2
!

2
7
0
9
!

4
8
!

5
!

ch
r2
L:
2
1
2
2
2
0
2
5!

0
!

0
!

0
!

0
!

0
!

2
!

0
!

0
!

0
!

ch
r2
R
:6
2
3
6
1
1
2!

1
0
!

3
0
1
6
!

1
3
2
4
!

1
9
!

3
6
1
!

3
6
0
5
0
!

5
8
7
2
!

3
8
7
!

2
6
!

ch
r2
R
:6
2
3
6
1
1
2!

0
!

0
!

0
!

0
!

1
3
8
!

0
!

0
!

1
!

1
!

ch
r2
R
:6
6
4
8
6
2
9!

2
8
2
!

1
6
3
!

4
2
0
!

1
8
!

1
3
1
6
!

1
8
2
!

8
5
!

1
7
1
7
!

2
4
6
5
4
!

ch
r2
R
:1
7
5
6
3
5
5
7!

9
2
!

9
6
!

1
0
5
0
3
!

1
!

1
4
!

1
4
2
!

1
2
0
!

1
2
!

2
!



!
94
!

T
a
b
l
e
&S
2
.3
&c
o
n
t
i
n
u
e
d
!

ch
r2
R
:2
0
8
6
9
3
9
6!

0
!

0
!

0
!

0
!

0
!

2
8
!

0
!

0
!

0
!

ch
r2
R
:2
4
2
9
2
4
0
3!

0
!

0
!

0
!

0
!

0
!

2
2
!

0
!

0
!

0
!

ch
r3
L:
3
1
4
9
4
4
9!

1
1
9
0
6
!

2
5
1
1
2
9
!

2
6
3
2
9
!

4
6
!

1
2
0
3
3
!

1
0
8
!

4
8
0
!

4
6
6
!

1
6
2
9
!

ch
r3
L:
6
2
1
8
0
5
2
!

0
!

6
!

9
3
!

0
!

4
!

7
!

0
!

2
0
!

1
0
!

ch
r3
L:
1
1
7
1
0
1
0
0!

0
!

0
!

0
!

0
!

0
!

0
!

0
!

0
!

0
!

ch
r3
L:
1
1
8
1
9
9
2
1!

7
0
6
9
0
!

1
8
0
9
8
2
!

1
2
2
!

2
4
!

3
4
5
3
!

1
4
8
7
!

2
0
3
3
!

3
3
6
!

2
6
8
6
!

ch
r3
L:
1
1
8
2
0
0
2
2!

5
8
!

1
!

1
1
!

0
!

2
6
5
!

0
!

3
4
7
!

1
8
5
0
!

3
!

ch
r3
L:
1
3
2
6
5
8
5
1!

0
!

0
!

0
!

0
!

0
!

0
!

2
6
!

0
!

0
!

ch
r3
L:
1
3
5
2
1
9
1
0!

1
6
0
!

8
2
6
8
!

1
7
!

6
0
!

1
1
9
!

2
8
!

3
!

0
!

3
!

ch
r3
L:
1
4
7
8
6
2
1
8
!

0
!

0
!

0
!

0
!

0
!

0
!

0
!

0
!

0
!

ch
r3
L:
1
6
8
9
1
1
5
0!

1
0
0
!

1
4
1
!

7
5
8
4
2
!

1
2
!

5
5
!

3
3
4
1
4
!

1
1
5
!

2
!

3
!

ch
r3
L:
1
7
0
4
9
4
1
4!

2
6
6
!

1
!

7
3
!

0
!

3
1
!

2
6
7
3
!

4
9
!

1
8
3
8
!

5
!

ch
r3
L:
2
0
1
0
4
8
6
5!

7
2
!

3
5
!

1
5
!

1
8
!

6
8
!

1
3
0
!

1
0
4
2
0
!

8
!

2
!

ch
r3
L:
2
1
2
4
0
2
0
3!

1
5
!

3
1
6
!

4
7
6
!

2
!

4
!

1
0
4
!

1
5
!

7
8
9
9
!

1
3
0
4
!

ch
r3
L:
2
2
3
1
5
4
5
6!

0
!

0
!

0
!

0
!

0
!

0
!

0
!

0
!

0
!

ch
r3
L:
2
2
4
0
8
0
1
3
!

2
2
!

7
!

3
6
0
6
!

1
7
!

1
6
1
!

7
0
9
!

4
1
3
8
3
!

1
4
!

2
9
!

ch
r3
L:
2
2
8
7
1
8
1
6!

2
5
8
0
2
!

6
8
0
5
!

3
3
6
!

4
5
!

2
0
5
0
2
4
!

4
6
3
!

3
7
0
0
!

3
5
6
!

7
8
9
2
!

ch
r3
L:
2
2
9
0
1
8
7
1!

1
1
!

5
3
0
!

3
5
7
7
4
!

3
!

9
8
!

2
7
8
1
!

1
5
0
!

4
7
!

2
7
!

ch
r3
L:
2
5
7
9
7
1
0
5!

2
!

8
!

6
2
!

0
!

2
!

5
!

1
1
3
!

1
6
!

1
0
!

ch
r3
L:
2
6
0
2
3
6
6
1!

7
2
1
2
!

2
2
8
7
!

5
2
2
!

1
6
8
!

1
3
8
7
!

6
1
3
!

9
4
9
!

3
5
8
7
8
2
!

3
8
2
8
7
7
!

ch
r3
L:
2
6
8
3
4
9
8
8
!

5
0
!

0
!

0
!

0
!

9
4
!

0
!

1
5
!

0
!

0
!

ch
r3
R
:5
6
2
6
4
4!

2
!

1
4
!

1
!

0
!

3
!

3
!

0
!

0
!

0
!

ch
r3
R
:2
2
1
0
0
3
4!

8
!

6
0
1
!

1
5
7
!

3
!

3
1
!

8
!

8
!

4
!

5
!

ch
r3
R
:4
8
0
6
5
7
5!

2
9
2
!

9
8
8
!

1
3
!

1
!

6
9
2
!

2
1
4
!

5
2
3
1
8
!

2
4
!

2
1
!

ch
r3
R
:4
8
0
6
5
7
5!

3
4
!

0
!

5
9
!

0
!

0
!

0
!

0
!

1
!

0
!



!
95
!

T
a
b
l
e
&S
2
.3
&c
o
n
t
i
n
u
e
d
!

ch
r3
R
:9
5
3
3
7
5
1!

0
!

0
!

0
!

0
!

0
!

0
!

0
!

0
!

0
!

ch
r3
R
:1
4
7
4
9
3
3
3!

0
!

0
!

7
2
!

0
!

0
!

0
!

0
!

0
!

0
!

ch
r3
R
:1
8
3
9
9
2
6
1!

5
9
3
3
!

1
8
5
7
!

1
1
0
6
!

1
!

1
2
0
!

1
3
0
3
!

0
!

1
4
2
!

4
0
5
!

ch
r3
R
:3
1
1
5
4
7
0
3!

0
!

0
!

0
!

0
!

0
!

0
!

0
!

0
!

0
!

ch
r3
R
:3
1
7
1
3
3
0
2!

5
3
!

1
6
4
!

3
1
5
!

0
!

1
!

7
9
!

1
3
0
!

1
4
8
!

1
7
!

ch
r3
R
:3
1
7
3
8
0
2
7!

2
7
9
0
9
!

8
4
9
!

7
!

1
1
!

1
9
9
3
1
!

5
!

4
1
5
4
!

2
1
!

1
4
!

ch
rU
n
_C
P
0
0
7
0
7
4
v1
:1
5
7
9

4
!

3
0
!

0
!

0
!

0
!

2
1
1
!

0
!

1
!

0
!

0
!

ch
rX
:2
4
6
9
8
9
4!

6
9
!

4
4
!

2
5
7
2
!

1
!

6
!

1
1
7
6
8
!

1
7
5
!

7
!

1
!

ch
rX
:4
3
2
4
8
6
4!

0
!

0
!

0
!

0
!

0
!

0
!

0
!

0
!

0
!

ch
rX
:4
3
2
4
8
6
4!

1
6
6
!

4
1
4
!

5
4
!

7
4
!

7
!

6
3
2
!

1
0
3
!

1
6
1
!

2
1
9
1
!

ch
rX
:6
6
7
9
5
0
1!

0
!

0
!

0
!

0
!

0
!

0
!

0
!

0
!

0
!

ch
rX
:8
9
2
5
0
2
8!

6
3
7
2
!

6
9
!

6
!

1
!

5
9
!

4
3
5
9
3
!

2
4
!

4
0
0
!

3
7
!

ch
rX
:1
7
3
1
4
5
7
6!

7
0
6
!

4
5
3
4
!

3
4
6
!

5
0
3
8
2
1
!

3
0
4
!

1
1
4
2
7
!

6
6
6
!

1
2
7
6
7
8
!

1
4
0
!

ch
rX
_T
A
S:
4
8
9
4
!

1
1
5
0
!

8
!

1
!

1
!

2
5
1
9
4
!

7
!

8
5
!

2
!

3
!

ch
rY
:7
6
8
8
0
8!

7
!

1
!

1
0
!

0
!

1
!

0
!

0
!

2
!

0
!

! T
a
b
l
e
&S
2
.3
&c
o
n
t
i
n
u
e
d
&

I
n
s
e
r
t
i
o
n
&

R
1
0
&

R
1
1
&

R
1
2
&

R
1
3
&

R
1
4
&

R
1
5
&

S
t
r
a
n
d
&

C
a
t
e
g
o
r
y
&

ch
r2
L:
2
2
0
6
9
9!

7
5
4
7
!

2
4
6
!

6
0
!

2
5
0
5
!

6
5
9
!

2
3
0
7
6
!

an
ti
se
n
se
!

T
R
U
E
!

ch
r2
L:
3
7
0
7
0
9
8!

0
!

0
!

0
!

0
!

0
!

0
!

an
ti
se
n
se
!

FA
LS
E
!

ch
r2
L:
7
5
7
3
6
9
7!

9
6
4
!

1
0
3
6
!

6
6
!

1
9
!

1
8
!

5
8
!

an
ti
se
n
se
!

T
R
U
E
!

ch
r2
L:
8
9
5
1
6
3
1!

0
!

2
0
!

0
!

2
!

0
!

0
!

se
n
se
!

T
R
U
E
!

ch
r2
L:
8
9
5
1
6
3
1!

2
8
2
2
4
!

1
4
!

3
3
5
1
!

6
4
!

0
!

5
7
!

an
ti
se
n
se
!

ch
r2
L:
1
2
5
0
7
8
2
9!

2
4
1
6
5
!

2
9
9
!

4
0
0
!

5
4
7
8
!

2
3
6
8
5
!

6
7
!

an
ti
se
n
se
!

T
R
U
E
!

!
!



!
96
!

T
a
b
l
e
&S
2
.3
&c
o
n
t
i
n
u
e
d
&

ch
r2
L:
1
5
2
6
2
5
9
3!

0
!

0
!

0
!

0
!

0
!

0
!

an
ti
se
n
se
!

FA
LS
E
!

ch
r2
L:
1
5
2
6
4
72
1
!

8
1
4
!

8
4
8
!

4
!

2
5
2
4
!

2
2
!

4
4
!

an
ti
se
n
se
!

T
R
U
E
!

ch
r2
L:
1
5
7
6
2
7
8
3!

1
8
2
2
!

3
6
6
5
!

2
7
!

8
4
8
1
!

7
1
!

6
!

an
ti
se
n
se
!

T
R
U
E
!

ch
r2
L:
2
0
4
8
3
9
5
5!

0
!

0
!

0
!

0
!

0
!

0
!

an
ti
se
n
se
!

FA
LS
E
!

ch
r2
L:
2
0
9
1
7
5
2
1!

1
8
4
!

1
3
2
!

6
5
5
!

4
!

1
0
6
1
!

0
!

se
n
se
!

T
R
U
E
!

ch
r2
L:
2
1
2
2
1
2
1
9!

1
6
4
!

8
2
!

8
9
!

2
2
0
!

1
1
5
!

2
6
!

se
n
se
!

T
R
U
E
!

ch
r2
L:
2
1
2
2
2
0
2
5!

0
!

3
7
!

1
!

0
!

0
!

0
!

an
ti
se
n
se
!

FA
LS
E
!

ch
r2
R
:6
2
3
6
1
1
2!

2
5
9
2
!

3
6
9
4
7
!

1
1
6
!

1
8
4
1
!

2
0
!

1
8
5
!

se
n
se
!

T
R
U
E
!

ch
r2
R
:6
2
3
6
1
1
2!

0
!

0
!

8
!

0
!

0
!

0
!

an
ti
se
n
se
!

ch
r2
R
:6
6
4
8
6
2
9!

1
1
0
1
!

1
6
3
!

1
7
!

1
3
7
8
4
2
!

5
4
0
!

5
6
!

se
n
se
!

T
R
U
E
!

ch
r2
R
:1
7
5
6
3
5
5
7!

1
3
1
5
!

1
4
2
1
4
!

4
6
8
!

7
5
!

5
5
1
1
!

1
2
3
8
!

se
n
se
!

T
R
U
E
!

ch
r2
R
:2
0
8
6
9
3
9
6!

0
!

0
!

3
5
!

0
!

0
!

0
!

an
ti
se
n
se
!

FA
LS
E
!

ch
r2
R
:2
4
2
9
2
4
0
3!

0
!

0
!

0
!

0
!

0
!

0
!

an
ti
se
n
se
!

FA
LS
E
!

ch
r3
L:
3
1
4
9
4
4
9!

4
4
9
!

6
6
8
!

7
8
3
5
!

4
7
1
5
7
!

1
0
2
5
1
9
!

2
6
4
1
5
0
!

an
ti
se
n
se
!

T
R
U
E
!

ch
r3
L:
6
2
1
8
0
5
2!

1
9
5
!

2
3
7
!

1
!

5
!

9
6
7
!

5
!

an
ti
se
n
se
!

T
R
U
E
!

ch
r3
L:
1
1
7
1
0
1
0
0!

0
!

2
8
!

0
!

0
!

0
!

0
!

se
n
se
!

FA
LS
E
!

ch
r3
L:
1
1
8
1
9
9
2
1!

5
8
6
9
!

2
9
2
9
2
6
!

1
3
2
9
1
0
!

2
1
9
3
!

2
8
0
!

5
1
4
9
0
!

an
ti
se
n
se
!

T
R
U
E
!

ch
r3
L:
1
1
8
2
0
0
2
2!

1
0
1
!

1
1
!

1
!

7
9
!

0
!

1
0
!

se
n
se
!

T
R
U
E
!

ch
r3
L:
1
3
2
6
5
8
5
1!

0
!

0
!

0
!

0
!

0
!

0
!

an
ti
se
n
se
!

FA
LS
E
!

ch
r3
L:
1
3
5
2
1
9
1
0!

1
7
6
8
!

9
7
!

1
9
!

3
0
6
5
!

2
!

4
7
8
!

se
n
se
!

T
R
U
E
!

ch
r3
L:
1
4
7
8
6
2
1
8!

0
!

4
7
!

0
!

0
!

0
!

0
!

se
n
se
!

FA
LS
E
!

ch
r3
L:
1
6
8
9
1
1
5
0!

9
8
8
!

2
0
1
1
5
!

4
9
!

6
1
5
!

5
1
6
!

8
1
!

se
n
se
!

T
R
U
E
!

ch
r3
L:
1
7
0
4
9
41
4
!

2
1
4
!

6
4
!

1
5
7
!

6
4
!

7
9
1
!

1
!

se
n
se
!

T
R
U
E
!

ch
r3
L:
2
0
1
0
4
8
6
5!

7
0
2
8
!

5
7
!

2
4
6
0
!

7
!

5
6
2
3
!

1
8
!

an
ti
se
n
se
!

T
R
U
E
!

ch
r3
L:
2
1
2
4
0
2
0
3!

2
0
2
!

4
3
!

1
2
!

1
2
2
0
1
!

1
5
2
!

8
!

an
ti
se
n
se
!

T
R
U
E
!



!
97
!

T
a
b
l
e
&S
2
.3
&c
o
n
t
i
n
u
e
d
&

ch
r3
L:
2
2
3
1
5
4
5
6!

0
!

0
!

0
!

6
7
!

0
!

0
!

an
ti
se
n
se
!

FA
LS
E
!

ch
r3
L:
2
2
4
0
8
0
1
3!

4
4
!

9
1
6
!

1
1
6
8
!

1
0
9
3
7
!

5
5
5
8
!

2
7
!

an
ti
se
n
se
!

T
R
U
E
!

ch
r3
L:
2
2
8
7
1
8
1
6!

5
3
1
8
1
!

3
1
0
!

1
3
0
3
9
!

1
5
5
3
!

4
2
6
6
5
!

1
8
0
4
!

se
n
se
!

T
R
U
E
!

ch
r3
L:
2
2
9
0
1
8
7
1!

3
0
1
8
4
8
!

7
2
2
3
!

1
2
!

3
9
5
1
!

3
4
7
8
!

4
0
7
!

se
n
se
!

T
R
U
E
!

ch
r3
L:
2
5
7
9
7
1
0
5!

9
9
4
!

2
8
!

3
4
!

0
!

5
5
7
!

3
!

an
ti
se
n
se
!

FA
LS
E
!

ch
r3
L:
2
6
0
2
3
6
6
1!

5
4
6
5
!

2
5
9
!

1
0
2
3
9
1
!

1
4
0
1
5
1
!

1
1
9
1
2
!

5
9
7
5
!

se
n
se
!

T
R
U
E
!

ch
r3
L:
2
6
8
3
4
9
8
8!

0
!

0
!

0
!

0
!

0
!

0
!

an
ti
se
n
se
!

FA
LS
E
!

ch
r3
R
:5
6
2
6
4
4!

0
!

5
4
!

0
!

1
!

0
!

0
!

an
ti
se
n
se
!

T
R
U
E
!

ch
r3
R
:2
2
1
0
0
3
4!

0
!

2
!

7
!

4
3
3
!

1
0
3
9
!

2
4
!

se
n
se
!

T
R
U
E
!

ch
r3
R
:4
8
0
6
5
7
5!

1
7
!

7
7
6
6
!

8
9
!

2
3
6
!

1
8
0
!

1
3
0
!

se
n
se
!

T
R
U
E
!

ch
r3
R
:4
8
0
6
5
7
5!

0
!

0
!

1
!

0
!

0
!

0
!

an
ti
se
n
se
!

ch
r3
R
:9
5
3
3
7
5
1!

0
!

2
0
!

0
!

0
!

0
!

0
!

an
ti
se
n
se
!

FA
LS
E
!

ch
r3
R
:1
4
7
4
9
3
3
3!

0
!

0
!

0
!

0
!

0
!

0
!

se
n
se
!

FA
LS
E
!

ch
r3
R
:1
8
3
9
9
2
6
1!

1
!

3
7
2
8
!

1
!

1
8
!

3
3
3
!

2
9
!

an
ti
se
n
se
!

T
R
U
E
!

ch
r3
R
:3
1
1
5
4
7
0
3!

0
!

2
1
!

0
!

0
!

0
!

0
!

an
ti
se
n
se
!

FA
LS
E
!

ch
r3
R
:3
1
7
1
3
3
0
2!

7
7
2
!

1
2
8
!

1
1
2
3
!

4
6
6
!

2
7
0
!

3
!

an
ti
se
n
se
!

T
R
U
E
!

ch
r3
R
:3
1
7
3
8
0
2
7!

3
!

8
9
!

1
5
9
!

1
0
!

9
0
1
0
!

1
!

se
n
se
!

T
R
U
E
!

ch
rU
n
_C
P
0
0
7
0
7
4
v1
:1
5
7
9

4
!

0
!

0
!

0
!

0
!

0
!

0
!

an
ti
se
n
se
!

FA
LS
E
!

ch
rX
:2
4
6
9
8
9
4!

0
!

1
4
0
4
!

4
0
!

5
!

1
3
0
!

3
2
5
!

an
ti
se
n
se
!

T
R
U
E
!

ch
rX
:4
3
2
4
8
6
4!

0
!

9
0
!

5
!

0
!

0
!

1
!

an
ti
se
n
se
!

T
R
U
E
!

ch
rX
:4
3
2
4
8
6
4!

1
2
8
9
!

1
9
8
!

6
0
6
!

1
9
9
3
6
!

6
9
6
1
!

3
2
!

se
n
se
!

ch
rX
:6
6
7
9
5
0
1!

0
!

0
!

0
!

0
!

5
5
7
!

0
!

se
n
se
!

FA
LS
E
!

ch
rX
:8
9
2
5
0
2
8!

6
!

4
5
9
!

2
2
0
5
!

1
4
6
!

1
!

1
1
5
6
7
!

an
ti
se
n
se
!

T
R
U
E
!

ch
rX
:1
7
3
1
45
7
6
!

3
7
0
8
!

1
9
2
3
0
!

3
4
7
3
!

1
0
3
2
!

3
7
4
7
!

6
9
8
!

an
ti
se
n
se
!

T
R
U
E
!

!



!
98
!

T
a
b
l
e
&S
2
.3
&c
o
n
t
i
n
u
e
d
&

ch
rX
_T
A
S:
4
8
9
4!

2
!

1
!

2
!

2
!

0
!

2
!

se
n
se
!

T
R
U
E
!

ch
rY
:7
6
8
8
0
8!

2
4
6
!

8
!

3
!

2
!

4
4
4
3
!

1
!

se
n
se
!

T
R
U
E
!

! ! ! &
&



!
99
!

T
a
b
l
e
&S
2
.4
&P
C
R
&v
e
r
i
f
i
c
a
t
i
o
n
&o
f
&i
n
s
e
r
t
i
o
n
s
&f
o
u
n
d
&b
y
&h
e
m
i
H
s
p
e
c
i
f
i
c
&P
C
R
.&

I
n
s
e
r
t
i
o
n
&

F
o
r
w
a
r
d
&

p
r
i
m
e
r
&

R
e
v
e
r
s
e
&

p
r
i
m
e
r
&

A
n
n
o
t
a
t
i
o
n
&s
e
t
s
&

P
C
R
&c
o
n
d
i
t
i
o
n
&

P
C
R
&r
e
s
u
l
t
&

S
e
q
u
e
n
c
i
n
g
&r
e
s
u
l
t
s
&

ch
r2
L:
2
0
9
1
7
5
2
1!

T
T
T
T
C
G
C
C
C
T

A
C
A
T
C
C
A
T
T
T
!
T
T
C
A
T
G
C
A
T
A

C
C
A
C
T
G
C
A
C
A
!

H
em

i9
sp
ec
if
ic
!P
C
R
!

94
##̊C
#2#
m
in
;#3
5#c
yc
les
#

of
#94

##̊C
#30

#se
c,#
60
##̊C
#

30
#se
c#a
nd
#72

##̊C
#3:
30
#

m
in
;%7
2%%
̊C%5

%m
in
!

B
ot
h!
in
se
rt
ed
!

an
d
!u
n
9

in
se
rt
ed
!

ch
ro
m
os
m
es
!

ar
e!
am

p
lif
ie
d
!

T
he
!P
C
R
!p
ro
d
uc
t!

co
n
ta
in
s!
an
!in
te
rn
al
!

d
el
et
ed
!P
9e
le
m
en
t!
an
d
!

aj
d
ec
en
t!
ge
n
om

ic
!

se
qu
en
ce
!a
ro
un
d
!

ch
r2
L:
2
0
9
1
7
5
2
1
.!

ch
r2
L:
8
9
5
1
6
3
1
!

T
G
T
T
T
C
T
A
C
C

T
G
T
G
C
A
A
T
C
A

A
C
A
!

C
C
C
T
T
A
A
G
A
T

A
G
T
T
T
C
C
A
A
C

A
G
C
!

H
em

i9
sp
ec
if
ic
!P
C
R
,!

T
E
M
P
!a
n
d
!T
ID
A
L!

94
##̊C
#2#
m
in
;#3
5#c
yc
les
#

of
#94

##̊C
#30

#se
c,#
60
##̊C
#

30
#se
c#a
nd
#72

##̊C
#3:
30
#

m
in
;%7
2%%
̊C%5

%m
in
!

In
se
rt
ed
!

ch
ro
m
os
om

e!
is
!

am
p
lif
ie
d
!

T
he
!P
C
R
!p
ro
d
uc
t!

co
n
ta
in
s!
an
!in
te
rn
al
!

d
el
et
ed
!P
9e
le
m
en
t!
an
d
!

aj
d
ec
en
t!
ge
n
om

ic
!

se
qu
en
ce
!a
ro
un
d
!

ch
r2
L:
8
9
5
1
6
3
1
.!

ch
r2
L:
2
0
4
8
3
9
5
5
!!

A
C
G
A
G
T
T
G
A
G

A
G
A
G
T
G
C
G
A
A
!
T
C
T
T
C
T
T
G
T
C

T
T
G
C
C
T
C
C
G
T
!

H
em

i9
sp
ec
if
ic
!P
C
R
!

95
##̊C
#3#
m
in
;#3
5#c
yc
les
#

of
#95

##̊C
#30

#se
c,#
60
##̊C
#

30
#se
c#a
nd
#72

##̊C
#4:
30
#

m
in
;%7
2%%
̊C%1

0%m
in
!

U
n
9i
n
se
rt
ed
!

ch
ro
m
os
om

e!
is
!

am
p
lie
d
!

N
A
!

A
G
T
T
T
T
C
A
C
C

A
A
G
G
C
T
G
C
A
C
!
T
C
T
T
C
T
T
G
T
C

T
T
G
C
C
T
C
C
G
T
!

H
em

i9
sp
ec
if
c!
P
C
R
!

95
##̊C
#3#
m
in
;#3
5#c
yc
les
#

of
#95

##̊C
#30

#se
c,#
60
##̊C
#

30
#se
c#a
nd
#72

##̊C
#1:
30
#

m
in
;%7
2%%
̊C%5

%m
in
!

T
he
!P
C
R
!

p
ro
d
uc
t!
is
!

~
8
0
0
!b
p
!

P
ar
t!
of
!t
he
!P
C
R
!

p
ro
d
uc
t!
be
lo
n
gs
!t
o!
P9

el
em

en
t,!
an
d
!t
he
!o
th
er
!

p
ar
t!
is
!m
ap
p
ed
!t
o!
th
e!

ge
n
om

e!
re
gi
on
!a
ro
un
d
!

ch
r3
L:
!2
6
0
2
3
6
6
0
.!

& &
&



!
10
0!

T
a
b
l
e
&S
2
.4
&c
o
n
t
i
n
u
e
d
!!

ch
r2
L:
2
1
2
2
2
0
2
5
!!

A
T
C
T
G
C
A
G
G
A

G
T
G
G
T
T
G
A
C
A
!
T
T
T
C
A
G
G
T
T
C

C
C
T
C
C
C
A
C
T
C
!

H
em

i9
sp
ec
if
ic
!P
C
R
!

95
##̊C
#3#
m
in
;#3
5#c
yc
les
#

of
#95

##̊C
#30

#se
c,#
60
##̊C
#

30
#se
c#a
nd
#72

##̊C
#4:
30
#

m
in
;%7
2%%
̊C%1

0%m
in
!

U
n
9i
n
se
rt
ed
!

ch
ro
m
os
om

e!
is
!

am
p
lie
d
!

N
A
!

A
G
T
T
T
T
C
A
C
C

A
A
G
G
C
T
G
C
A
C
!
T
T
T
C
A
G
G
T
T
C

C
C
T
C
C
C
A
C
T
C
!

H
em

i9
sp
ec
if
ic
!P
C
R
!

95
##̊C
#3#
m
in
;#3
5#c
yc
les
#

of
#95

##̊C
#30

#se
c,#
60
##̊C
#

30
#se
c#a
nd
#72

##̊C
#1:
30
#

m
in
;%7
2%%
̊C%5

%m
in
!

m
ai
n
!b
an
d
!is
!

n
ot
!a
s!

ex
p
ec
te
d
!

N
A
!

ch
r2
R
:6
2
3
6
1
1
2!

G
A
G
A
T
G
C
T
C
C

T
T
A
G
C
T
G
T
T
C

G
!

G
G
A
A
C
G
T
A
A
G

A
G
C
T
G
C
C
A
A
A
!
H
em

i9
sp
ec
if
ic
!P
C
R
,!

T
E
M
P
!a
n
d
!T
ID
A
L!

94
##̊C
#2#
m
in
;#3
5#c
yc
les
#

of
#94

##̊C
#30

#se
c,#
60
##̊C
#

30
#se
c#a
nd
#72

##̊C
#3:
30
#

m
in
;%7
2%%
̊C%5

%m
in
!

In
se
rt
ed
!

ch
ro
m
os
om

e!
is
!

am
p
lif
ie
d
!

T
he
!P
C
R
!p
ro
d
uc
t!

co
n
ta
in
s!
an
!in
te
rn
al
!

d
el
et
ed
!P
9e
le
m
en
t!
an
d
!

ad
ja
ce
n
t!
ge
n
om

ic
!

se
qu
en
ce
!a
ro
un
d
!

ch
r2
R
:6
2
3
6
1
1
2
.!

ch
r2
R
:1
7
5
6
3
5
5
7!

G
C
A
G
T
C
G
A
C
A

G
A
G
T
T
T
A
T
G
C

C
!

C
C
T
A
T
G
G
T
G
G

T
T
G
C
T
G
G
G
A
T
!
H
em

i9
sp
ec
if
ic
!P
C
R
,!

T
E
M
P
!a
n
d
!T
ID
A
L!

94
##̊C
#2#
m
in
;#3
5#c
yc
les
#

of
#94

##̊C
#30

#se
c,#
60
##̊C
#

30
#se
c#a
nd
#72

##̊C
#3:
30
#

m
in
;%7
2%%
̊C%5

%m
in
!

In
se
rt
ed
!

ch
ro
m
os
om

e!
is
!

am
p
lif
ie
d
!

T
he
!P
C
R
!p
ro
d
u
ct
!

co
n
ta
in
s!
an
!in
te
rn
al
!

d
el
et
ed
!P
9e
le
m
en
t!
an
d
!

ad
ja
ce
n
t!
ge
n
om

ic
!

se
qu
en
ce
!a
ro
un
d
!

ch
r2
R
:1
7
5
6
3
5
5
7
.!

ch
r2
R
:2
3
8
6
2
5
7
5!

A
G
T
T
T
T
C
A
C
C

A
A
G
G
C
T
G
C
A
C
!
T
C
C
G
G
T
A
C
A
G

C
G
G
T
T
A
C
A
T
T
!
T
E
M
P
!a
n
d
!T
ID
A
L!

95
##̊C
#3#
m
in
;#3
5#c
yc
les
#

of
#95

##̊C
#30

#se
c,#
55
#9!

65
##̊C
#30

#se
c#a
nd
#72

##̊C
#

2"m
in
;"7
2""
̊C"5

"m
in
!

In
se
rt
ed
!

ch
ro
m
os
om

e!
is
!

am
p
lif
ie
d
!a
n
d
!

th
e!
P
C
R
!

p
ro
d
uc
t!
is
!

~
1
0
0
0
!b
p
!

P
ar
t!
of
!t
he
!P
C
R
!

p
ro
d
uc
t!
be
lo
n
gs
!t
o!
P9

el
em

en
t,!
an
d
!t
he
!o
th
er
!

p
ar
t!
is
!m
ap
p
ed
!t
o!
th
e!

ge
n
om

e!
re
gi
on
!a
ro
un
d
!

ch
r2
R
:!2
3
8
6
2
5
7
5
.!!

ch
r2
R
:2
0
8
6
9
3
9
6
!!!
!!!

A
C
G
G
T
T
C
C
A
G

C
T
G
C
G
A
T
A
T
A
!
G
C
G
C
C
C
A
G
T
T

C
C
A
G
T
T
A
T
T
C
!
H
em

i9
sp
ec
if
ic
!P
C
R
!

95
##̊C
#3#
m
in
;#3
5#c
yc
les
#

of
#95

##̊C
#30

#se
c,#
60
##̊C
#

30
#se
c#a
nd
#72

##̊C
#4:
30
#

m
in
;%7
2%%
̊C%1

0%m
in
!

U
n
9i
n
se
rt
ed
!

ch
ro
m
os
om

e!
is
!

am
p
lif
ie
d
.!

N
A
!

!
!



!
10
1!

T
a
b
l
e
&S
2
.4
&c
o
n
t
i
n
u
e
d
!!

ch
r2
R
:2
0
8
6
9
3
9
6
!!!
!!!

A
G
T
T
T
T
C
A
C
C

A
A
G
G
C
T
G
C
A
C
!
G
C
G
C
C
C
A
G
T
T

C
C
A
G
T
T
A
T
T
C
!
H
em

i9
sp
ec
if
ic
!P
C
R
!

95
##̊C
"3"
m
in
;"3
5"c
yc
les
"

of
#95

##̊C
#30

#se
c,#
50
#9!

65
##̊C
#30

#se
c#a
nd
#72

##̊C
#

1:3
0%m

in
;%7
2%%
̊C%5

%m
in
!

N
o!
cl
ea
r!
m
ai
n
!

ba
n
d
.!

N
A
!

ch
r3
L:
1
6
8
9
1
1
5
0!

G
G
T
T
C
T
T
G
C
G

G
C
T
C
T
C
T
T
G
!

A
T
T
C
C
A
C
A
A
C

A
C
T
G
C
C
A
A
C
C
!

H
em

i9
sp
ec
if
ic
!P
C
R
!

an
d
!T
E
M
P
!

94
##̊C
#2#
m
in
;#3
5#c
yc
les
#

of
#94

##̊C
#30

#se
c,#
60
##̊C
#

3
0
!s
ec
!a
n
d
!72

##̊C
#3:
30
#

m
in
;%7
2%%
̊C%5

%m
in
!

In
se
rt
ed
!

ch
ro
m
os
om

e!
is
!

am
p
lif
ie
d
.!

T
he
!P
C
R
!p
ro
d
uc
t!

co
n
ta
in
s!
an
!in
te
rn
al
!

d
el
et
ed
!P
9e
le
m
en
t!
an
d
!

ad
ja
ce
n
t!
ge
n
om

ic
!

se
qu
en
ce
!a
ro
un
d
!

ch
r3
L:
1
6
8
9
1
1
5
0
.!

ch
r3
L:
2
5
7
9
7
1
0
5!

G
A
G
G
A
C
A
G
A
G

G
A
G
A
A
C
G
G
A
G
!
G
G
A
T
G
T
T
A
T
G

C
T
G
C
A
G
G
G
T
G
!
H
em

i9
sp
ec
if
ic
!P
C
R
!

95
##̊C
#2"
m
in
;"3
5"c
yc
les
"

of
#95

##̊C
#30

#se
c,#
57
#9!

63
##̊C
#30

#se
c#a
nd
#72

##̊C
#

4"m
in
;"7
2""
̊C"5

"m
in
!

U
n
9i
n
se
rt
ed
!

ch
ro
m
os
om

e!
is
!

am
p
lif
ie
d
.!

T
he
!P
C
R
!p
ro
d
uc
t!

d
oe
sn
't
!h
av
e!
P
9

el
em

en
t!
se
qu
en
ce
,!a
n
d
!

it
!is
!m
ap
p
ed
!t
o!
th
e!

re
gi
on
!a
ro
un
d
!

ch
r3
L:
2
5
7
9
7
1
0
5
.!!

ch
r3
L:
2
6
0
2
3
6
6
1!

C
A
C
G
G
A
C
A
T
G

C
T
A
A
G
G
G
T
T
A

A
T
C
!

G
A
G
G
A
C
A
G
A
G

G
A
G
A
A
C
G
G
A
G
!
H
em

i9
sp
ec
if
ic
!P
C
R
!

an
d
!T
E
M
P
!

94
##̊C
#3#
m
in
;#3
5#c
yc
les
#

of
#94

##̊C
#30

#se
c,#
60
##̊C
#

30
#se
c#a
nd
#72

##̊C
#3#

m
in
;%7
2%%
̊C%1

0%m
in
!

T
he
!P
C
R
!

p
ro
d
uc
t!
is
!

~
3
0
0
!b
p
.!

P
ar
t!
of
!t
he
!P
C
R
!

p
ro
d
uc
t!
be
lo
n
gs
!t
o!
P
9

el
em

en
t,!
an
d
!t
he
!o
th
er
!

p
ar
t!
is
!m
ap
p
ed
!t
o!
th
e!

ge
n
om

e!
re
gi
on
!a
ro
un
d
!

ch
r3
L:
2
6
0
2
3
6
6
1
.!

ch
r3
L:
2
2
4
0
8
0
1
3!

C
A
C
G
G
A
C
A
T
G

C
T
A
A
G
G
G
T
T
A

A
T
C
!

A
C
G
T
T
A
A
G
G
C

A
A
T
G
C
A
A
A
A
C

A
!

H
em

i9
sp
ec
if
ic
!P
C
R
,!

T
E
M
P
!a
n
d
!T
ID
A
L!

94
##̊C
#3#
m
in
;#3
5#c
yc
les
#

of
#94

##̊C
#30

#se
c,#
60
##̊C
#

30
#se
c#a
nd
#72

##̊C
#3#

m
in
;%7
2%%
̊C%1

0%m
in
!

T
he
!m
ai
n
!b
an
d
!

is
!~
7
5
0
!b
p
.!

P
ar
t!
of
!t
he
!P
C
R
!

p
ro
d
uc
t!
be
lo
n
gs
!t
o!
P
9

el
em

en
t,!
an
d
!t
he
!o
th
er
!

p
ar
t!
is
!m
ap
p
ed
!t
o!
th
e!

ge
n
om

e!
re
gi
on
!a
ro
un
d
!

ch
r3
L:
2
2
4
0
8
0
1
3
.!

!
!



!
10
2!

T
a
b
l
e
&S
2
.4
&c
o
n
t
i
n
u
e
d
!!

ch
r3
L:
3
1
4
9
4
4
9!

C
A
C
G
G
A
C
A
T
G

C
T
A
A
G
G
G
T
T
A

A
T
C
!

G
T
T
C
A
C
G
G
C
G

T
C
T
T
C
T
T
T
G
T
!

H
em

i9
sp
ec
if
ic
!P
C
R
,!

T
E
M
P
!a
n
d
!T
ID
A
L!

94
##̊C
#3#
m
in
;#3
5#c
yc
les
#

of
!9
4""
̊C"3

0"s
ec
,"6
0""
̊C"

30
#se
c#a
nd
#72

##̊C
#3#

m
in
;%7
2%%
̊C%1

0%m
in
!

M
ul
ti
p
le
!b
an
d
s!

ar
e!
am

p
lif
ie
d
.!

T
he
!b
an
d
!

~
5
0
0
!b
p
!is
!

se
qu
en
ce
d
.!

P
ar
t!
of
!t
he
!P
C
R
!

p
ro
d
uc
t!
be
lo
n
gs
!t
o!
P9

el
em

en
t,!
an
d
!t
he
!o
th
er
!

p
ar
t!
is
!m
ap
p
ed
!t
o!
th
e!

ge
n
om

e!
re
gi
on
!a
ro
un
d
!

ch
r3
L:
3
1
4
9
4
4
9
.!

ch
r3
L:
2
2
3
1
5
4
5
6
!!

A
T
G
C
G
C
G
G
C
C

A
T
T
A
A
A
G
T
T
T
!
T
G
G
C
G
A
T
T
T
C

A
C
A
C
A
C
T
C
A
C
!

H
em

i9
sp
ec
if
ic
!P
C
R
!

95
##̊C
#3#
m
in
;#3
5#c
yc
les
#

of
#95

##̊C
#30

#se
c,#
60
##̊C
#

30
#se
c#a
nd
#72

##̊C
#4:
30
#

m
in
;%7
2%%
̊C%1

0%m
in
!

U
n
9i
n
se
rt
ed
!

ch
ro
m
os
om

e!
is
!

am
p
lif
ie
d
.!

N
A
!

A
G
T
T
T
T
C
A
C
C

A
A
G
G
C
T
G
C
A
C
!
T
G
G
C
G
A
T
T
T
C

A
C
A
C
A
C
T
C
A
C
!

H
em

i9
sp
ec
if
ic
!P
C
R
!

9
5
!!̊C
"3"
m
in
;"3
5"c
yc
les
"

of
#95

##̊C
#30

#se
c,#
50
#9!

65
##̊C
#30

#se
c#a
nd
#72

##̊C
#

1:3
0%m

in
;%7
2%%
̊C%5

%m
in
!

M
ul
ti
p
le
!b
an
d
s!

ar
e!
am

p
lif
ie
d
!

an
d
!t
he
!m
ai
n
!

ba
n
d
!is
!n
ot
!

ex
p
ec
te
d
.!

N
A
!

ch
r3
R
:4
8
0
6
5
7
5!

C
A
C
G
G
A
C
A
T
G

C
T
A
A
G
G
G
T
T
A

A
T
C
!

G
G
A
T
G
T
T
A
T
G

C
T
G
C
A
G
G
G
T
G
!
H
em

i9
sp
ec
if
ic
!P
C
R
,!

T
E
M
P
!a
n
d
!T
ID
A
L!

9
4
!!̊C
"3"
m
in
;"3
5"c
yc
les
"

of
#94

##̊C
#30

#se
c,#
60
##̊C
#

30
#se
c#a
nd
#72

##̊C
#3#

m
in
;%7
2%%
̊C%1

0%m
in
!

M
ul
ti
p
le
!b
an
d
s!

ar
e!
am

p
lif
ie
d
.!

T
he
!b
an
d
!

~
3
5
0
!b
p
!is
!

se
qu
en
ce
d
.!

P
ar
t!
of
!t
he
!P
C
R
!

p
ro
d
uc
t!
be
lo
n
gs
!t
o!
P
9

el
em

en
t,!
an
d
!t
he
!o
th
er
!

p
ar
t!
is
!m
ap
p
ed
!t
o!
th
e!

ge
n
om

e!
re
gi
on
!a
ro
un
d
!

ch
r3
R
:4
8
0
6
5
7
5
.!

ch
r3
R
:2
2
1
0
0
3
4!

C
A
C
G
G
A
C
A
T
G

C
T
A
A
G
G
G
T
T
A

A
T
C
!

A
A
C
G
G
C
A
C
A
T

T
A
G
T
T
G
A
C
C
A
!
H
em

i9
sp
ec
if
ic
!P
C
R
!

an
d
!T
E
M
P
!

94
##̊C
#3#
m
in
;#3
5#c
yc
les
#

of
#94

##̊C
#30

#se
c,#
60
##̊C
#

30
#se
c#a
nd
#72

##̊C
#3#

m
in
;%7
2%%
̊C%1

0%m
in
!

A
s!
ex
p
ec
te
d
,!

th
e!
le
n
gt
h!
of
!

P
C
R
!p
ro
d
uc
t!
is
!

~
3
5
0
!b
p
.!

P
ar
t!
of
!t
he
!P
C
R
!

p
ro
d
uc
t!
be
lo
n
gs
!t
o!
P
9

el
em

en
t,!
an
d
!t
he
!o
th
er
!

p
ar
t!
is
!m
ap
p
ed
!t
o!
th
e!

ge
n
om

e!
re
gi
on
!a
ro
un
d
!

ch
r3
R
:2
2
1
0
0
3
4
.!

! !
!



!
10
3!

T
a
b
l
e
&S
2
.4
&c
o
n
t
i
n
u
e
d
!!

ch
r3
R
:8
6
9
8
0
9
0!

A
T
G
C
C
A
G
A
A
G

T
G
C
A
A
C
A
A
C
A
!
T
C
A
A
T
A
G
T
G
A

A
G
C
G
G
A
G
A
T
G

C
!

T
E
M
P
!

95
##̊C
#2#
m
in
;#3
5#c
yc
les
#

of
#95

##̊C
#30

#se
c,#
57
#9!

63
##̊C
#30

#se
c#a
nd
#72

##̊C
#

4"m
in
;"7
2""
̊C"5

"m
in
!

U
n
9i
n
se
rt
ed
!

ch
ro
m
os
om

e!
is
!

am
p
lif
ie
d
.!

T
he
!s
eq
ue
n
ce
!o
f!P
C
R
!

p
ro
d
uc
t!
is
!m
ap
p
ed
!t
o!

th
e!
ge
n
om

e!
re
gi
on
!

ar
ou
n
d
!

ch
r3
R
:8
6
9
8
0
9
0
!a
n
d
!

sp
an
!t
he
!b
re
ak
p
oi
n
t!

es
ti
m
at
ed
!b
y!
T
E
M
P
.!

ch
rX
:8
9
2
5
0
2
8!

G
C
A
C
T
T
T
C
T
C

C
G
C
A
G
T
T
C
T
C
!

A
G
A
G
G
G
C
G
C
T

A
T
T
G
A
G
C
A
T
A
!
H
em

i9
sp
ec
if
ic
!P
C
R
,!

T
E
M
P
!a
n
d
!T
ID
A
L!

94
##̊C
#2#
m
in
;#3
5#c
yc
les
#

of
#94

##̊C
#30

#se
c,#
60
##̊C
#

30
#se
c#a
nd
#72

##̊C
#3:
30
#

m
in
;%7
2%%
̊C%5

%m
in
!

In
se
rt
ed
!

ch
ro
m
os
om

e!
is
!

am
p
lif
ie
d
.!

T
he
!P
C
R
!p
ro
d
uc
t!

co
n
ta
in
s!
an
!in
te
rn
al
!

d
el
et
ed
!P
9e
le
m
en
t!
an
d
!

aj
d
ec
en
t!
ge
n
om

ic
!

se
qu
en
ce
!a
ro
un
d
!

ch
rX
:8
9
2
5
0
2
8!

ch
rX
:8
5
7
4
2
7
8!

A
G
T
T
T
T
C
A
C
C

A
A
G
G
C
T
G
C
A
C
!
T
C
A
G
T
G
C
A
C
C

T
T
A
G
T
C
A
T
C
T

G
A
!

T
E
M
P
!a
n
d
!T
ID
A
L!

95
##̊C
#3#
m
in
;#3
5#c
yc
les
#

of
#95

##̊C
#30

#se
c,#
60
##̊C
#

30
#se
c#a
nd
#72

##̊C
#1:
40
#

m
in
;%7
2%%
̊C%1

0%m
in
!

In
se
rt
ed
!

ch
ro
m
os
om

e!
is
!

am
p
lif
ie
d
,!a
n
d
!

th
e!
le
n
gt
h!
of
!

P
C
R
!p
ro
d
uc
t!
is
!

ex
p
ec
te
d
.!

P
ar
t!
of
!t
he
!P
C
R
!

p
ro
d
uc
t!
is
!P
9e
le
m
en
t,!

an
d
!t
he
!o
th
er
!p
ar
t!
is
!

m
ap
p
ed
!t
o!
th
e!

ge
n
om

e!
re
gi
on
!a
ro
un
d
!

ch
rX
:!8
5
7
4
2
7
8
.!!

ch
rX
:6
6
7
9
5
0
1
!!

T
C
C
A
C
C
C
A
T
A

A
A
T
C
C
C
G
A
G
G
!
A
A
G
T
A
A
A
C
A
C

A
G
G
G
G
C
A
G
A
C
!
H
em

i9
sp
ec
if
c!
P
C
R
!

95
##̊C
#3#
m
in
;#3
5#c
yc
les
#

of
#95

##̊C
#30

#se
c,#
60
##̊C
#

30
#se
c#a
nd
#72

##̊C
#4:
30
#

m
in
;%7
2%%
̊C%1

0%m
in
!

U
n
9i
n
se
rt
ed
!

ch
ro
m
os
om

e!
is
!

am
p
lif
ie
d
.!

N
A
!

T
C
C
A
C
C
C
A
T
A

A
A
T
C
C
C
G
A
G
G
!
A
G
T
T
T
T
C
A
C
C

A
A
G
G
C
T
G
C
A
C
!
H
em

i9
sp
ec
if
c!
P
C
R
!

95
##̊C
#3#
m
in
;#3
5#c
yc
les
#

of
#95

##̊C
#30

#se
c,#
50
#9!

65
##̊C
#30

#se
c#a
nd
#72

##̊C
#

1:3
0%m

in
;%7
2%%
̊C%5

%m
in
!

T
he
!m
ai
n
!b
an
d
!

is
!n
ot
!

ex
p
ec
te
d
.!

N
A
!

!
!



!
10
4!

T
a
b
l
e
&S
2
.4
&c
o
n
t
i
n
u
e
d
!!

ch
rX
_T
A
S:
4
8
9
4
!

C
A
C
C
G
A
A
A
T
G

G
A
T
G
A
G
T
T
G
A

C
G
!

C
A
C
A
C
T
T
A
C
C

A
T
A
G
A
G
C
A
A
G

G
G
!

H
em

i9
sp
ec
if
c!
P
C
R
!

95
##̊C
#3#
m
in
;#3
5#c
yc
les
#

of
#95

##̊C
#30

#se
c,#
64
##̊C
#

30
#se
c#a
nd
#72

##̊C
#1:
40
#

m
in
;%7
2%%
̊C%1

0%m
in
!

In
se
rt
ed
!

ch
ro
m
os
om

e!
is
!

am
p
lif
ie
d
!a
n
d
!

th
e!
P
C
R
!

p
ro
d
uc
t!
is
!

~
1
5
0
0
!b
p
!

P
ar
t!
of
!t
he
!P
C
R
!

p
ro
d
uc
t!
be
lo
n
gs
!t
o!
P9

el
em

en
t,!
an
d
!t
he
!o
th
er
!

p
ar
t!
is
!m
ap
p
ed
!t
o!
X9

T
A
S!

ch
rY
:7
6
8
8
0
8!

C
T
T
C
T
G
A
T
G
T

T
G
T
G
G
A
C
G
C
C
!

G
T
G
A
T
G
G
C
T
C

T
C
T
T
T
G
C
T
T
C

T
!

H
em

i9
sp
ec
if
c!
P
C
R
!

95
##̊C
#3#
m
in
;#3
5#c
yc
les
#

of
#95

##̊C
#30

#se
c,#
60
##̊C
#

30
#se
c#a
nd
#72

##̊C
#4:
30
#

m
in
;%7
2%%
̊C%1

0%m
in
!

In
se
rt
ed
!

ch
ro
m
os
om

e!
is
!

am
p
lif
ie
d
!a
n
d
!

th
e!
P
C
R
!

p
ro
d
uc
t!
is
!

~
1
8
0
0
!b
p
!

N
A
!

! !
!



!
10
5!

T
a
b
l
e
&S
3
.1
&S
m
a
l
l
&R
N
A
&s
e
q
u
e
n
c
i
n
g
&l
i
b
r
a
r
i
e
s
&u
s
e
d
&f
o
r
&a
n
c
e
s
t
r
a
l
&p
i
R
N
A
&c
l
u
s
t
e
r
&a
n
n
o
t
a
t
i
o
n
.&
B
io
lo
gi
ca
l!r
ep
lic
at
es
!a
re
!

co
m
bi
ne
d!
in
!th
e!
he
at
m
ap
!s
ho
w
in
g!
pi
R
N
A
!c
lu
st
er
s!
ar
e!
di
ff
er
en
ti
al
ly
!e
xp
re
ss
ed
!(
Fi
gu
re
!3
.1
).
&

I
D
&

S
R
R
&

S
t
r
a
i
n
&

L
i
b
r
a
r
y
&p
r
e
p
a
r
a
t
i
o
n
&

m
e
t
h
o
d
&

2
S
&r
R
N
A
&d
e
p
l
e
t
i
o
n
&

o
x
i
d
a
t
e
d
&

H
e
a
t
m
a
p
&I
D
&

R
e
f
e
r
e
n
c
e
&

1
!

SR
R
7
8
1
4
3
7
8!

2
1
1
4
7
9R
1
!

N
E
B
N
ex
t!
Sm

al
l!R
N
A
!

Li
br
ar
y!
P
re
p
!fo
r!

Il
lu
m
in
a!

T
er
m
in
at
or
!o
lig
o!

bl
oc
ki
n
g!

N
ot
!o
xi
d
at
ed
!

2
1
1
4
7
!

Li
br
ar
ie
s!
fr
om

!1
!t
o!

1
8
!c
om

e!
fr
om

!Jy
ot
i!

&
!K
el
le
he
r!

un
p
ub
lis
he
d
!p
ap
er
!

2
!

SR
R
7
8
1
4
3
7
7
!

2
1
1
4
7
9R
2
!

3
!

SR
R
7
8
1
4
3
8
5!

2
1
1
4
7
9R
3
!

4
!

SR
R
7
8
1
4
3
8
1!

2
1
1
8
3
9R
1
!

2
1
1
8
3
!

5
!

SR
R
7
8
1
4
3
8
2!

2
1
1
8
3
9R
2
!

6
!

SR
R
7
8
1
4
3
9
0!

2
1
1
8
3
9R
3
!

7
!

SR
R
7
8
1
4
3
8
7!

2
1
1
8
8
9R
1
!

2
1
1
8
8
!

8
!

SR
R
7
8
1
4
3
8
8!

2
1
1
8
8
9R
2
!

9
!

SR
R
7
8
1
4
3
8
4!

2
1
1
8
8
9R
3
!

1
0
!

SR
R
7
8
1
4
3
8
3!

2
1
2
1
3
9R
1
!

2
1
2
1
3
!

1
1
!

SR
R
7
8
1
4
3
8
0!

2
1
2
1
3
9R
2
!

1
2
!

SR
R
7
8
1
4
3
7
9!

2
1
2
1
3
9R
3
!

1
3
!

SR
R
7
8
1
4
3
7
5!

2
1
2
9
1
9R
1
!

2
1
2
9
1
!

1
4
!

SR
R
7
8
1
4
3
8
9!

2
1
2
9
1
9R
2
!

1
5
!

SR
R
7
8
1
4
3
7
6!

2
1
2
9
1
9R
3
!

1
6
!

SR
R
7
8
1
4
3
8
6!

2
1
3
4
6
9R
1
!

2
1
3
4
6
!

1
7
!

SR
R
7
8
1
4
3
7
4!

2
1
3
4
6
9R
2
!

1
8
!

SR
R
7
8
1
4
3
7
3!

2
1
3
4
6
9R
3
!

!
!



!
10
6!

T
a
b
l
e
&S
3
.1
&c
o
n
t
i
n
u
e
d
&

1
9
!

SR
R
0
1
4
2
8
0!

w
1
1
1
8
!3
9

5
9d
ay
9o
ld
!

ov
ar
y!

3
'!a
n
d
!5
'!a
d
ap
te
r!
w
er
e!

ad
d
ed
!t
o!
ex
tr
ac
te
d
!R
N
A
.!

Li
ga
te
d
!p
ro
d
uc
ts
!w
er
e!

re
ve
rs
e!
tr
an
sc
ri
be
d
!a
n
d
!

P
C
R
!a
m
p
lif
ie
d
!b
ef
or
e!

se
qu
en
ci
n
g!

w
it
ho
ut
!2
S!

d
ep
le
ti
on
!

N
ot
!o
xi
d
at
ed
!
w
1
1
1
8
_1
!

(B
re
n
n
ec
ke
!e
t!
al
.!

2
0
0
8
)!

2
0
!

SR
R
3
7
1
5
4
1
7!

w
1
1
1
8
!

ov
ar
ie
s!
!

B
as
ed
!o
n
!Il
lu
m
in
a!

T
ru
eS
eq
!S
m
al
l!R
N
A
!

sa
m
p
le
!p
re
p
!k
it
.!F
ou
r!

ra
n
d
om

!n
uc
le
ot
id
es
!

w
er
e!
ad
d
ed
!a
t!
3
'!e
n
d
!o
f!

5
'!a
d
ap
to
r!
an
d
!5
'!e
n
d
!o
f!

3
'!a
d
ap
to
r.
!

w
it
ho
ut
!2
S!

d
ep
le
ti
on
!

ox
id
at
ed
!

us
in
g!
N
aI
O
4!

w
1
1
1
8
_2
!

(H
ay
as
hi
!e
t!
al
.!

2
0
1
6
)!

2
1
!

SR
R
3
7
1
5
4
1
8!

w
1
1
1
8
!

to
ta
l!

ov
ar
ie
s!

hy
br
id
iz
at
io
n
!t
o!

im
m
ob
ili
ze
d
!o
lig
os
!

an
ch
or
ed
!t
o!

m
ag
n
et
ic
!b
ea
d
s!

w
1
1
1
8
_3
!

2
2
!

SR
R
1
7
8
5
6
5
8!

w
1
1
1
8
!2
9

d
ay
9o
ld
!

ov
ar
ie
s!

Il
lu
m
in
a!
T
ru
Se
q!
Sm

al
l!

R
N
A
!s
am

p
le
!p
re
p
!k
it
!

T
er
m
in
at
or
!o
lig
o!

bl
oc
ki
n
g!

N
ot
!o
xi
d
at
ed
!
w
1
1
1
8
_4
!

(L
o!
et
!a
l.!
2
0
1
6
)!

2
3
!

SR
R
1
7
8
5
6
5
9!

w
1
1
1
8
!2
9

d
ay
9o
ld
!

ov
ar
ie
s!

2
4
!

SR
R
1
7
8
5
6
6
0!

w
1
1
1
8
!2
9

d
ay
9o
ld
!

ov
ar
ie
s!

! !
!



!
10
7!

T
a
b
l
e
&S
3
.1
&c
o
n
t
i
n
u
e
d
&

2
5
!

SR
R
8
2
7
7
7
0
!!

y[
1
];
!

cn
[1
]!

bw
[1
]!

sp
[1
]!

1
9
92
8
!n
t!
sm
al
l!R
N
A
!

w
er
e!
se
le
ct
ed
!u
si
n
g!

p
ol
ya
cr
yl
am

id
e!
ge
ls
.!

T
he
n
,!3
'!a
n
d
!5
'!a
d
ap
te
r!

w
er
e!
ad
d
ed
.!L
ig
at
ed
!

p
ro
d
uc
ts
!w
er
e!
re
ve
rs
e!

tr
an
sc
ri
be
d
!a
n
d
!P
C
R
!

am
p
lif
ie
d
!b
ef
or
e!

se
qu
en
ci
n
g!

w
it
ho
ut
!2
S!

d
ep
le
ti
on
!

N
ot
!o
xi
d
at
ed
!
2
0
5
7
!

(S
hp
iz
!e
t!
al
.!2
0
1
4
)!

2
6
!

SR
R
8
9
1
2
5
4!

cn
!b
w
!

Il
lu
m
in
a!
Sm

al
l!R
N
A
!

Li
br
ar
y!
P
re
p
!K
it
!

w
it
ho
ut
!2
S!

d
ep
le
ti
on
!

N
ot
!o
xi
d
at
ed
!
cn
!b
w
!

(P
an
e!
et
!a
l.!
2
0
1
1
)!

2
7
!

SR
R
8
9
1
2
5
5!

!



	   108	  

Table	  S3.2	  Estimation	  of	  the	  number	  of	  P-‐elements	  in	  TAS.	  "mean"	  is	  
the	  average	  number	  of	  read	  pairs	  supporting	  individual	  non-‐TAS	  P-‐
element	  insertions	  in	  a	  given	  genome.	  "standard	  deviation"	  is	  the	  standard	  
deviation	  of	  reads	  supporting	  non-‐TAS	  insertions.	  "TAS	  reads"	  is	  the	  
number	  of	  P-‐derived	  reads	  aligned	  to	  2R,	  3R,	  and	  X-‐TAS.	  If	  Z	  score	  is	  less	  
than	  -‐1.96,	  we	  assigned	  0	  P-‐element	  to	  TAS.	  If	  Z	  score	  is	  greater	  than	  1.96,	  
we	  assigned	  >1	  P-‐elements	  to	  TAS.	  Otherwise,	  1	  P-‐element	  was	  assigned.	  

ID	   Mean	   Standard	  
deviation	   TAS	  reads	   Z	  score	  

Number	  
of	  P	  in	  
TAS	  

DGRP100	   48.81	   20.23	   211.00	   8.02	   >1	  
DGRP101	   22.23	   9.99	   28.00	   0.58	   1	  
DGRP105	   29.50	   7.92	   23.00	   -‐0.82	   1	  
DGRP109	   44.93	   29.56	   50.00	   0.17	   1	  
DGRP129	   20.44	   6.59	   15.00	   -‐0.83	   1	  
DGRP136	   22.62	   10.12	   18.00	   -‐0.46	   1	  
DGRP138	   46.87	   41.02	   2.00	   -‐1.09	   1	  
DGRP142	   25.50	   11.70	   4.00	   -‐1.84	   1	  
DGRP149	   21.94	   7.69	   17.00	   -‐0.64	   1	  
DGRP158	   12.41	   5.63	   8.00	   -‐0.78	   1	  
DGRP161	   22.04	   9.75	   23.00	   0.10	   1	  
DGRP176	   37.59	   10.98	   91.00	   4.86	   >1	  
DGRP177	   23.88	   8.49	   19.00	   -‐0.57	   1	  
DGRP181	   47.83	   15.25	   172.00	   8.14	   >1	  
DGRP189	   30.96	   12.84	   167.00	   10.60	   >1	  
DGRP195	   28.21	   13.22	   30.00	   0.14	   1	  
DGRP208	   37.82	   13.18	   108.00	   5.32	   >1	  
DGRP21	   20.89	   8.89	   42.00	   2.37	   >1	  
DGRP217	   25.24	   11.32	   46.00	   1.83	   1	  
DGRP223	   25.55	   13.76	   0.00	   -‐1.86	   1	  
DGRP227	   24.79	   9.13	   26.00	   0.13	   1	  
DGRP228	   26.00	   9.45	   20.00	   -‐0.63	   1	  
DGRP229	   62.52	   32.08	   66.00	   0.11	   1	  
DGRP233	   22.60	   12.92	   34.00	   0.88	   1	  
DGRP235	   15.61	   6.63	   16.00	   0.06	   1	  
DGRP239	   27.78	   16.33	   14.00	   -‐0.84	   1	  
DGRP256	   39.40	   13.04	   18.00	   -‐1.64	   1	  
DGRP26	   44.82	   11.92	   18.00	   -‐2.25	   0	  
DGRP272	   18.27	   8.80	   0.00	   -‐2.08	   0	  
DGRP280	   29.39	   7.52	   1.00	   -‐3.77	   0	  
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Table	  S3.2	  continued	  
DGRP287	   14.21	   4.82	   0.00	   -‐2.95	   0	  
DGRP301	   59.82	   31.48	   76.00	   0.51	   1	  
DGRP303	   65.56	   58.89	   185.00	   2.03	   >1	  
DGRP304	   52.83	   24.13	   53.00	   0.01	   1	  
DGRP306	   59.78	   31.44	   62.00	   0.07	   1	  
DGRP307	   76.45	   26.73	   116.00	   1.48	   1	  
DGRP309	   18.81	   7.64	   25.00	   0.81	   1	  
DGRP31	   38.03	   21.38	   60.00	   1.03	   1	  
DGRP310	   26.63	   8.63	   41.00	   1.67	   1	  
DGRP315	   95.83	   43.28	   148.00	   1.21	   1	  
DGRP317	   19.04	   6.25	   19.00	   -‐0.01	   1	  
DGRP318	   30.85	   12.71	   17.00	   -‐1.09	   1	  
DGRP319	   37.45	   23.27	   92.00	   2.34	   >1	  
DGRP32	   43.03	   28.19	   51.00	   0.28	   1	  
DGRP320	   20.96	   9.89	   26.00	   0.51	   1	  
DGRP321	   33.95	   18.29	   9.00	   -‐1.36	   1	  
DGRP324	   133.53	   74.92	   430.00	   3.96	   >1	  
DGRP332	   36.00	   17.11	   31.00	   -‐0.29	   1	  
DGRP336	   14.58	   8.21	   9.00	   -‐0.68	   1	  
DGRP338	   18.10	   8.52	   15.00	   -‐0.36	   1	  
DGRP340	   36.78	   25.20	   100.00	   2.51	   >1	  
DGRP348	   31.74	   13.46	   63.00	   2.32	   >1	  
DGRP350	   18.13	   9.52	   22.00	   0.41	   1	  
DGRP352	   21.55	   9.76	   21.00	   -‐0.06	   1	  
DGRP354	   47.93	   19.91	   47.00	   -‐0.05	   1	  
DGRP355	   44.30	   17.94	   54.00	   0.54	   1	  
DGRP356	   17.56	   6.58	   31.00	   2.04	   >1	  
DGRP358	   10.48	   4.08	   4.00	   -‐1.59	   1	  
DGRP359	   18.24	   7.27	   26.00	   1.07	   1	  
DGRP360	   22.59	   6.03	   40.00	   2.89	   >1	  
DGRP361	   27.93	   13.14	   116.00	   6.70	   >1	  
DGRP362	   20.96	   10.90	   44.00	   2.11	   >1	  
DGRP367	   21.00	   10.04	   19.00	   -‐0.20	   1	  
DGRP370	   25.26	   9.85	   14.00	   -‐1.14	   1	  
DGRP371	   75.08	   25.42	   131.00	   2.20	   >1	  
DGRP373	   36.83	   18.05	   151.00	   6.33	   >1	  
DGRP374	   9.38	   4.65	   71.00	   13.26	   >1	  
DGRP375	   43.33	   25.92	   19.00	   -‐0.94	   1	  
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Table	  S3.2	  continued	  
DGRP377	   17.15	   7.62	   0.00	   -‐2.25	   0	  
DGRP378	   15.98	   8.94	   21.00	   0.56	   1	  
DGRP38	   21.91	   10.80	   42.00	   1.86	   1	  
DGRP380	   49.15	   13.23	   34.00	   -‐1.14	   1	  
DGRP381	   31.25	   15.26	   63.00	   2.08	   >1	  
DGRP382	   26.19	   9.98	   31.00	   0.48	   1	  
DGRP383	   21.95	   9.51	   25.00	   0.32	   1	  
DGRP385	   8.92	   2.87	   6.00	   -‐1.01	   1	  
DGRP390	   22.46	   12.69	   54.00	   2.49	   >1	  
DGRP391	   25.54	   12.37	   20.00	   -‐0.45	   1	  
DGRP392	   16.06	   8.36	   30.00	   1.67	   1	  
DGRP393	   25.38	   9.80	   55.00	   3.02	   >1	  
DGRP395	   33.85	   21.01	   87.00	   2.53	   >1	  
DGRP397	   20.87	   12.15	   21.00	   0.01	   1	  
DGRP398	   15.54	   5.33	   3.00	   -‐2.35	   0	  
DGRP399	   30.00	   9.31	   25.00	   -‐0.54	   1	  
DGRP40	   36.56	   15.93	   27.00	   -‐0.60	   1	  
DGRP405	   13.68	   6.20	   17.00	   0.54	   1	  
DGRP406	   16.63	   8.08	   28.00	   1.41	   1	  
DGRP409	   27.65	   12.47	   11.00	   -‐1.33	   1	  
DGRP42	   13.41	   3.69	   14.00	   0.16	   1	  
DGRP426	   16.52	   8.15	   7.00	   -‐1.17	   1	  
DGRP437	   54.14	   19.17	   55.00	   0.05	   1	  
DGRP439	   11.71	   6.94	   27.00	   2.21	   >1	  
DGRP440	   14.57	   5.98	   26.00	   1.91	   1	  
DGRP441	   21.64	   7.79	   33.00	   1.46	   1	  
DGRP443	   20.21	   9.74	   52.00	   3.26	   >1	  
DGRP45	   35.18	   11.15	   78.00	   3.84	   >1	  
DGRP461	   17.19	   7.56	   30.00	   1.69	   1	  
DGRP48	   27.36	   14.71	   51.00	   1.61	   1	  
DGRP49	   29.64	   14.13	   33.00	   0.24	   1	  
DGRP491	   32.64	   10.86	   18.00	   -‐1.35	   1	  
DGRP492	   28.81	   12.22	   21.00	   -‐0.64	   1	  
DGRP502	   20.32	   10.11	   58.00	   3.73	   >1	  
DGRP505	   56.82	   26.97	   48.00	   -‐0.33	   1	  
DGRP508	   21.83	   11.08	   15.00	   -‐0.62	   1	  
DGRP509	   35.52	   14.94	   0.00	   -‐2.38	   0	  
DGRP513	   17.26	   7.41	   25.00	   1.04	   1	  
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Table	  S3.2	  continued	  
DGRP517	   86.33	   17.67	   128.00	   2.36	   >1	  
DGRP528	   30.65	   14.28	   4.00	   -‐1.87	   1	  
DGRP530	   21.41	   7.92	   33.00	   1.46	   1	  
DGRP531	   21.81	   10.36	   13.00	   -‐0.85	   1	  
DGRP535	   28.91	   8.84	   28.00	   -‐0.10	   1	  
DGRP551	   23.07	   10.04	   52.00	   2.88	   >1	  
DGRP554	   41.68	   10.76	   55.00	   1.24	   1	  
DGRP555	   20.27	   5.97	   33.00	   2.13	   >1	  
DGRP559	   20.93	   11.49	   38.00	   1.49	   1	  
DGRP563	   34.88	   16.76	   93.00	   3.47	   >1	  
DGRP566	   23.91	   15.69	   42.00	   1.15	   1	  
DGRP57	   50.76	   28.25	   19.00	   -‐1.12	   1	  
DGRP584	   38.19	   20.09	   228.00	   9.45	   >1	  
DGRP589	   37.28	   21.14	   53.00	   0.74	   1	  
DGRP59	   32.53	   11.68	   48.00	   1.33	   1	  
DGRP591	   30.56	   6.95	   23.00	   -‐1.09	   1	  
DGRP595	   31.63	   14.45	   14.00	   -‐1.22	   1	  
DGRP596	   44.86	   27.80	   8.00	   -‐1.33	   1	  
DGRP627	   25.38	   12.84	   14.00	   -‐0.89	   1	  
DGRP630	   15.40	   8.02	   21.00	   0.70	   1	  
DGRP634	   25.16	   7.34	   34.00	   1.20	   1	  
DGRP639	   26.38	   8.70	   18.00	   -‐0.96	   1	  
DGRP642	   28.75	   13.77	   24.00	   -‐0.35	   1	  
DGRP646	   21.47	   9.45	   17.00	   -‐0.47	   1	  
DGRP69	   29.48	   10.07	   61.00	   3.13	   >1	  
DGRP703	   16.90	   6.45	   35.00	   2.81	   >1	  
DGRP705	   18.22	   7.03	   20.00	   0.25	   1	  
DGRP707	   37.22	   13.82	   23.00	   -‐1.03	   1	  
DGRP712	   34.59	   12.27	   81.00	   3.78	   >1	  
DGRP714	   26.93	   12.35	   19.00	   -‐0.64	   1	  
DGRP716	   23.17	   11.79	   47.00	   2.02	   >1	  
DGRP721	   26.24	   7.91	   38.00	   1.49	   1	  
DGRP727	   69.86	   27.92	   110.00	   1.44	   1	  
DGRP73	   35.07	   14.38	   24.00	   -‐0.77	   1	  
DGRP732	   29.08	   9.45	   47.00	   1.90	   1	  
DGRP737	   22.64	   12.71	   23.00	   0.03	   1	  
DGRP738	   29.11	   15.84	   45.00	   1.00	   1	  
DGRP748	   41.35	   17.62	   87.00	   2.59	   >1	  
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Table	  S3.2	  continued	  
DGRP75	   26.09	   15.61	   9.00	   -‐1.10	   1	  
DGRP757	   33.38	   14.25	   24.00	   -‐0.66	   1	  
DGRP761	   35.13	   14.84	   40.00	   0.33	   1	  
DGRP765	   44.15	   11.52	   42.00	   -‐0.19	   1	  
DGRP774	   69.59	   14.27	   74.00	   0.31	   1	  
DGRP776	   36.13	   12.23	   26.00	   -‐0.83	   1	  
DGRP783	   32.85	   12.02	   60.00	   2.26	   >1	  
DGRP787	   31.97	   12.55	   23.00	   -‐0.71	   1	  
DGRP790	   17.27	   7.30	   39.00	   2.98	   >1	  
DGRP796	   35.69	   19.61	   35.00	   -‐0.04	   1	  
DGRP799	   31.33	   12.88	   20.00	   -‐0.88	   1	  
DGRP801	   27.59	   16.33	   1.00	   -‐1.63	   1	  
DGRP802	   38.12	   19.50	   52.00	   0.71	   1	  
DGRP804	   29.61	   16.90	   18.00	   -‐0.69	   1	  
DGRP805	   29.33	   12.08	   2.00	   -‐2.26	   0	  
DGRP808	   35.62	   17.47	   0.00	   -‐2.04	   0	  
DGRP810	   34.15	   10.86	   58.00	   2.20	   >1	  
DGRP812	   38.90	   14.81	   34.00	   -‐0.33	   1	  
DGRP818	   32.62	   11.47	   60.00	   2.39	   >1	  
DGRP819	   77.00	   23.98	   244.00	   6.96	   >1	  
DGRP820	   20.43	   9.92	   22.00	   0.16	   1	  
DGRP821	   115.84	   60.11	   258.00	   2.36	   >1	  
DGRP822	   9.19	   4.13	   11.00	   0.44	   1	  
DGRP83	   36.00	   12.34	   55.00	   1.54	   1	  
DGRP832	   10.00	   3.39	   7.00	   -‐0.88	   1	  
DGRP837	   14.31	   4.44	   21.00	   1.51	   1	  
DGRP843	   43.63	   22.98	   24.00	   -‐0.85	   1	  
DGRP849	   40.11	   20.68	   122.00	   3.96	   >1	  
DGRP85	   27.31	   13.65	   0.00	   -‐2.00	   0	  
DGRP850	   58.09	   32.08	   63.00	   0.15	   1	  
DGRP853	   44.29	   28.73	   73.00	   1.00	   1	  
DGRP855	   12.16	   5.95	   1.00	   -‐1.88	   1	  
DGRP857	   13.00	   5.78	   32.00	   3.29	   >1	  
DGRP859	   22.97	   7.51	   37.00	   1.87	   1	  
DGRP861	   18.85	   3.57	   45.00	   7.32	   >1	  
DGRP879	   14.64	   4.95	   8.00	   -‐1.34	   1	  
DGRP88	   19.87	   11.31	   41.00	   1.87	   1	  
DGRP882	   29.35	   12.48	   11.00	   -‐1.47	   1	  
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Table	  S3.2	  continued	  
DGRP884	   20.11	   7.19	   18.00	   -‐0.29	   1	  
DGRP887	   18.38	   9.80	   12.00	   -‐0.65	   1	  
DGRP890	   22.12	   6.58	   38.00	   2.41	   >1	  
DGRP892	   23.32	   11.27	   32.00	   0.77	   1	  
DGRP894	   17.10	   9.11	   16.00	   -‐0.12	   1	  
DGRP897	   48.00	   19.56	   56.00	   0.41	   1	  
DGRP900	   53.41	   26.44	   208.00	   5.85	   >1	  
DGRP907	   12.75	   5.39	   11.00	   -‐0.32	   1	  
DGRP908	   23.70	   10.49	   40.00	   1.55	   1	  
DGRP91	   37.92	   14.22	   0.00	   -‐2.67	   0	  
DGRP911	   14.75	   7.98	   8.00	   -‐0.85	   1	  
DGRP913	   41.63	   25.52	   79.00	   1.46	   1	  
DGRP93	   32.63	   15.60	   32.00	   -‐0.04	   1	  
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Table	  S3.4	  PCR	  primers	  used	  to	  determine	  P-‐element	  insertion	  breakpoints	  
Primer	  name	   Sequence	  from	  5'	  to	  3'	  
P-‐element5-‐F1	   TTGCTGCAAAGCTGTGACTG	  
P-‐enrich	   CACGGACATGCTAAGGGTTAATC	  
TAS-‐XL-‐QPCR-‐R1	   CACACTTACCATAGAGCAAGGG	  
TAS-‐XL-‐QPCR-‐F2	   GACTCATATGTACAACTTTGCCAA	  
TAS-‐XL-‐QPCR-‐R2	   CTTCTGGAAATCTTTTTTCAATTTTTATCG	  
chr2R_25259172	   GCAAACAGTCACGTTGCGAA	  
chr2R_25258834	   ACCGATCAACACGACCATTCA	  
chr3R_32073398	   CGACATATGTGTACGCGTCG	  
chr3R_32073418	   GAATGCGAACAGTCACGCTG	  
TAS-‐3R-‐QPCR-‐R1	   TTTTTGTTAGTTGCTTTTGTAAGATT	  
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Supplemental	  script1:	  A	  shell	  script	  used	  to	  detect	  P-‐element	  insertions	  from	  
hemi-‐specific	  PCR	  
 
#!/usr/bin/sh 
 
#######################################################################
################################## 
#The shell script explains how to detect P-element insertions from 
paired-end reads of hemi-specific PCR 
#Shuo Zhang (shuozhang23@gmail.com) 
#Erin Kelleher lab 
#Program in Ecology and Evolution, Departement of Biology and 
Biochemistry, University of Houston 
#######################################################################
################################## 
 
#To run this script, put your paired-end reads from each degenerate 
primer into seperate directories.  
#Then, create a directory and move your direacotories with sequencing 
data into this created directory, run the shell script after you change 
to this directory  
module add bowtie2/2.1.0 
module add samtools/0.1.19 
 
 
#The 1st step: align read1 from the paired-end sequencing data to the 
P-element consensus reference 
for i in {1..15} 
do  
 cd Sample_lib_R$i  #change to directory containing paired-end reads 
of a degenerate primer 
 
 #align read1 from the paired-end sequencing data to the P-element 
consensus reference 
 #p_element.ref is the basename of the index for the P-element 
consensus. For more details, please refer bowtie2 manual 
 # read1.fastq is the read1 of paired-end reads 
 bowtie2 --local -q --no-unal -x p_element.ref -U read1.fastq -S 
read1.sam 
 
 #select reads that align to plus strand of P-element 
 samtools view -SXF 0x10 read1.sam > plus_strand_mapped_read1.sam 
 
 #pick read pairs that aligned to 3' end of P-element 
 perl pick_p_reads.pl plus_strand_mapped_read1.sam read1.fq r1.fq 
lib*R2_001.fastq read2.fq r2.fq 
 cat read1.fq r1.fq > p_read1.fq 
 cat read2.fq r2.fq > p_read2.fq 
 rm read1.fq r1.fq read2.fq r2.fq 
  
 #cut adapter at 3' end and remove 3' end sequence of P element and 
filter low quality nucleotides 
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 cutadapt  -a CTGTCTCTTATACACATCTCCGAGCCCAC -A 
CTGTCTCTTATACACATCTGACGCTGCC  -o cut_p_read1.fq -p cut_p_read2.fq 
p_read1.fq p_read2.fq  
 cutadapt  -q 20,20 -g CGACGGGACCACCTTATGTTATTTCATCATG  -A 
CATGATGAAATAACATAAGGTGGTCCCGTCG --minimum-length 20 -o 
trimmed_p_read1.fq -p trimmed_p_read2.fq cut_p_read1.fq cut_p_read2.fq  
 rm cut_p_read1.fq cut_p_read2.fq 
  
 #align trimmed read paired to dm6  
 bowtie2 -q -a --no-unal -x dm6.ref -1 trimmed_p_read1.fq 
trimmed_p_read2.fq -S trimmed_read_all.sam 
 samtools view -XSf 0x2  trimmed_read_all.sam  > 
proper_trimmed_read_all.sam 
  
 #pick uniquely mapping reads and their alignments 
 cut -f 1 proper_trimmed_read_all.sam | uniq -c > alignment.txt 
 perl pickUniqMulti.pl alignment.txt proper_trimmed_read_all.sam 
uniq.sam multi.sam 
 rm alignment.txt 
 
 #detect the P-element insertions according to uniquely mapping 
reads 
 perl get_insertion_unique.pl -read1_len 30 -read2_len 30 -i 
uniq.sam -o insertion.out 
 cd .. 
done 
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Supplemental	  script2:	  A	  Perl	  script	  used	  to	  detect	  P-‐element	  derived	  read	  
pairs	  
 
#!/usr/bin/perl -w 
use strict; 
use List::Util qw(sum); 
### 
#This perl script is used to extract reads mapped to 2877-2907 of P-
element( one mismatch and one gap open are allowed) 
#Usage: perl $0 out.sam read1.fq r1.fq raw_read2.fq read2.fq r2.fq 
#History: 2015-09-08 
### 
my %read1; 
my %read2; 
open IN,'<', $ARGV[0] or die "Cannot open the input file:$!"; 
open OUT1,'>',$ARGV[1] or die "Cannot open the output file:$!"; 
open OUT2,'>',$ARGV[2] or die "Cannot open the output file:$!"; 
while (my $line = <IN>){ 
        chomp($line); 
 next if $line=~/^\@/; ###skip header lines; 
 ###parse CIGAR 
 my @sam=split /\t/,$line,12; 
 my (@cigar_m)=$sam[5]=~/(\d+)M/g; 
        my (@cigar_d)=$sam[5]=~/(\d+)D/g; 
        my (@cigar_s)=$sam[5]=~/(\d+)S/g; 
 my (@cigar_i)=$sam[5]=~/(\d+)I/g; 
        my $aln_ln=sum(@cigar_m,@cigar_d); 
 next if $sam[3]<2850; 
 my $end=$sam[3]+$aln_ln-1; 
 my ($mismatch)= $sam[11]=~/XM:i:(\d+)/; #get the number of mismatch 
 my ($gap) = $sam[11]=~/XO:i:(\d+)/; ###get the number of gap open 
 if ($end==2907 and $sam[3] <= 2877 and $mismatch <=1 and $gap <=1 
){ #first p element set 
  $read1{$sam[0]}=1; 
  print OUT1 "\@$sam[0]\n$sam[9]\n"; 
  print OUT1 "+\n"; 
  print OUT1 "$sam[10]\n"; 
  #print "$end\n"; 
  #print "+\n"; 
  next; 
 } 
 if ($end>=2896 and $aln_ln >= 20 and $mismatch <=1 and $gap <=1 ){ 
#second p elelement set 
  $read2{$sam[0]}=1; 
  print OUT2 "\@$sam[0]\n$sam[9]\n"; 
  print OUT2 "+\n"; 
  print OUT2 "$sam[10]\n"; 
  #print "$end\n"; 
                #print "+\n"; 
                next; 
 } 
} 
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close IN; 
close OUT1; 
close OUT2; 
 
#reformat Read2 and output Read2 
my $temp_file = $ARGV[3].".temp"; 
open IN,'<',$ARGV[3] or die "Cannot open the input file:$!"; 
open TEMP, '>',$temp_file or die "Cannot open the temporatory file: 
$!\n"; 
while(my $line = <IN>){ 
        chomp($line); 
        if ( $line =~ /^\@HWI-M/ ){ 
                print TEMP "\n$line\t"; 
        } 
        else { 
                print TEMP "$line\t"; 
        } 
} 
close TEMP; 
close IN; 
  
open IN, '<', $temp_file or die "Cannot open the temporatory file: 
$!\n"; 
open OUT1,'>',$ARGV[4] or die "Cannot open the read1.fa file:$!\n"; 
open OUT2,'>',$ARGV[5] or die "Cannot open the read1.fa file:$!\n"; 
while (my $line=<IN>){ 
        chomp $line; 
        my @items = split /\t/,$line; 
        if (!($line =~ /^\@HWI-M/)){ next;} ##skip the empty line 
 #$items[0] =~ s/\@HWI-M/>HWI-M/; 
        my @names = split /\s/,$items[0]; 
 $names[0] =~ s/\@HWI-M/HWI-M/; 
 if (exists $read1{$names[0]}) { 
  print OUT1 "\@$names[0]\n"; 
  print OUT1 "$items[1]\n"; 
  print OUT1 "$items[2]\n"; 
  print OUT1 "$items[3]\n"; 
  next; 
 } 
 if (exists $read2{$names[0]}) {  
  print OUT2 "\@$names[0]\n"; 
  print OUT2 "$items[1]\n"; 
  print OUT2 "$items[2]\n"; 
  print OUT2 "$items[3]\n"; 
  next; 
 } 
} 
system("rm *.temp"); 
close IN; 
close OUT1; 
close OUT2; 
print "The end!\n"; 
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Supplementary	  script3:	  A	  Perl	  script	  used	  to	  pick	  up	  concordantly	  and	  
uniquely	  mapping	  read	  pairs	  
	  
#!/usr/bin/perl -w 
 
### 
#Description: This perl script is used to extract alignments with one 
or more than one concordantly alignment from bowtie -a; 
#Usage: perl $0 [options] -i in.sam --uniq uniq.sam --multi multi.sam 
#Author: Shuo Zhang 
#History: 2016-05-04 
### 
 
my %count; 
die "wrong in and out file number: $!" unless @ARGV==4; 
open IN,'<',$ARGV[0] or die "Cannot open the alignment count file: $!"; 
while (my $line=<IN>){ 
 chomp $line; 
 my ($num) = $line=~ /(\d+) HWI/; 
 my ($id) = $line=~ /(HWI.*)/; 
 die if $num%2 != 0; #the number of alignment should be mutliple of 
2 
 $count{$id}=$num; 
} 
close IN; 
 
open SAM,'<',$ARGV[1] or die "Cannot open the input .sam file"; 
open UNIQ,'>',$ARGV[2] or die "Cannot open the uniq.sam file"; 
open MULTI,'>',$ARGV[3] or die "Cannot open the multi.sam file"; 
while (my $line=<SAM>) { 
 chomp $line; 
 my $id=(split /\t/,$line)[0]; 
 if ($count{$id}==2){ 
  print UNIQ "$line\n"; 
 } 
 else { 
  print MULTI "$line\n"; 
 } 
} 
close SAM; 
close UNIQ;  
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Supplementary	  script4:	  A	  Perl	  script	  used	  to	  determine	  the	  breaks	  of	  P-‐
element	  insertions	  
	  
#!/usr/bin/perl -w 
use strict; 
use List::Util qw(sum); 
use Getopt::Long; 
 
### 
#This script is used to locate P-element insertions according to 
alignments in SAM file. 
#Usage: perl $0 [options] -i in.sam -o insertion.out 
#Shuo Zhang 
#History: 2015-11-10; 2015-11-12; 2016-05-17 
### 
 
my $read1_len=30; #default mapped read2 lenght: 30bp  
my $read2_len=30;  # default mapped read2 length: 30bp 
my $infile; 
my $outfile; 
my $mapped_read; 
GetOptions ( 'read1_len:i' => \$read1_len, 'read2_len:i' => 
\$read2_len, 'infile=s' => \$infile, 'outfile=s' => \$outfile, 
'mapped_read:s' => \$mapped_read) or die ("Error in command line 
arguments\n"); 
my %insertion; 
my %read; 
#requirement for read1 
open IN,'<', $infile or die "Cannot open the input file:$!"; 
while(my $line = <IN>){ 
 chomp($line); 
 my @sam=split /\t/,$line; 
 my (@cigar_m)=$sam[5]=~/(\d+)M/g; 
 my $aln_ln=sum(@cigar_m); 
 if ($sam[1]=~/1$/ and $aln_ln >=$read1_len){ # require mapped 
length of read1 to be at least 90bp and filter low mapping quality 
alignment 
 $read{$sam[0]}=1; 
 } 
} 
close IN; 
 
#requirement for read2 
open IN,'<', $infile or die "Cannot open the input file:$!"; 
while(my $line = <IN>){ 
        chomp($line); 
        my @sam=split /\t/,$line; 
 next unless exists $read{$sam[0]}; 
 if ($sam[1]=~/1$/){next;} 
 if ($sam[1]=~/2$/){ 
  my (@cigar_m)=$sam[5]=~/(\d+)M/g; 
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                my $aln_ln=sum(@cigar_m); 
  #my $rate=$aln_ln/($seq_len-54); 
  delete $read{$sam[0]} unless (defined $aln_ln and $aln_ln >= 
$read2_len); 
 } 
} 
close IN; 
 
if (defined $mapped_read){ 
 open READ,'>',$mapped_read or die "Cannot open the mapped_read 
output file\n"; 
 foreach my $key (sort keys %read){ 
  print READ "$key\n"; 
 } 
 close READ; 
} 
   
   
open IN,'<', $infile or die "Cannot open the input file:$!"; 
while(my $line = <IN>){ 
 chomp($line); 
 my @sam=split /\t/,$line; 
 next if $sam[1]=~/2$/; 
 if (exists $read{$sam[0]}){ 
  my $strand="sense"; 
  if ($sam[1] =~/R/){ 
   my $coor = $sam[3] + 7; #breakpoint 
   ${${$insertion{$sam[2]}}{$coor}}[0]++; 
   ${${$insertion{$sam[2]}}{$coor}}[1]++; 
   } 
  elsif ($sam[1] =~/r/){ 
   $strand="antisense"; 
                     my (@cigar_m)=$sam[5]=~/(\d+)M/g; 
                     my (@cigar_d)=$sam[5]=~/(\d+)D/g; 
                     #my (@cigar_s)=$sam[5]=~/(\d+)S/g; 
                    #my (@cigar_i)=$sam[5]=~/(\d+)I/g; 
                     my $aln_ln=sum(@cigar_m,@cigar_d); 
                    my $coor=$sam[3]+$aln_ln-1; 
   ${${$insertion{$sam[2]}}{$coor}}[0]++; 
   ${${$insertion{$sam[2]}}{$coor}}[2]++; 
  } 
  else { die "wrong sam file";}  
 } 
} 
close IN; 
 
###formatted print 
open OUT,'>',$outfile or die "Cannot open the output file:$!"; 
print OUT "chromosome\tlocation\treads_support\tstrand\n"; 
foreach my $ele (sort keys %insertion){ 
 my @ele= keys %{$insertion{$ele}}; 
 my @ele_sorted = sort {$a <=> $b} @ele; 
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 foreach my $site (@ele_sorted ){  
  my $num = ${${$insertion{$ele}}{$site}}[0]; 
  my $strand; 
  if (defined ${${$insertion{$ele}}{$site}}[1] and 
${${$insertion{$ele}}{$site}}[0] == ${${$insertion{$ele}}{$site}}[1]){ 
$strand = "sense";print OUT "$ele\t$site\t$num\t$strand\n"}  
  elsif (defined ${${$insertion{$ele}}{$site}}[2] and 
${${$insertion{$ele}}{$site}}[0] == ${${$insertion{$ele}}{$site}}[2]){ 
$strand = "antisense";print OUT "$ele\t$site\t$num\t$strand\n"} 
  else {print OUT 
"$ele\t$site\t${${$insertion{$ele}}{$site}}[1]\tsense\n"; print OUT 
"$ele\t$site\t${${$insertion{$ele}}{$site}}[2]\tantisense\n";} 
 } 
} 
close OUT; 
close IN; 
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