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Summary	
  
	
  

Gonad	
   formation	
   in	
  Drosophila	
   involves	
   the	
   intricate	
  movements	
  of	
   two	
  cell	
   types,	
  
the	
  germ	
  cells	
  and	
  the	
  somatic	
  gonadal	
  precursor	
  cells	
  (SGPs),	
  to	
  generate	
  a	
  simple	
  three-­‐
dimensional	
   structure.	
   	
  The	
  germ	
  cells	
  must	
   firstly	
  migrate	
   to	
  SGP	
  clusters,	
  which	
   in	
   turn	
  
fuse	
  and	
  ensheath	
  the	
  germ	
  cells	
  and	
  the	
  two	
  cell	
  types	
  ultimately	
  coalesce.	
  Underlying	
  this	
  
seemingly	
   simple	
   process	
   is	
   an	
   array	
   of	
   genes	
   required	
   to	
   guide	
   germ	
   cells	
   to	
   the	
   SGPs.	
  
Additional	
   complex	
   transcriptional	
   networks	
   in	
   SGPs	
   are	
   essential	
   for	
   their	
   specification,	
  
maintenance	
  and	
   to	
   initiate	
   their	
  ensheathment	
  behavior.	
   	
  This	
   system	
  represents	
  a	
  good	
  
model	
  to	
  study	
  organogenesis	
  using	
  essentially	
  two	
  cell	
  types.	
  In	
  this	
  thesis	
  I	
  have	
  examined	
  
aspects	
  of	
  both	
  germ	
  cell	
  migration	
  and	
  SGP	
  behavior.	
  

Firstly	
  I	
  examined	
  the	
  role	
  of	
  the	
  Drosophila	
  lipid	
  phosphate	
  phosphatases,	
  Wun	
  and	
  
Wun2	
   (referred	
   to	
   collectively	
   as	
  Wunens),	
   in	
   guiding	
   the	
  migration	
   of	
   germ	
   cells.	
   These	
  
multi-­‐pass	
   transmembrane	
  enzymes,	
   expressed	
  both	
   in	
   the	
  germ	
  cells	
   and	
   the	
  embryonic	
  
somatic	
   cells,	
   are	
   thought	
   to	
   create	
   an	
   extracellular	
   gradient	
   of	
   lipid	
   phosphate,	
  which	
   is	
  
required	
   for	
  both	
  migration	
  and	
  survival	
  of	
   the	
  germ	
  cells.	
  However	
   in	
  order	
   to	
   form	
  this	
  
extracellular	
   lipid	
   gradient,	
   Wunens	
   would	
   be	
   expected	
   to	
   act	
   as	
   ecto-­‐enzymes.	
   To	
  
investigate	
   the	
   site	
   of	
   requirement	
   of	
   Wun2	
   activity,	
   I	
   examined	
   the	
   localization	
   of	
  
endogenous	
   and	
   different	
   tagged	
   versions	
   of	
  Wun2.	
   Although	
   both	
   the	
   GFP	
   and	
   the	
  Myc	
  
tagged	
  Wun2	
  were	
   functional,	
   the	
   GFP	
   version	
   replicated	
   the	
   endogenous	
  Wun2	
   plasma	
  
membrane	
  localization.	
  	
  	
  

In	
  parallel	
  I	
  made	
  a	
  construct	
  in	
  which	
  a	
  TEV	
  protease	
  cleavage	
  site	
  was	
  inserted	
  in	
  
a	
  predicted	
  extracellular	
   loop	
  of	
  Wun2.	
   I	
  demonstrated	
   that	
   secretion	
  of	
  TEV	
  protease	
  by	
  
neighboring	
  cells	
   reduced	
   the	
  ability	
  of	
   this	
  construct,	
   to	
  rescue	
  wunen	
   loss	
  of	
   function	
   in	
  
germ	
  cells.	
   	
  Taken	
  together	
  these	
  data	
  support	
  the	
  notion	
  that	
  the	
  cell	
  surface	
  localization	
  
and	
  the	
  ecto-­‐phosphatase	
  activity	
  of	
  Wunens	
  is	
  critical	
  for	
  germ	
  cell	
  migration	
  and	
  survival.	
  

Secondly	
  I	
  have	
  characterized	
  the	
  role	
  of	
  three	
  mutants	
  in	
  which	
  gonad	
  formation	
  is	
  
defective.	
   In	
   these	
   mutants,	
   although	
   early	
   germ	
   cell	
   migration	
   is	
   unaffected,	
   in	
   later	
  
embryos	
  germ	
  cells	
  are	
  scattered	
  and	
  SGP	
  clusters	
  do	
  not	
  fuse	
  or	
  compact.	
  Whole	
  genome	
  
sequencing	
   coupled	
   to	
   deficiency	
   complementation	
   was	
   performed	
   to	
   determine	
   the	
  
causative	
   mutations	
   in	
   two	
   of	
   the	
   mutants.	
   	
   I	
   identified	
   mutations	
   in	
   two	
   transcription	
  
factors,	
   Midline	
   (Mid)	
   and	
   Longitudinals	
   lacking	
   (Lola)	
   and	
   showed	
   that	
   both	
   genes	
   are	
  
expressed	
  by	
  SGPs	
  and	
  are	
  required	
  cell	
  autonomously.	
  

The	
   mutation	
   in	
   lola	
   affects	
   only	
   one	
   (lola-­R)	
   of	
   the	
   30	
   predicted	
   lola	
   isoforms.	
  
Whilst	
  the	
  SGP	
  defects	
  resulting	
  from	
  mutation	
  of	
  Lola-­‐R	
  could	
  be	
  rescued	
  by	
  expression	
  of	
  
this	
  Lola	
  isoform,	
  another	
  functional	
  Lola	
  isoform	
  (Lola-­BC)	
  was	
  unable	
  to	
  do	
  so.	
  Therefore,	
  
this	
  study	
  identifies	
  the	
  first	
   lola-­‐R	
  specific	
  allele,	
  and	
  describes	
  a	
  role	
   in	
  gonad	
  formation	
  
that	
   cannot	
  be	
   substituted	
  by	
  other	
  Lola	
   isoforms.	
  Additionally,	
   I	
  have	
   shown	
   that	
   robust	
  
gonad	
  expression	
  of	
  another	
  transcription	
  factor	
  Traffic	
  jam	
  is	
  lost	
  in	
  mid	
  mutants,	
  placing	
  
Mid	
   into	
  a	
  SGP	
  transcriptional	
  cascade.	
  Lastly,	
  mid	
  and	
   lola	
   interact	
  genetically	
  suggesting	
  
that	
  they	
  could	
  have	
  one	
  or	
  more	
  overlapping	
  downstream	
  targets.	
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Zusammenfassung	
  
	
  

Die	
  Morphogenese	
  der	
  Gonaden	
  in	
  Drosophila	
  beinhaltet	
  die	
  verworrene	
  Bewegung	
  
zweier	
   Zelltypen,	
   der	
   Keimzellen	
   und	
   der	
   somatischen	
   Gonadenvorläuferzellen	
   (somatic	
  
gonadal	
   precursor	
   cells,	
   SGPs),	
   um	
   schließlich	
   eine	
   einfache	
   dreidimensionale	
   Struktur	
   zu	
  
bilden.	
  Die	
  Keimzellen	
  müssen	
  als	
  erstes	
  zu	
  den	
  SGP-­‐Clustern	
  migrieren,	
  die	
  wiederum	
  die	
  
Keimzellen	
  umschließen	
  und	
  sich	
  mit	
  ihnen	
  zu	
  einer	
  Gonade	
  verdichten.	
  Diesem	
  scheinbar	
  
einfachen	
   Prozess	
   liegen	
   eine	
   Reihe	
   von	
   Genen	
   zugrunde,	
   die	
   notwendig	
   sind,	
   um	
   die	
  
Keimzellen	
   zu	
   den	
   SGPs	
   zu	
   leiten.	
   Außerdem	
   sind	
   komplexe	
   Transkriptionsnetzwerke	
   in	
  
den	
  SGPs	
  notwendig,	
  um	
  deren	
  Spezifizierung	
  und	
  ihre	
  Erhaltung	
  zu	
  gewährleisten,	
  sowie	
  
um	
  die	
  Umhüllung	
  der	
  Keimzellen	
  zu	
  initiieren.	
  Dieses	
  System	
  stellt	
  ein	
  gutes	
  Model	
  dar,	
  um	
  
die	
  Organogenese	
  mit	
  nur	
  zwei	
  Zelltypen	
  zu	
  untersuchen.	
  In	
  dieser	
  Arbeit	
  habe	
  ich	
  sowohl	
  
Aspekte	
  der	
  Keimzellwanderung,	
  als	
  auch	
  das	
  Verhalten	
  der	
  SGPs	
  untersucht.	
  

Als	
  erstes	
  habe	
  ich	
  die	
  Rolle	
  der	
  Drosophila	
  Lipid-­‐Phosphat-­‐Phosphatasen	
  Wun	
  und	
  
Wun2	
   (zusammen	
   bezeichnet	
   als	
   Wunen)	
   bei	
   der	
   Steuerung	
   der	
   Keimzellmigration	
  
untersucht.	
   Diese	
   Transmembranenzyme,	
   welche	
   die	
   Membran	
   mehrfach	
  
durchspannenden,	
   die	
   sowohl	
   in	
   den	
  Keimzellen,	
   als	
   auch	
   in	
   den	
   somatischen	
   Zellen	
   des	
  
Embryos	
   exprimiert	
   werden,	
   wird	
   angenommen,	
   dass	
   sie	
   einen	
   extrazellulären	
   Lipid-­‐
Phosphat-­‐Gradienten	
   aufbauen,	
   der	
   sowohl	
   für	
   die	
  Migration,	
   als	
   auch	
   für	
   das	
  Überleben	
  
der	
   Keimzellen	
   notwendig	
   ist.	
   Um	
   jedoch	
   diesen	
   extrazellulären	
   Gradienten	
   zu	
   erzeugen,	
  
würde	
  erwartet	
  werden,	
  dass	
  Wunen	
  als	
  Ektoenzyme	
  agieren.	
  Um	
  zu	
  ermitteln,	
  an	
  welchem	
  
Ort	
   die	
   Wun2-­‐Aktivität	
   benötigt	
   wird,	
   habe	
   ich	
   die	
   Lokalisation	
   von	
   endogenen	
   und	
  
unterschiedlich	
  markierten	
  Versionen	
  von	
  Wun2	
  untersucht.	
  Obwohl	
  sowohl	
  GFP-­‐	
  als	
  auch	
  
Myc-­‐markiertes	
   Wun2	
   funktional	
   waren,	
   hat	
   nur	
   die	
   GFP-­‐Version	
   die	
   endogene	
   Wun2	
  
Plasmamembran-­‐Lokalisation	
  gezeigt.	
  	
  

Außerdem	
  habe	
  ich	
  ein	
  Konstrukt	
  hergestellt,	
  in	
  welches	
  eine	
  von	
  der	
  TEV-­‐Protease	
  
erkannte	
   Schnittstelle	
   in	
   eine	
   prognostizierte	
   extrazelluläre	
   Schleife	
   von	
  Wun2	
   eingefügt	
  
wurde.	
   Ich	
   habe	
   dabei	
   gezeigt,	
   dass	
   die	
   Sekretion	
   von	
   TEV-­‐Protease	
   durch	
   benachbarte	
  
Zellen,	
   die	
   Fähigkeit	
   dieses	
  Konstrukts	
  den	
  wunen	
   Funktionsverlust	
   in	
  den	
  Keimzellen	
   zu	
  
retten,	
   verringert.	
   Zusammengefasst	
   unterstützen	
   diese	
   Daten	
   die	
   Auffassung,	
   dass	
   die	
  
Lokalisation	
   an	
   der	
   Zelloberfläche	
   und	
   die	
   Ekto-­‐Phosphataseaktivität	
   von	
   Wunen	
  
entscheidend	
  für	
  die	
  Keimzellmigration	
  und	
  deren	
  Überleben	
  sind.	
  	
  

Als	
   zweites	
   habe	
   ich	
   die	
   Rolle	
   von	
   drei	
   Mutanten	
   charakterisiert,	
   in	
   welchen	
   die	
  
Gonadenentwicklung	
  fehlerhaft	
  ist.	
  Obwohl	
  in	
  diesen	
  Mutanten	
  die	
  frühe	
  Keimzellmigration	
  
unbeeinträchtigt	
   ist,	
   sind	
   die	
   Keimzellen	
   in	
   älteren	
   Embryonen	
   verstreut	
   und	
   die	
   SGP-­‐
Cluster	
   fusionieren	
   oder	
   komprimieren	
   sich	
   nicht.	
   Mittels	
  whole-­genome-­sequencing	
   und	
  
Defizienz-­‐Komplementation	
   wurden	
   die	
   zugrundeliegenden	
   Mutationen	
   in	
   zwei	
   der	
  
Mutanten	
  untersucht.	
  Dabei	
   habe	
   ich	
  Mutationen	
   in	
   zwei	
   Transkriptionsfaktoren,	
  Midline	
  
(Mid)	
  und	
  Longitudinals	
  lacking	
  (Lola),	
  identifiziert	
  und	
  gezeigt,	
  dass	
  beide	
  Gene	
  von	
  SGPs	
  
exprimiert	
  werden	
  und	
  zellautonom	
  erforderlich	
  sind.	
  	
  

Die	
  Mutation	
  in	
  lola	
  beeinflusst	
  lediglich	
  eine	
  (lola-­‐R)	
  der	
  30	
  prognostizierten	
  lola-­‐
Isoformen.	
  Während	
  die	
   SGP-­‐Defekte,	
   die	
   aus	
   der	
  Mutation	
   von	
  Lola-­‐R	
   resultieren,	
   durch	
  
die	
  Expression	
  dieser	
  Lola-­‐Isoform	
  gerettet	
  werden	
  konnten	
  ,	
  war	
  eine	
  andere	
  funktionale	
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Lola-­‐Isoform	
   (Lola-­‐BC)	
   nicht	
   dazu	
   in	
   der	
   Lage.	
   Demzufolge	
   identifiziert	
   diese	
   Studie	
   das	
  
erste	
   lola-­‐R	
   spezifische	
   Allel	
   und	
   beschreibt	
   eine	
   Rolle	
   in	
   der	
   Gonadenentwicklung,	
   die	
  
durch	
   andere	
  Lola-­‐Isoformen	
  nicht	
   ersetzt	
  werden	
  kann.	
  Darüberhinaus	
  habe	
   ich	
   gezeigt,	
  
dass	
  die	
  stabile	
  gonadische	
  Expression	
  eines	
  anderen	
  Transkriptionsfaktors,	
  Traffic	
  jam,	
  in	
  
mid	
   Mutanten	
   verloren	
   geht,	
   was	
   demzufolge	
   Mid	
   in	
   eine	
   SGP-­‐spezifischen	
  
Transkriptionskaskade	
  einfügt.	
  Zuletzt	
  interagieren	
  mid	
  und	
  lola	
  genetisch,	
  was	
  suggeriert,	
  
dass	
  sie	
  ein	
  oder	
  mehrere	
  gemeinsame	
  stromabwärts	
  –liegende	
  Ziele	
  haben	
  könnten.	
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1.1	
  Germ	
  cells	
  

	
  
	
  
	
   In	
  most	
  multicellular	
  organisms,	
  germ	
  cells	
  are	
  cells	
  with	
  the	
  unique	
  capability	
  

of	
  giving	
  rise	
  to	
  new	
  individuals	
  of	
  the	
  same	
  species.	
  These	
  cells	
  are	
  formed	
  and	
  set	
  

aside	
  from	
  the	
  rest	
  of	
  the	
  soma	
  very	
  early	
  in	
  embryonic	
  development.	
  At	
  this	
  stage,	
  

they	
  also	
  differ	
  greatly	
  from	
  the	
  somatic	
  cells	
  with	
  respect	
  to	
  their	
  cellular	
  content,	
  

migratory	
  behavior	
  and	
  transcriptional	
  repression	
  (Seydoux	
  and	
  Braun,	
  2006).	
  	
  The	
  

quiescent	
   transcription	
   of	
   germ	
   cells,	
   achieved	
   through	
   the	
   action	
   of	
   various	
  

maternally	
  deposited	
  mRNAs,	
  prevents	
   their	
   trans-­‐differentiation	
   into	
   the	
   somatic	
  

lineage	
  (Van	
  Doren	
  et	
  al.,	
  1998c).	
  Hence,	
  germ	
  cells	
  are	
  the	
  ultimate	
  stem	
  cells,	
  with	
  

an	
   ever-­‐lasting	
   lineage.	
   Because	
   of	
   these	
   unique	
   properties,	
   the	
   embryonic	
   germ	
  

cells	
  of	
  Drosophila	
  melanogaster	
  provide	
  a	
  great	
  system	
  for	
  studying	
  two	
  basic	
  cell	
  

biological	
  processes:	
  

 	
  Single	
  cell	
  migration	
  

 	
  Organ	
  formation	
  

	
   In	
  Drosophila,	
   as	
   in	
  many	
  other	
   organisms,	
   germ	
   cells	
   after	
   being	
   specified	
  

have	
  to	
  migrate	
  along	
  a	
  stereotyped	
  path,	
  meet	
  the	
  somatic	
  gonadal	
  precursor	
  cells	
  

(SGPs)	
  and	
  together	
  form	
  the	
  embryonic	
  gonads.	
  Migratory	
  cues	
  are	
  necessary	
  and	
  

often	
   central	
   to	
   the	
   process	
   of	
   germ	
   cell	
  migration.	
   Attractive	
   cues,	
   such	
   as	
   those	
  

provided	
   by	
   SDF1	
   in	
   zebrafish	
   (Doitsidou	
   et	
   al.,	
   2002);	
   (Knaut	
   et	
   al.,	
   2003)	
   and	
  

mouse	
  (Ara	
  et	
  al.,	
  2003);	
  (Molyneaux	
  et	
  al.,	
  2003),	
  or	
  by	
  Hmgcr	
  in	
  flies	
  (Van	
  Doren	
  et	
  

al.,	
  1998b),	
  seem	
  to	
  play	
  an	
  important	
  role	
  in	
  guiding	
  the	
  germ	
  cells	
  to	
  the	
  gonads.	
  

	
  

1.2	
  Cell	
  migration	
  

	
  

	
   Cell	
  migration	
  is	
  a	
  basic	
  biological	
  process	
  required	
  by	
  many	
  cell	
  types	
  during	
  

their	
   development.	
   Migration	
   is	
   needed	
   in	
   early	
   developing	
   embryos	
   during	
  

gastrulation	
  to	
  lay	
  out	
  the	
  future	
  body	
  plan	
  of	
  the	
  organism.	
  Therefore	
  cells	
  may	
  not	
  

require	
  migration	
   for	
   their	
   inherent	
   function	
   but	
   instead	
   to	
   come	
   together	
   in	
   the	
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right	
  place	
  and	
  form	
  a	
  functional	
  organ	
  or	
  tissue.	
  Moreover,	
  this	
  process	
  is	
  equally	
  

important	
  in	
  a	
  mature	
  organism	
  for	
  its	
  role	
  in	
  immune	
  defense,	
  wound	
  healing	
  and	
  

maintenance	
   of	
   gut	
   and	
   skin	
   epithelia.	
   For	
   these	
   cells,	
   migration	
   is	
   necessary	
   for	
  

their	
  inherent	
  activities.	
  
However,	
  besides	
   these	
   innate	
  processes,	
  migration	
  also	
  plays	
  a	
  key	
  role	
   in	
  

various	
   diseases	
   and	
   pathological	
   conditions.	
   This	
   includes	
   metastasis	
   of	
   cancer	
  

cells,	
   infiltration	
   of	
   immune	
   cells	
   in	
   asthma	
   and	
   migration	
   of	
   vascular	
   smooth	
  

muscles	
  cells	
   in	
  atherosclerosis.	
  Therefore,	
  understanding	
   the	
  various	
  aspects	
  and	
  

mechanisms	
   of	
   migration	
   is	
   vital	
   for	
   understanding	
   both	
   basic	
   developmental	
  

processes	
  and	
  pathological	
  conditions.	
  

	
  

1.2.1	
  Drosophila	
  germ	
  cell	
  migration	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

In	
  Drosophila	
  the	
  germ	
  cells	
  are	
  the	
  first	
  cells	
  to	
  form	
  during	
  embryogenesis	
  

(Fig.	
  1.1)	
  (Starz-­‐Gaiano	
  and	
  Lehmann,	
  2001).	
  They	
  form	
  at	
   the	
  posterior	
  tip	
  of	
   the	
  

developing	
   embryo,	
   which	
   is	
   rich	
   in	
   many	
   maternally	
   deposited	
   mRNAs	
   and	
  

proteins	
  (Mahowald	
  et	
  al.,	
  1976).	
  The	
  germ	
  cells	
  arise	
  by	
  the	
  cellularization	
  of	
   the	
  

nuclei	
  at	
   the	
  posterior	
  pole	
   taking	
   in	
   the	
  germ	
  plasm.	
  At	
   this	
   stage,	
   the	
  germ	
  cells	
  

appear	
   to	
   show	
  migratory	
   behavior	
   with	
   visible	
   cytoplasmic	
   protrusions	
   (Jaglarz	
  

and	
  Howard,	
  1995).	
  These	
  cells	
   then	
  divide	
   to	
  give	
  rise	
   to	
  approximately	
  40	
  germ	
  

cells.	
  Once	
  gastrulation	
  begins,	
  they	
  are	
  passively	
  swept	
  into	
  the	
  embryo	
  along	
  with	
  

the	
  midgut	
  primordium	
  to	
  which	
  they	
  are	
  attached.	
  During	
  this	
  movement,	
  the	
  germ	
  

cells	
  cease	
  their	
  cytoplasmic	
  protrusions	
  and	
  appear	
  spherical	
  in	
  shape,	
  suggesting	
  

their	
  passive	
  movement	
  into	
  the	
  midgut	
  pocket	
  (Kunwar	
  et	
  al.,	
  2008).	
  Subsequently,	
  

around	
  late	
  stage	
  9,	
  the	
  germ	
  cells	
  start	
  their	
  active	
  migratory	
  process.	
  This	
  is	
  also	
  

the	
   stage	
   when	
   the	
   germ	
   cells	
   become	
   transcriptionally	
   active	
   (Van	
   Doren	
   et	
   al.,	
  

1998d).	
   The	
   clustered	
   germ	
   cells	
   start	
   individualizing,	
   detaching	
   from	
   the	
  midgut	
  

primordia	
  as	
  well	
  as	
  each	
  other,	
   to	
  undergo	
   trans-­‐epithelial	
  migration	
   (Kunwar	
  et	
  

al.,	
  2008).	
  They	
  become	
  highly	
  polarized	
  with	
  their	
   leading	
  edge	
  oriented	
  towards	
  

the	
  midgut	
  epithelium	
  and	
  migrate	
  through	
  the	
  midgut	
  pocket	
  (Kunwar	
  et	
  al.,	
  2008).	
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However,	
   the	
   polarized	
   germ	
   cells	
   are	
   dependent	
   on	
   the	
   endoderm	
   remodeling	
  

occuring	
  at	
  this	
  stage,	
  and	
  cannot	
  pass	
  through	
  intact	
  midgut	
  epithelia	
  (Seifert	
  and	
  

Lehmann,	
  2012).	
  
	
  

Figure	
   1.1:	
  

Schematic	
   representation	
   of	
  

germ	
   cell	
   migration	
   in	
  

Drosophila	
   during	
  

embryogenesis.	
   In	
   green:	
  

germ	
  cells,	
  red:	
  SGPs,	
  purple:	
  

mesoderm,	
   blue:	
   anterior	
  

and	
   posterior	
   midgut,	
  

orange:	
   foregut	
  and	
  hindgut,	
  

grey:	
   gut	
   lumen.	
   At	
   stage	
   5	
  

the	
  germ	
  cells	
  are	
   formed	
  at	
  

the	
   posterior	
   pole	
   of	
   the	
  

embryo.	
   Germ	
   cells	
   start	
  

their	
   migratory	
   process	
   by	
  

exiting	
  the	
  midgut	
  at	
  stage	
  9	
  

and	
   moving	
   into	
   the	
  

mesoderm	
   by	
   stage	
   11.	
   At	
  

stage	
   12	
   they	
   make	
   contact	
  

with	
   the	
   SGPs,	
   migrate	
  

together,	
   and	
   by	
   stage	
   14	
  

coalesce	
  into	
  a	
  gonad.	
  	
  	
  AEL	
  =	
  

after	
  egg	
  laying.	
  Schematic	
  of	
  

embryos	
   after	
   V.	
  

Hartenstein.	
  
	
  

	
  

	
  

	
  

	
  

Next	
   the	
   germ	
   cells	
  

reorient	
  dorsally	
  and	
  start	
  migration	
  towards	
  the	
  overlying	
  mesoderm	
  where	
  they	
  

!"#$%&"'()&*$'+#*)!",#+&

)

-&&%.*/0(&)&')1%&0$%2)!03',0$/

-2"#(/0(&)4"&*)5'(%,%2)!03',0$/

5'(%,)6'%203.0(.0

50$/)6022)7'$/%&"'(

stage 5
~2.5 h AEL

stage 9
~4.5 h AEL

stage 11
~7 h AEL

stage 12
~9 h AEL

stage 13
~10.5 h AEL

stage 14
~11.5 h AEL



Introduction	
  

	
   5	
  

split	
  into	
  two	
  bilateral	
  clusters	
  on	
  either	
  side	
  of	
  the	
  midline	
  (Sano	
  et	
  al.,	
  2005).	
  This	
  

step	
  ensures	
  that	
  both	
  of	
  the	
  gonads	
  that	
  will	
  form	
  at	
  the	
  either	
  side	
  of	
  the	
  embryo	
  

will	
  be	
  populated.	
  The	
  two	
  clusters	
  of	
  germ	
  cells	
  continue	
  their	
  migration	
  along	
  with	
  

somatic	
  gonadal	
  precursor	
  cells	
   (SGPs).	
  By	
  stage	
  13	
   they	
  stop	
   their	
  migration	
  and	
  

align	
  with	
  the	
  SGPs.	
  At	
  the	
  end	
  of	
  stage	
  14	
  the	
  two	
  cell	
  types	
  coalesce	
  to	
  give	
  rise	
  to	
  

the	
  embryonic	
  gonads	
  (Boyle	
  and	
  DiNardo,	
  1995).	
  There	
  the	
  germ	
  cells	
  proliferate	
  

to	
  give	
  rise	
  to	
  the	
  germ	
  line	
  stem	
  cells.	
  

	
  

1.2.2	
  Genes	
  involved	
  in	
  germ	
  cell	
  migration	
  

A	
   number	
   of	
   genes	
   have	
   been	
   identified	
   as	
   being	
   involved	
   in	
   germ	
   cell	
  

migration,	
   eliciting	
   diverse	
   functions	
   to	
   regulate	
   this	
   complicated	
   process.	
   They	
  

include	
   those	
   that	
   are	
   expressed	
   in	
   the	
   germ	
   cells	
   or	
   in	
   the	
   soma.	
   Some	
   of	
   the	
  

encoded	
  proteins	
   are	
   required	
   for	
  making	
   and	
   sensing	
   of	
   attractive	
   and	
   repulsive	
  

cues,	
  to	
  aid	
  the	
  migrating	
  germ	
  cells	
  along	
  the	
  correct	
  migratory	
  route.	
  Some	
  of	
  the	
  

key	
  genes	
  are	
  discussed	
  below.	
  

	
  

 tre-­1	
  in	
  transepithelial	
  migration	
  

The	
  onset	
   of	
   germ	
   cell	
   polarization	
   and	
   subsequent	
  migration	
   at	
   stage	
  9	
   is	
  

controlled	
  by	
  tre-­1,	
  or	
  trapped	
  in	
  endoderm	
  1	
  (Kunwar	
  et	
  al.,	
  2003)	
  (Kunwar	
  et	
  al.,	
  

2008).	
  This	
  gene	
  encodes	
  for	
  a	
  G-­‐protein	
  coupled	
  receptor	
  (GPCR)	
  expressed	
  by	
  the	
  

germ	
  cells	
  (Fig	
  1.2),	
  whose	
  transcript	
  is	
  maternally	
  provided	
  (Kunwar	
  et	
  al.,	
  2003).	
  

In	
  embryos	
  laid	
  by	
  females	
  that	
  are	
  mutant	
  for	
  this	
  gene,	
  the	
  germ	
  cells	
  are	
  unable	
  

to	
  individualize	
  and	
  undergo	
  transepithelial	
  migration	
  to	
  exit	
  the	
  posterior	
  midgut	
  

(Kunwar	
   et	
   al.,	
   2003).	
   Although	
   the	
   ligand	
   for	
   this	
   GPCR	
   is	
   still	
   unknown,	
   it	
   is	
  

believed	
   that	
   signaling	
   through	
   Tre-­‐1	
   leads	
   to	
   the	
   redistribution	
   of	
   a	
   G-­‐protein	
  β	
  

subunit,	
   the	
   GTPase	
   Rho1,	
   DE-­‐cadherin	
   (DE-­‐cad)	
   and	
   other	
   adherens	
   junction	
  

components	
   to	
   the	
   lagging	
  edge	
  of	
   the	
  germ	
  cells.	
  DE-­‐cad,	
  encoded	
  by	
  the	
  shotgun	
  

gene	
  (shg),	
  is	
  a	
  major	
  component	
  of	
  the	
  adherens-­‐junctions,	
  which	
  are	
  the	
  primary	
  

junctions	
   required	
   for	
   cell-­‐cell	
   adhesion	
   and	
   interaction.	
   Therefore,	
   its	
   down	
  

regulation	
  helps	
  the	
  germ	
  cells	
  polarize	
  and	
  separate	
  into	
  individual	
  cells	
  (Kunwar	
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et	
   al.,	
   2008).	
   Recent	
   studies	
   indicate	
   that	
   Tre-­‐1	
   activated	
   germ	
   cells	
   still	
   need	
  

normal	
   epithelial	
   remodeling	
   to	
   allow	
   their	
  migration	
   through	
   the	
  midgut	
   (Seifert	
  

and	
  Lehmann,	
  2012).	
  

	
  
	
  Figure	
   1.2:	
   Tre1,	
   a	
   G-­‐protein	
  
coupled	
   receptor	
   drives	
   germ	
  

cell	
   transepithelial	
   migration	
  

through	
   the	
   midgut	
   pocket.	
  

Tre1	
  (pink)	
  signals	
  through	
  the	
  

G-­‐protein	
   ß-­‐subunit	
   (yellow)	
  

and	
  Rho1	
  GTPase	
  (orange),	
  and	
  

leads	
   to	
   the	
   redistribution	
   of	
  

adherens	
   junction	
   protein	
   like	
  

DE-­‐cadherin	
   (brown)	
   to	
   the	
  

lagging	
   edge	
   of	
   the	
   germ	
   cell	
  

(green).	
   This	
   leads	
   to	
  

cytoskeletal	
   changes	
   in	
   the	
  

germ	
   cells	
   required	
   for	
  

migration.	
   The	
   polarized	
   germ	
  

cell	
   then	
   orients	
   towards	
   the	
  

midgut	
   epithelia	
   (gray),	
   which	
  

is	
   undergoing	
   remodeling	
  

during	
   this	
   stage,	
  and	
  exits	
   the	
  

midgut	
   pocket.	
   Adapted	
   from	
  

(Richardson	
   and	
   Lehmann,	
  

2010)	
  
	
  

	
  

 wunen	
  in	
  mesodermal	
  migration	
  

Following	
  exit	
  from	
  the	
  midgut	
  pocket,	
  the	
  germ	
  cells	
  need	
  to	
  be	
  guided	
  into	
  

the	
   their	
   next	
   target	
   tissue,	
   the	
   mesoderm.	
   This	
   guidance	
   cue	
   comes	
   from	
   the	
  

Wunens,	
  and	
  their	
  mechanism	
  of	
  action	
  is	
  discussed	
  in	
  detail	
  in	
  sections	
  1.3.2-­‐1.3.4	
  

(Zhang	
  et	
  al.,	
  1997);	
  (Starz-­‐Gaiano	
  et	
  al.,	
  2001).	
  

 hmgcr	
  in	
  association	
  with	
  SGPs	
  
HMGCR

FPPS

Quemao

GGT1

GG

GG

GG

chemoattractant

MDR49

Germ cell

SGP

Rho1

GTP

Gβ

DE-cad

Tre1

Midgut epithelia 
undergoing remodeling

Germ cell
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Hydroxymethylglutaryl-­‐CoA	
   Reductase	
   (Hmgcr)	
   is	
   an	
   important	
   and	
   rate	
  

limiting	
   enzyme	
   of	
   the	
   cholesterol	
   biosynthesis	
   pathway	
   (Goldstein	
   and	
   Brown,	
  

1990).	
  Zygotic	
  mutants	
   for	
  hmgcr	
   show	
  germ	
  cell	
  migration	
  defects	
  (Van	
  Doren	
  et	
  

al.,	
  1998b).	
  The	
  germ	
  cells	
  fail	
  to	
  associate	
  with	
  the	
  somatic	
  gonadal	
  precursor	
  cells,	
  

instead	
   scattering	
   in	
   the	
   posterior	
   of	
   the	
   embryo.	
   In	
   situ	
   hybridization	
   shows	
  

enrichment	
  of	
  hmgcr	
  expression	
  the	
  SGPs.	
  Moreover,	
  ectopic	
  expression	
  of	
  hmgcr	
  in	
  

the	
  ectoderm	
  or	
  the	
  CNS	
  is	
  sufficient	
  to	
  attract	
  germ	
  cells	
  to	
  those	
  tissues,	
  implying	
  

that	
  expression	
  of	
  this	
  enzyme	
  is	
  sufficient	
  for	
  germ	
  cell	
  attraction	
  (Van	
  Doren	
  et	
  al.,	
  

1998b).	
  

Many	
   of	
   the	
   enzymes	
   downstream	
   of	
   Hmgcr,	
   like	
   farnesyl-­‐diphosphate	
  

synthase	
   	
   (Fpps),	
   geranyl-­‐geranyl-­‐diphosphate	
   synthase	
   (Quemao)	
   and	
  

geranylgeranyl	
  transferase	
  type	
  	
  I	
  (GGT1),	
  which	
  are	
  involved	
  in	
  attaching	
  geranyl-­‐

geranyl	
   (GG)	
   groups	
   onto	
   proteins	
   (Fig	
   1.3),	
   also	
   show	
   germ	
   cell	
   migration	
  

phenotypes	
  (Santos	
  and	
  Lehmann,	
  2004).	
  It	
  is	
  speculated	
  that	
  the	
  attractive	
  cue	
  is	
  a	
  

geranyl-­‐geranylated	
   peptide	
   that	
   is	
   released	
   by	
   the	
   SGPs	
   through	
   the	
   ABC	
  

transporter	
  Mdr49	
  expressed	
  by	
  SGPs	
  (Ricardo	
  and	
  Lehmann,	
  2009).	
  
Figure	
   1.3:	
  

The	
   HMGCR	
  

pathway	
   is	
   required	
  

for	
   attracting	
   germ	
  

cells	
   to	
   the	
   SGPs.	
  

HMGCR	
   and	
   the	
  

downstream	
  

enzymes	
   like	
   FPPS,	
  

Quemao	
   and	
   GGT1	
  

are	
   thought	
   to	
   be	
  

required	
  in	
  the	
  SGPs	
  

(red)	
   for	
   the	
  

production	
   of	
   a	
  

geranyl-­‐geranylated	
  (blue)	
  chemoattractant	
  (orange)	
  in	
  the	
  SGPs,	
  which	
  is	
  then	
  secreted	
  by	
  the	
  ABC	
  

transporter	
   MDR49	
   (purple)	
   for	
   the	
   germ	
   cells	
   (green)	
   to	
   sense.	
   Adapted	
   from	
   (Richardson	
   and	
  

Lehmann,	
  2010)	
  

HMGCR

FPPS

Quemao

GGT1

GG

GG

GG

chemoattractant
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Germ cell

SGP

Rho1

GTP

Gβ

DE-cad

Tre1

Midgut epithelia 
undergoing remodeling

Germ cell
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1.3	
  LPPs	
  in	
  Drosophila	
  germ	
  cell	
  migration	
  

	
  

However,	
  repulsive	
  mechanisms	
  are	
  also	
  needed	
  to	
  work	
  in	
  conjunction	
  with	
  

the	
  attractive	
  cues,	
   to	
  prevent	
   the	
  germ	
  cell	
   from	
  drifting	
   into	
   tissues	
   that	
  are	
  not	
  

the	
  target	
  tissue.	
  	
  For	
  example,	
  CXCR7B,	
  expressed	
  in	
  the	
  soma	
  of	
  zebrafish,	
  causes	
  

internalization	
  and	
  destruction	
  of	
  the	
  SDF1	
  germ	
  cell	
  chemoattractant.	
  This	
  leads	
  to	
  

the	
   formation	
   of	
   a	
   gradient	
   of	
   SDF1,	
   and	
  prevents	
  mis-­‐migration	
   of	
   germ	
   cells.	
   In	
  

Drosophila	
  germ	
  cell	
  migration,	
  a	
  similar	
  destruction	
  of	
  migratory	
  cue	
  is	
  performed	
  

by	
  a	
  lipid	
  phosphate	
  phosphatase	
  (LPP).	
  

	
  

1.3.1	
  Structure	
  and	
  function	
  of	
  LPPs	
  

LPPs	
  belong	
  to	
  the	
  family	
  of	
  LPTs	
  (lipid	
  phosphatases/phosphotransferases)	
  

along	
   with	
   SPPs	
   (sphingosine	
   phosphate	
   phosphatases),	
   SMSs	
   (sphingomyelin	
  

synthases)	
  and	
  other	
  enzymes	
  involved	
  in	
  lipid	
  phosphate	
  metabolism	
  (reviewed	
  in	
  

(Sigal	
  et	
  al.,	
  2005).	
  These	
  proteins	
  have	
  similar	
  predicted	
  structures	
  (Fig.	
  1.4),	
  with	
  

six	
  transmembrane	
  spanning	
  alpha	
  helices	
  connected	
  by	
  five	
  extramembrane	
  loops	
  

(Barila	
   et	
   al.,	
   1996).	
   These	
   membrane	
   proteins	
   have	
   flanking	
   N-­‐	
   and	
   C-­‐	
   terminal	
  

regions	
  of	
  varied	
  lengths	
  and	
  sequence	
  composition.	
  There	
  are	
  three	
  catalytic	
  motifs	
  

in	
  LPPs	
  (Fig.	
  1.4):	
  two	
  contained	
  in	
  the	
  third	
  extramembrane	
  loop	
  and	
  the	
  last	
  in	
  the	
  

fifth	
   extramembrane	
   loop	
   (Stukey	
   and	
   Carman,	
   1997).	
   These	
   catalytic	
   motifs	
  

interact	
  to	
  catalyze	
  the	
  dephosphorylation	
  of	
  lipid	
  phosphates.	
  Some	
  of	
  the	
  in	
  vitro	
  

lipid	
   substrates	
   of	
   LPPs	
   are	
   lysophosphatidic	
   acid	
   (LPA),	
   phosphatidic	
   acid	
   (PA),	
  

sphingosine-­‐1-­‐Phosphate	
   (S1P),	
   and	
   ceramide-­‐1-­‐Phosphate	
   (C1P)	
   (Roberts	
   et	
   al.,	
  

1998);	
  (Waggoner	
  et	
  al.,	
  1996).	
  

	
   There	
   are	
   3	
  mammalian	
   LPPs;	
   LPP1,	
   LPP2,	
   and	
   LPP3	
   encoded	
   by	
   the	
   genes	
  

Ppap2a,	
   Ppap2c,	
   and	
   Ppap2b,	
   respectively	
   (Roberts	
   et	
   al.,	
   1998).	
   Although	
   these	
  

LPPs	
   show	
  overlapping	
   activities	
   and	
   substrate	
   specificity	
   in	
   vitro,	
   their	
   knockout	
  

phenotype	
  in	
  mice	
  indicate	
  non-­‐redundant	
  functions	
  (Zhang	
  et	
  al.,	
  2000;	
  Escalante-­‐

Alcalde	
  et	
  al.,	
  2003;	
  Tomsig	
  et	
  al.,	
  2009).	
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1.3.2	
  Drosophila	
  LPPs:	
  wunen	
  and	
  wunen2	
  

The	
  Drosophila	
  genome	
  encodes	
   for	
  eight	
  LPPs,	
   two	
  of	
  which,	
  wunen	
   (wun)	
  

and	
   wunen2	
   (wun2)	
   (collectively	
   referred	
   to	
   as	
   wunens)	
   show	
   embryonic	
  

expression.	
   These	
   two	
   genes	
   are	
   present	
   next	
   to	
   each	
   other	
   on	
   chromosome	
   2R,	
  

cytological	
  position	
  45D,	
  and	
  are	
  transcribed	
  in	
  opposite	
  directions	
  from	
  a	
  common	
  

promoter	
   region	
   leading	
   to	
   similar	
   early	
   embryonic	
   expression	
   patterns	
   (Starz-­‐

Gaiano	
  et	
  al.,	
  2001).	
  	
  

Like	
  other	
  LPPs,	
  Wunens	
  are	
  also	
  six	
  transmembrane	
  spanning	
  proteins	
  (Fig.	
  

1.4).	
   Expression	
   of	
   wun2	
   in	
   insect	
   cell	
   lines	
   leads	
   to	
   the	
   accumulation	
   of	
  

fluorescently	
  labeled	
  lipid	
  substrate	
  PA	
  within	
  the	
  cells	
  (Renault	
  et	
  al.,	
  2004b).	
  This	
  

indicates	
  uptake	
  of	
  the	
  lipid	
  by	
  the	
  cell	
  following	
  its	
  dephosphorylation	
  by	
  Wun2.	
  In	
  

vitro,	
   the	
  LPP	
  substrates,	
  PA,	
  LPA	
  and	
  C1P,	
  are	
  also	
  dephosphorylated	
  by	
  Wunens	
  

(Burnett	
  and	
  Howard,	
  2003;	
  Renault	
  et	
  al.,	
  2004b).	
  However,	
  their	
  in	
  vivo	
  substrate	
  

is	
  still	
  unknown.	
  

	
  
Figure	
   1.4:	
   Wunens	
  

belong	
   to	
   the	
   family	
  

of	
   LPPs.	
   The	
   six	
  

transmembrane	
  

domain	
   topology	
   of	
  

the	
   protein	
   is	
   shown	
  

here	
   with	
   region	
   of	
  

highest	
   conservation	
  

shown	
   in	
   yellow,	
  

predicted	
   catalytic	
  

phosphatase	
  

domains	
  

(extracellular)	
   in	
   red	
  

and	
  unconserved	
  residues	
  in	
  blue.	
  	
  
	
  
	
  

	
  

regions of highest conservation

conserved & predicted phosphatase domains

transmembrane

extracellular

intracellular

lumenal/extracellular 

cytoplasmic 

transmembrane 	
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1.3.3	
  wunens	
  affect	
  germ	
  cell	
  migration	
  and	
  survival	
  

Wun	
  and	
  Wun2	
  were	
  shown	
  to	
  play	
  a	
  role	
  in	
  germ	
  cell	
  migration	
  through	
  a	
  

deficiency	
  screen	
  (Zhang	
  et	
  al.,	
  1996),	
  and	
  a	
  misexpression	
  screen	
  (Starz-­‐Gaiano	
  et	
  

al.,	
  2001),	
  respectively.	
  Loss	
  of	
  both	
  genes	
  is	
  required	
  to	
  affect	
  migration,	
  implying	
  

their	
  redundancy	
  in	
  this	
  process.	
  

In	
  embryos	
  deficient	
  for	
  both	
  wun	
  and	
  wun2	
  the	
  germ	
  cells	
  fail	
  to	
  reach	
  the	
  

mesoderm	
   and	
   scatter	
   over	
   the	
   posterior	
   of	
   the	
   embryo	
   (Zhang	
   et	
   al.,	
   1996).	
  

Conversely,	
   ectopic	
   expression	
   of	
   either	
  wun	
   or	
  wun2	
   in	
   the	
   surrounding	
   somatic	
  

tissues	
  leads	
  to	
  a	
  dramatic	
  reduction	
  in	
  germ	
  cell	
  number	
  (Starz-­‐Gaiano	
  et	
  al.,	
  2001).	
  

Therefore	
   somatic	
  wunen	
   expression	
   affects	
   both	
   germ	
   cell	
   migration	
   (in	
   case	
   of	
  

deficiency)	
  and	
  negatively	
  regulates	
  survival	
  (in	
  case	
  of	
  somatic	
  overexpression).	
  

Germ	
   cells	
   avoid	
   areas	
   of	
   wunen	
   expression	
   during	
   their	
   migration	
  

suggesting	
   that	
  Wunens	
   act	
   via	
   repulsion	
   (Zhang	
   et	
   al.,	
   1996;	
   Zhang	
   et	
   al.,	
   1997;	
  

Starz-­‐Gaiano	
   et	
   al.,	
   2001).	
   It	
   is	
   proposed	
   that	
   the	
   stage	
   10	
   posterior	
   midgut	
  

expression	
  orients	
  the	
  germ	
  cells	
  upon	
  exit	
  of	
  the	
  midgut	
  to	
  allow	
  them	
  to	
  move	
  into	
  

the	
  overlying	
  mesoderm,	
  while	
  the	
  ectodermal	
  CNS	
  expression	
  leads	
  to	
  the	
  bilateral	
  

splitting	
  of	
  the	
  germ	
  cell	
  population	
  (Starz-­‐Gaiano	
  et	
  al.,	
  2001;	
  Sano	
  et	
  al.,	
  2005).	
  

Wunens	
  are	
  also	
  expressed	
  in	
  germ	
  cells	
  and	
  this	
  expression	
  is	
  necessary	
  for	
  

germ	
  cell	
  survival.	
  wun	
  and	
  wun2	
  mRNA	
  is	
  maternally	
  provided	
  and	
  for	
  wun2	
   this	
  

maternal	
   transcript	
   is	
   clearly	
   retained	
   in	
   the	
   germ	
   cells	
   (Fig.	
   1.5)	
   (Renault	
   et	
   al.,	
  

2002b).	
  	
  

	
  
Figure	
   1.5:	
   In	
   situ	
   hybridization	
   using	
   a	
  

probe	
   against	
  wun2	
   in	
   a	
  Drosophila	
   stage	
   5	
  

embryo	
   (Renault	
   et	
   al.,	
   2002b).	
   The	
   arrow	
  

points	
   towards	
   the	
   germ	
   cells	
   at	
   the	
  

posterior	
   end	
   of	
   the	
   embryo,	
   which	
   stain	
  

positively	
  for	
  wun2	
  mRNA.	
  

	
  

In	
   maternal	
   wun2	
   mutant	
   embryos,	
   half	
   of	
   the	
   germ	
   cells	
   survive	
   and	
   migrate	
  

normally	
   to	
   the	
   embryonic	
   gonads	
   (Hanyu-­‐Nakamura	
   et	
   al.,	
   2004;	
   Renault	
   et	
   al.,	
  

use a catalytic histidine and are generally extracellular,
disulphide bond-rich, small molecular weight proteins
(13–15 kDa), which require millimolar calcium concentra-
tions for catalytic activity. Groups IV and VI–VIII use a
catalytic serine and are larger intracellular enzymes that

have no disulphide bonds or calcium requirement (Six and
Dennis, 2000).

Based upon homology to mammalian enzymes or the
presence of a PLA2 catalytic motif, Drosophila contains
nine PLA2 genes. Four of these genes (CG1583, CG3009,

A.D. Renault et al. / Mechanisms of Development 119S (2002) S293–S301 S295

Fig. 3. In situ hybridization pattern of genes involved in LPAmetabolism inDrosophila embryos. Lateral views are shown with anterior to the left and dorsal up
except in (B) and (D) which are ventral views. (L) and (M) as well as (R) and (S) are different focal planes of the same embryo. The gene identity is given in the
bottom right of each embryo followed by the developmental stage based upon Wieschaus and Nusslein-Volhard (1986). Descriptions of staining patterns are
given in Table 1. CG31187 and CG31140 are DGKs; CG4346, CG11124, CG14507 and CG6718 are phospholipase A2s; wun and wun2 are LPPs. Arrows in
(A) point to ventral nerve cord (arrow) and brain (arrowhead), (B) ventral nerve cord (arrow) and cells of PNS (arrowhead), (E) posterior spiracle (arrow) and
esophagus (arrowhead), (H) hindgut, (K) dorsal region of posterior midgut through which germ cells normally migrate, (L) midgut (arrow) and dorsal ridge
(arrowhead), (N) dorsal mouthpart muscles (arrow) and proventriculus (arrowhead), (O) pole cells, (P) dorsal region of posterior midgut through which germ
cells normally migrate, (Q) ectoderm, (R) midgut (arrow) dorsal ridge (arrowhead), (S) pericardial cells (arrow) and alary muscles (arrowhead), (T) pericardial
cells (arrow) and PNS cells (arrowhead).
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2004b)	
  whereas	
  depletion	
  of	
  both	
  maternal	
  wun	
  and	
  wun2	
   leads	
  to	
  near	
  complete	
  

loss	
   of	
   germ	
   cells	
   during	
  migration	
   (Renault	
   et	
   al.,	
   2010).	
   Expressing	
   a	
  wild	
   type	
  

version	
  of	
  Wun2	
  in	
  otherwise	
  wun	
  wun2	
  null	
  germ	
  cells	
  fully	
  rescues	
  the	
  germ	
  cell	
  

death	
  phenotype	
  whereas	
   a	
   catalytically	
  dead	
  version	
  of	
  Wun2	
   is	
   unable	
   to	
  do	
   so	
  

(Renault	
   et	
   al.	
   2010).	
   These	
   experiments	
   indicate	
   a	
   requirement	
   for	
   LPP	
  

phosphatase	
  activity	
  in	
  germ	
  cells	
  for	
  their	
  survival	
  (Renault	
  et	
  al.,	
  2004b).	
  

In	
  the	
  absence	
  of	
  both	
  somatic	
  and	
  maternal	
  wun	
  and	
  wun2	
  expression,	
  germ	
  

cells	
  survive	
  but	
  mismigrate	
  (Renault	
  et	
  al.	
  2010).	
  Hence,	
  loss	
  of	
  somatic	
  wunens	
  can	
  

rescue	
   germ	
   cell	
   death	
   caused	
   by	
   lack	
   of	
   germ	
   cells	
   wunens,	
   but	
   not	
   the	
  

mismigration	
  phenotype	
  (summarized	
  in	
  Table	
  1.1).	
  In	
  addition,	
  blocking	
  germ	
  cell	
  

migration	
   also	
   rescues	
   the	
   death	
   of	
   wunen-­‐lacking	
   germ	
   cells.	
   Therefore,	
   the	
  

requirement	
  of	
  Wunens	
  in	
  germ	
  cell	
  survival	
  can	
  be	
  eliminated	
  by	
  inhibiting	
  germ	
  

cell	
  migration	
  (Renault	
  et	
  al.,	
  2010).	
  
	
  

Table	
  1.1:	
  Effect	
  of	
  Wunen	
  dosage	
  on	
  germ	
  cell	
  survival	
  and	
  migration.	
  –	
  indicates	
  loss	
  of	
  function,	
  +	
  

indicates	
  wild	
  type	
  levels	
  and	
  +++	
  indicates	
  overexpression.	
  
Germ	
  cells	
   Somatic	
  cells	
   Phenotype	
  

+	
   +	
   Proper	
  migration	
  and	
  
survival	
  

+	
   -­‐	
   Mismigration	
  
+	
   +++	
   Death	
  
-­‐	
   +	
   Death	
  
-­‐	
   -­‐	
   Mismigration	
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1.3.4	
  Model:	
  Competition	
  between	
  somatic	
  and	
  germ	
  line	
  Wunens	
  for	
  a	
  

common	
  substrate	
  

The	
  complex	
  interplay	
  between	
  the	
  somatic	
  and	
  germ	
  cell	
  wunens	
  has	
  been	
  

summarized	
  into	
  a	
  model	
  (Fig.	
  1.6)	
  of	
  how	
  these	
  Drosophila	
  LPPs	
  may	
  be	
  regulating	
  

germ	
  cell	
  migration	
  and	
  survival:	
  

Both	
  germ	
  cells	
  and	
  somatic	
  cells	
  express	
  wunens.	
  Once	
  the	
  germ	
  cells	
  begin	
  

their	
  migration,	
  they	
  move	
  away	
  from	
  the	
  tissues	
  expressing	
  somatic	
  wunens.	
  This	
  is	
  

because	
  the	
  germ	
  cell	
  wunens	
  and	
  the	
  somatic	
  wunens	
  compete	
  with	
  each	
  other	
  for	
  a	
  

common	
   lipid	
   phosphate	
   substrate.	
   For	
   germ	
   cells,	
   internalization	
   of	
   this	
   lipid	
  

following	
  its	
  dephosphorylation	
  by	
  wunens	
  is	
  required	
  as	
  a	
  survival	
  signal.	
  Somatic	
  

wunens	
  act	
  to	
  deplete	
  this	
  survival	
  factor	
  hence	
  making	
  a	
  lipid	
  phosphate	
  gradient	
  in	
  

the	
  embryo	
  according	
  to	
  the	
  somatic	
  wunen	
  expression	
  pattern.	
  Since	
  the	
  germ	
  cells	
  

move	
   towards	
   higher	
   lipid	
   phosphate	
   levels,	
   they	
  move	
   away	
   from	
   these	
   somatic	
  

tissues	
  (Renault	
  et	
  al.,	
  2004b).	
  

When	
   germ	
   cells	
   lack	
  Wunens,	
   they	
   cannot	
   receive	
   the	
   survival	
   factor	
   and	
  

they	
   die.	
   Similarly,	
   on	
   overexpression	
   of	
  Wunens	
   in	
   the	
   soma,	
   the	
   germ	
   cells	
   are	
  

unable	
  to	
  compete	
  with	
  the	
  somatic	
  Wunens	
  for	
  the	
  substrate,	
  again	
  leading	
  to	
  germ	
  

cell	
   death.	
   However,	
   when	
   the	
   soma	
   is	
   depleted	
   of	
   wunens	
   while	
   the	
   germ	
   cell	
  

wunens	
   is	
   intact,	
   the	
   substrate	
   is	
   present	
   for	
   internalization	
  by	
   the	
   germ	
  cells	
   but	
  

there	
   is	
   no	
   longer	
   a	
   gradient	
   of	
   the	
   lipid	
   phosphate,	
   causing	
   the	
   germ	
   cells	
   to	
  

mismigrate	
   into	
   other	
   tissues.	
   	
   Moreover,	
   there	
   is	
   a	
   also	
   competition	
   for	
   the	
  

substrate	
  between	
  the	
  germ	
  cells	
  as	
  well,	
  helping	
  them	
  to	
  individualize	
  and	
  remain	
  

separate	
  (Renault	
  et	
  al.,	
  2010).	
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Figure	
  1.6:	
  Model	
  showing	
  the	
  role	
  

of	
   wunens	
   in	
   germ	
   cell	
   migration	
  

and	
  survival	
  (Renault	
  et	
  al.,	
  2004b)	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Although	
   this	
   model	
   provides	
   a	
   compelling	
   explanation	
   of	
   the	
   germ	
   cell	
  

migration	
  and	
  survival	
  phenotypes	
  associated	
  with	
  changes	
  in	
  wunen	
  levels	
  in	
  both	
  

germ	
  and	
   somatic	
   cells,	
   there	
   are	
   still	
   some	
  points	
   left	
   unexplained.	
   First,	
  what	
   is	
  

this	
   lipid	
   phosphate	
   substrate?	
   Though	
   Wunens	
   can	
   cleave	
   a	
   number	
   of	
   lipid	
  

phosphates	
  in	
  vitro,	
  its	
  in	
  vivo	
  substrate	
  is	
  still	
  unknown.	
  It	
  is	
  also	
  not	
  known	
  which	
  

tissues	
   produce	
   and	
   release	
   this	
   substrate	
   helping	
   to	
   make	
   the	
   gradient.	
   The	
  

mechanism	
   of	
   germ	
   cell	
   death,	
   due	
   to	
   the	
   lack	
   of	
   survival	
   factor,	
   is	
   also	
   not	
  

understood.	
  It	
  has	
  been	
  shown	
  that	
  wunen	
  related	
  germ	
  cell	
  death	
  is	
  reaper,	
  hid	
  or	
  

grim	
  (pro-­‐apoptotic	
  Drosophila	
  genes)	
  independent	
  (Renault	
  et	
  al.,	
  2004b)	
  and	
  that	
  

these	
  cells	
  don’t	
  stain	
  positively	
  for	
  active	
  caspase-­‐3	
  (Hanyu-­‐Nakamura	
  et	
  al.,	
  2004).	
  

Therefore,	
  germ	
  cell	
  death	
  occurs	
  through	
  an	
  apoptosis-­‐independent	
  mechanism.	
  

	
  

1.3.5	
  Differential	
  localization	
  of	
  mammalian	
  LPPs	
  	
  

	
   LPPs	
   are	
   transmembrane	
   proteins	
   which	
   can	
   localize	
   to	
   various	
   cellular	
  

compartments	
   within	
   the	
   cell,	
   including	
   plasma	
   membrane,	
   and	
   intracellular	
  

membranes	
  like	
  the	
  endoplasmic	
  reticulum	
  and	
  Golgi	
  apparatus	
  (Sigal	
  et	
  al.,	
  2005).	
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Many	
  studies	
  (a	
  few	
  described	
  below)	
  show	
  LPP	
  localization	
  to	
  be	
  dynamic	
  and	
  cell-­‐

type	
  specific.	
  

	
  

 	
  Ecto-­activity	
  of	
  LPPs	
  

	
   A	
  key	
  example	
  of	
  this	
  is	
  the	
  endogenously	
  expressed	
  LPP1	
  in	
  cultured	
  human	
  

platelets.	
  Exposure	
  to	
  LPA,	
  leads	
  to	
  plasma	
  membrane	
  localization	
  of	
  LPP1	
  in	
  these	
  

cells.	
  Degradation	
  of	
  extracellular	
  LPA	
  by	
  LPP1	
  leads	
  to	
  decreased	
  signaling	
  through	
  

the	
  LPA-­‐receptors,	
  preventing	
  platelet	
  aggregation	
  (Smyth	
  et	
  al.,	
  2003).	
  

	
   3T3F442A	
  preadipocytes	
   express	
   high	
   levels	
   of	
   LPP1	
   and	
   LPP3,	
   and	
   require	
  

their	
  ecto-­‐activity	
  to	
  regulate	
  differentiation.	
  Similar	
  to	
  the	
  platelets,	
  the	
  LPP	
  activity	
  

is	
   required	
   to	
   control	
   extracellular	
   levels	
   of	
   LPA	
   to	
   regulate	
   preadipocyte	
  

proliferation	
   (Simon	
   et	
   al.,	
   2002).	
   Interestingly,	
   on	
  differentiation	
   into	
   adipocytes,	
  

these	
   cells	
   reduce	
   their	
   LPP	
   expression	
   by	
   80%	
   (Simon	
   et	
   al.,	
   2002).	
   Therefore	
  

demonstrating	
   the	
   regulated	
   ecto-­‐phosphatase	
   activity	
   during	
   adipose	
   tissue	
  

development.	
  

	
   In	
   another	
   cell-­‐type,	
   human	
   endothelial	
   cells,	
   ecto-­‐LPP1	
   activity	
  

dephosphorylates	
  extracellular	
  S1P,	
  to	
  aid	
  uptake	
  of	
  sphingosine	
  by	
  these	
  cells.	
  This	
  

is	
   then	
   reconverted	
   to	
   S1P	
  by	
   intracellular	
   sphingosine	
  kinase	
  1	
   (SK1)	
   to	
   activate	
  

internal	
  signaling	
  cascades	
  (Barzik	
  et	
  al.,	
  2005).	
  	
  

	
  

 Intracellular	
  LPP	
  activity	
  	
  

	
   LPPs	
  acting	
  inside	
  the	
  cells	
  can	
  regulate	
  cell	
  signaling	
  by	
  altering	
  the	
  balance	
  

between	
  a	
  lipid	
  and	
  its	
  phosphorylated	
  form.	
  The	
  activity	
  of	
  LPP2	
  on	
  phospholipase-­‐

D	
  (PLD)-­‐derived	
  phosphatidic	
  acid	
  (PA),	
  and	
  LPP3	
  on	
  S1P	
  can	
  regulate	
  the	
  balance	
  

between	
   cell	
   survival	
   and	
   apoptosis	
   in	
   Chinese	
   hamster	
   ovary	
   (CHO)	
   cells	
  

(Riechmann	
  et	
  al.,	
  1998).	
  	
  Endogenous	
  LPP3,	
  seen	
  during	
  rest	
  phase	
  in	
  cytoplasmic	
  

vesicles	
   in	
   CHO	
   cells,	
   translocates	
   to	
   the	
   perinuclear	
   compartment	
   upon	
   agonists	
  

induced	
  activation	
  of	
  PLD	
  (Riechmann	
  et	
  al.,	
  1998).	
  

	
   In	
  cultured	
  migrating	
  fibroblasts,	
   it	
  has	
  been	
  demonstrated	
  that	
  LPA	
  induced	
  

LPA-­‐receptor	
   activity	
   is	
   required	
   for	
   LPP1	
   control	
   of	
   PA	
   formation	
   to	
   inhibit	
  

fibrolast	
   migration.	
   Overexpression	
   of	
   LPP1	
   in	
   these	
   cells	
   prevents	
   LPA-­‐induced	
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fibroblast	
  migration	
   but	
   does	
   not	
   decrease	
   extracellular	
   LPA	
   levels,	
   indicating	
   an	
  

intracellular	
  requirement	
  of	
  LPP1	
  activity	
  (Pilquil	
  et	
  al.,	
  2006).	
  

	
   	
  

	
   Therefore	
   the	
   subcellular	
   localization	
   of	
   LPPs	
   is	
   key	
   to	
   their	
   physiological	
  

roles.	
   In	
   Drosophila	
   it	
   is	
   not	
   known	
   where	
   the	
   Wunens	
   elicit	
   their	
   phosphatase	
  

activity	
  to	
  aid	
  germ	
  cell	
  migration.	
  Although	
  the	
  model	
  of	
  Wunen	
  activity	
  is	
  based	
  on	
  

its	
  ecto-­‐catalytic	
  activity,	
  there	
  is	
  no	
  conclusive	
  proof	
  of	
  it	
  being	
  required	
  at	
  the	
  cell	
  

surface.	
  

	
  

1.4	
  Gonad	
  Morphogenesis	
  

	
  

	
   For	
   the	
   germ	
   cells	
   to	
   reach	
   their	
   ultimate	
   fate	
   as	
   gametes,	
   they	
   need	
  

supporting	
   somatic	
   cells.	
   These	
   cells,	
   called	
   the	
   somatic	
   gonadal	
   precursor	
   (SGP)	
  

cells,	
   are	
   formed	
   bilaterally	
   in	
   the	
   mesoderm	
   as	
   three	
   separate	
   clusters	
   in	
  

parasegments	
  (PS)	
  10,	
  11	
  and	
  12	
  (Brookman	
  et	
  al.,	
  1992b),	
  in	
  embryonic	
  stage	
  10.	
  A	
  

fourth	
  ‘male-­‐specific’	
  SGP	
  (msSGP)	
  cluster	
  is	
  specified	
  at	
  this	
  stage	
  in	
  PS13	
  in	
  both	
  

sexes,	
  but	
  is	
  eventually	
  lost	
  in	
  the	
  females	
  and	
  maintained	
  only	
  in	
  males	
  (DeFalco	
  et	
  

al.,	
  2003).	
  	
  
	
   After	
  splitting	
  into	
  two	
  bilateral	
  clusters	
  the	
  germ	
  cells	
  make	
  contact	
  with	
  the	
  

SGPs	
  (Boyle	
  and	
  DiNardo,	
  1995).	
  Following	
  contact	
  formation,	
  at	
  stage	
  13	
  the	
  SGPs	
  

extend	
  cytoplasmic	
  processes	
  to	
  surround	
  and	
  individualize	
  the	
  germ	
  cells	
  (Fig	
  1.7)	
  

in	
  a	
  process	
  called	
  ‘ensheathment’	
  (Jenkins	
  et	
  al.,	
  2003).	
   	
  Simultaneously,	
  the	
  three	
  

SGP	
  clusters	
  along	
  with	
  the	
  ensheathed	
  germ	
  cells	
  fuse	
  to	
  form	
  an	
  elongated	
  gonad	
  

(Boyle	
   and	
   DiNardo,	
   1995;	
   Jenkins	
   et	
   al.,	
   2003).	
   Subsequently,	
   the	
   gonad	
  

commences	
   its	
   process	
   of	
   ‘compaction’	
   and	
   begins	
   to	
   round	
   up.	
   At	
   stage	
   14	
   the	
  

msSGP	
  cluster	
  joins	
  the	
  compacting	
  gonad,	
  and	
  by	
  stage	
  15	
  the	
  embryonic	
  gonad	
  is	
  

formed	
  in	
  PS10	
  and	
  appears	
  as	
  a	
  round,	
  tight	
  ball-­‐like	
  structure	
  (Boyle	
  and	
  DiNardo,	
  

1995).	
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Figure	
   1.7:	
   Schematic	
  

representation	
   of	
  

gonad	
   formation.	
   In	
  

red:	
   SGPs,	
   purple:	
  

msSGPs,	
   green:	
   germ	
  

cells,	
   the	
   lines	
   drawn	
  

denote	
   PS10-­‐13.	
   The	
  

SGPs,	
   which	
   are	
  

specified	
   in	
   3	
   separate	
  

clusters	
   in	
   PS10-­‐12	
  

and	
   an	
   additional	
  

male-­‐specific	
   cluster	
  

(msSGPs)	
   in	
   PS13,	
  

make	
   contact	
   with	
   the	
  

germ	
   cells	
   at	
   stage	
   12.	
  

By	
   stage	
   13,	
   these	
  

separate	
   clusters	
   of	
  

SGPs	
   fuse	
   to	
   form	
   a	
  

contiguous	
   tissue.	
  

Simultaneously,	
   the	
  

SGPs	
  at	
   this	
  stage	
  send	
  

out	
   cytoplasmic	
  

protrusions	
   to	
  

ensheath	
   the	
   germ	
  

cells	
   and	
   by	
   stage	
   15	
  

the	
  two	
  cell	
  types	
  have	
  

come	
  together	
  to	
   form	
  the	
  embryonic	
  gonad.	
  Only	
   following	
  compaction	
  do	
  the	
  msSGPs	
  fuse	
  at	
   the	
  

posterior	
  of	
  gonad.	
  
	
  

	
   By	
  this	
  time,	
  the	
  gonads	
  are	
  already	
  sexually	
  dimorphic.	
  The	
  msSGPs,	
  which	
  go	
  

on	
  to	
  form	
  the	
  terminal	
  epithelium	
  in	
  the	
  adult	
  testis	
  (Tokuyasu,	
  1974),	
  are	
  present	
  

only	
   in	
   the	
   male	
   gonads.	
   Another	
   sex-­‐specific	
   cell	
   type	
   is	
   the	
   pigment	
   cells,	
   also	
  

found	
  in	
  the	
  male	
  gonads	
  first	
  around	
  late	
  embryonic	
  stage	
  17	
  (DeFalco	
  et	
  al.,	
  2008),	
  

and	
  thought	
   to	
  be	
  required	
   for	
   testis	
  morphogenesis	
   in	
  pupal	
  stages	
  (Nanda	
  et	
  al.,	
  

PS13

PS12

PS11

PS10

Stage12

Stage13

Stage15

Contact Formation

SGP cluster fusion,
PGC Ensheathment

Gonad Coalescence
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2009).	
   The	
   anterior-­‐most	
   SGPs	
   in	
   the	
  male	
   embryonic	
   gonad	
   form	
   the	
   ‘hub	
   cells’,	
  

which	
   in	
   turn	
   signal	
   to	
   the	
   anterior	
   most	
   germ	
   cells	
   in	
   the	
   gonad	
   to	
   form	
   the	
  

germline	
  stem	
  cells	
  (GSCs)	
  (Le	
  Bras	
  and	
  Van	
  Doren,	
  2006).	
  While	
  in	
  males,	
  the	
  first	
  

signs	
  of	
  spermatogenesis	
  begins	
  by	
  the	
  first	
  larval	
  stage	
  (Aboïm	
  1945)(Le	
  Bras	
  and	
  

Van	
  Doren,	
  2006),	
  whereas	
  by	
  contrast	
  the	
  female	
  germline	
  niche	
  formation	
  doesn’t	
  

begin	
  until	
  the	
  late	
  third	
  instar	
  larval	
  stage	
  (King,	
  1970).	
  	
  

	
  

1.4.1	
  Genes	
  involved	
  in	
  SGP	
  specification	
  

	
   SGPs	
  arise	
  from	
  the	
  dorsolateral	
  mesoderm	
  (Brookman	
  et	
  al.,	
  1992b;	
  Mainieri	
  

et	
   al.,	
   2006).	
   Correct	
   SGP	
   specification	
   therefore	
   requires	
   proper	
   mesodermal	
  

specification.	
  The	
  mesoderm	
  starts	
  differentiating	
  into	
  different	
  derivatives	
  at	
  stage	
  

10.	
   This	
   can	
   be	
   observed	
   with	
   the	
   exclusive	
   dorso-­‐lateral	
   expression	
   of	
   a	
  

combination	
   of	
   genes	
   including	
   tinman,	
   bagpipe	
   (Azpiazu	
   and	
   Frasch,	
   1993),	
   and	
  

zinc	
   finger	
  homeodomain-­1	
   (zfh1)	
  (Broihier	
  et	
  al.,	
  1998),	
   from	
  where	
  the	
  SGPs	
  will	
  

arise.	
  

	
   Although	
   zfh1	
   expression	
   can	
   be	
   seen	
   earlier	
   in	
   the	
   mesoderm,	
   it	
   is	
  

upregulated	
  in	
  the	
  gonadal	
  mesoderm	
  from	
  stage	
  10	
  (Broihier	
  et	
  al.,	
  1998).	
  	
  tinman	
  

(tin)	
  expression	
  is	
  also	
  restricted	
  to	
  the	
  dorsal	
  mesoderm	
  in	
  this	
  stage	
  (Azpiazu	
  and	
  

Frasch,	
   1993).	
   	
   Mutants	
   lacking	
   both	
   tin	
   and	
   zfh1	
   have	
   no	
   SGPs,	
   however	
   single	
  

mutants	
  of	
  either	
  of	
  these	
  genes	
  still	
  have	
  some	
  SGPs	
  (Broihier	
  et	
  al.,	
  1998).	
  

	
   Following	
  proper	
  dorsolateral	
  mesoderm	
  specification,	
   the	
  SGPs	
  also	
  need	
  to	
  

be	
   specified	
   in	
   clusters	
   within	
   this	
   region.	
   Two	
   homeotic	
   genes,	
   abdA	
   and	
   abdB,	
  

work	
   together	
   in	
   specifying	
   the	
   4	
   clusters	
   of	
   SGPs.	
  While	
   abdA	
   is	
   expressed	
   in	
   a	
  

gradient,	
   its	
  highest	
   level	
  of	
  expression	
   is	
   in	
   the	
  PS10	
  and	
  11	
  (Karch	
  et	
  al.,	
  1990).	
  

This	
   expression	
   then	
   leads	
   to	
   specification	
   of	
   the	
   anterior	
   SGPs	
   (Brookman	
   et	
   al.,	
  

1992b).	
  abdB,	
   on	
   the	
   other	
   hand,	
   is	
   expressed	
   highest	
   in	
   PS13-­‐14	
   (Delorenzi	
   and	
  

Bienz,	
   1990),	
   hence	
   specifying	
   the	
   posterior	
   SGPs	
   (Brookman	
   et	
   al.,	
   1992b).	
  

Consistent	
  with	
  the	
  expression	
  patterns,	
  in	
  abdA	
  mutants	
  there	
  are	
  no	
  anterior	
  SGPs	
  

formed	
  and	
  the	
  4th	
  cluster	
  of	
  SGP	
  derived	
  from	
  PS13	
  dies	
  in	
  the	
  absence	
  of	
  the	
  gonad	
  

(DeFalco	
   et	
   al.,	
   2008),	
   and	
   abdB	
   mutants	
   lack	
   posterior	
   SGPs.	
   Moreover,	
   ectopic	
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expression	
  of	
  these	
  genes	
  can	
  lead	
  to	
  generation	
  of	
  SGPs	
  at	
  the	
  expense	
  of	
  fat	
  body,	
  

indicating	
   their	
   instructive	
   nature	
   in	
   SGP	
   specification	
   (Boyle	
   and	
  DiNardo,	
   1995;	
  

Moore	
  et	
  al.,	
  1998b;	
  Riechmann	
  et	
  al.,	
  1998).	
  

	
   Another	
   gene,	
   clift	
   (cli)/eyes	
   absent	
   (eya),	
   is	
   expressed	
   strongly	
   in	
   the	
   SGP	
  

clusters	
   by	
   stage	
   11,	
   and	
   is	
   a	
   useful	
   maker	
   for	
   SGPs	
   (Boyle	
   and	
   DiNardo,	
   1995).	
  

While	
  eya	
  is	
  not	
  required	
  for	
  SGP	
  specification,	
  its	
  expression	
  is	
  needed	
  to	
  maintain	
  

SGP	
   fate.	
   In	
   eya	
  mutants,	
   the	
   SGPs	
   are	
   lost	
   soon	
   after	
   they	
   are	
   specified,	
   and	
   the	
  

germ	
  cells	
   scatter	
   at	
   the	
  posterior	
  of	
   the	
   embryo	
   (Boyle	
   et	
   al.,	
   1997).	
   Yet	
   another	
  

early	
   expressing	
  marker	
   in	
   the	
  SGPs	
   is	
   the	
   retrotransposon	
  412	
   (Brookman	
  et	
   al.,	
  

1992b).	
   It	
   is	
  expressed	
  at	
  high	
   levels	
   in	
  PS10-­‐12	
  at	
   stage	
  11,	
  and	
   its	
  expression	
   is	
  

maintained	
   in	
   the	
   SGPs	
   through	
   gonad	
   formation.	
   Although	
   expression	
   of	
  

transposable	
  elements	
  is	
  not	
  uncommon	
  in	
  the	
  gonad,	
  any	
  functional	
  significance	
  is	
  

unclear.	
  Nevertheless,	
  the	
  412	
  retrotransposon	
  has	
  proved	
  to	
  be	
  a	
  valuable	
  reagent	
  

aiding	
  the	
  study	
  of	
  SGPs.	
  

	
  

1.4.2	
  Genes	
  involved	
  in	
  SGP	
  cluster	
  fusion	
  

	
   At	
  stage	
  13,	
  the	
  three	
  separate	
  clusters	
  of	
  SGPs	
  must	
  fuse	
  together	
  to	
  form	
  one	
  

contiguous	
   tissue.	
   The	
   failure	
   of	
   this	
   process	
  will	
   lead	
   to	
   a	
   several	
   SGP-­‐germ	
   cell	
  

clumps,	
  but	
  no	
  functional	
  gonad	
  and	
  hence	
  sterility.	
  

	
   In	
  spite	
  of	
  the	
  importance	
  of	
  SGP	
  cluster	
  fusion,	
  few	
  genes	
  are	
  known	
  that	
  are	
  

required	
  for	
  or	
  regulate	
  this	
  process.	
  A	
  recent	
  screen	
  performed	
  by	
  (Weyers	
  et	
  al.,	
  

2011),	
   identified	
   several	
   mutants	
   which	
   show	
   a	
   defect	
   at	
   this	
   stage	
   of	
   gonad	
  

formation.	
   Mutations	
   in	
   two	
   genes,	
   three	
   rows	
   (thr)	
   and	
   pimples	
   (pim),	
   whose	
  

molecular	
   functions	
   are	
   not	
   known,	
   showed	
   what	
   was	
   described	
   as	
   fragmented	
  

gonads,	
  with	
  loosely	
  structured	
  SGPs,	
  possibly	
  due	
  to	
  loss	
  of	
  cell	
  adhesion.	
  The	
  role	
  

of	
  the	
  Slit/Robo	
  pathway	
  was	
  also	
  illustrated	
  in	
  this	
  screen.	
  Slit	
  is	
  a	
  secreted	
  ligand	
  

for	
   the	
   Robo-­‐family	
   receptors,	
   discovered	
   first	
   in	
   its	
   role	
   in	
   axonal	
   path	
   finding	
  

(Brose	
   et	
   al.,	
   1999).	
   There	
   are	
   3	
   Robo	
   receptors	
   in	
  Drosophila,	
   Robo,	
   Robo2	
   (or	
  

Leak)	
  and	
  Robo3,	
  and	
  loss	
  of	
  function	
  of	
  any	
  of	
  these	
  receptors	
  led	
  to	
  SGP	
  fusion	
  and	
  

compaction	
   defects	
   (Weyers	
   et	
   al.,	
   2011).	
   As	
   expected,	
   slit	
   mutants	
   also	
   display	
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similar	
  defects.	
  Robo	
  is	
  localized	
  at	
  SGP-­‐PGC	
  junctions,	
  while	
  Robo2	
  is	
  seen	
  at	
  both	
  

SGP-­‐germ	
  cell	
  and	
  SGP-­‐SGP	
  junctions	
  (Weyers	
  et	
  al.,	
  2011).	
  However,	
  no	
  Slit	
  protein	
  

was	
   detected	
   in	
   the	
   vicinity	
   of	
   the	
   SGPs.	
   Therefore	
   the	
   source	
   of	
   the	
   Slit	
   ligand	
  

remains	
  unknown	
  and	
  whether	
  it	
  provides	
  directional	
  or	
  permissive	
  signals	
  to	
  the	
  

Robo-­‐receptors	
  in	
  the	
  gonads	
  is	
  unclear.	
  	
  

	
  

1.4.3	
  Genes	
  involved	
  in	
  SGP	
  ensheathment	
  

	
   Ensheathment	
  of	
  the	
  germ	
  cells	
  is	
  achieved	
  through	
  the	
  cytoplasmic	
  processes	
  

extended	
  by	
   the	
   SGPs	
   around	
   the	
   germ	
   cells,	
   to	
   individualize	
   them	
   (Jenkins	
   et	
   al.,	
  

2003).	
  	
  A	
  transcription	
  factor,	
  Traffic	
  Jam	
  (TJ),	
  is	
  expressed	
  in	
  the	
  SGPs	
  around	
  stage	
  

12-­‐13,	
   and	
   is	
   required	
   for	
   proper	
   ensheathment	
   to	
   occur	
   (Li	
   et	
   al.,	
   2003).	
   In	
   tj	
  

mutants	
   the	
   SGPs	
   are	
   specified	
   and	
   undergo	
   cluster	
   fusion,	
   however,	
   they	
   do	
   not	
  

individualize	
   the	
   germ	
   cells.	
   This	
   leads	
   to	
   reduced	
   germ	
   cell	
   proliferation	
   in	
   later	
  

stages,	
   and	
  hence	
  adult	
   sterility	
   (Li	
   et	
   al.,	
   2003).	
  The	
  ovarian	
   follicle	
   cells	
  of	
   adult	
  

female	
  tj	
  mutants	
  show	
  increased	
  DE-­‐cad	
  levels	
  (Li	
  et	
  al.,	
  2003),	
  and	
  it	
  is	
  not	
  known	
  

where	
  this	
  is	
  the	
  case	
  in	
  the	
  embryonic	
  gonads	
  of	
  these	
  mutants.	
  

	
   Another	
  gene,	
  raw,	
  was	
  also	
   recently	
   shown	
   to	
  be	
  required	
   in	
   the	
  process	
  of	
  

germ	
   cell	
   ensheathment	
   (Weyers	
   et	
   al.,	
   2011;	
   Jemc	
   et	
   al.,	
   2012).	
   Similar	
   to	
   tj	
  

mutants,	
  raw	
  mutants	
  also	
  show	
  SGP	
  ensheathment	
  defects.	
  Raw,	
  whose	
  molecular	
  

function	
  is	
  not	
  unknown,	
  works	
  by	
  negatively	
  regulating	
  JNK	
  signaling,	
  downstream	
  

of	
  which	
  cell-­‐adhesion	
  molecules	
  like	
  DE-­‐cad	
  and	
  Arm	
  (β-­‐catenin)	
  are	
  regulated.	
  In	
  

raw	
   mutants,	
   Arm,	
   is	
  mislocalized	
   away	
   from	
   the	
   cell	
   surface	
   (Jemc	
   et	
   al.,	
   2012).	
  

Moreover,	
  over-­‐expression	
  of	
  DE-­‐cad	
  in	
  the	
  Drosophila	
  gonad	
  is	
  sufficient	
  to	
  rescue	
  

the	
  ensheathment	
  phenotype	
  (Jemc	
  et	
  al.,	
  2012).	
  Therefore,	
  cell-­‐adhesion	
  molecules	
  

appear	
  to	
  be	
  central	
  to	
  proper	
  gonad	
  formation.	
  

	
  

1.4.4	
  Genes	
  involved	
  in	
  gonad	
  compaction	
  and	
  coalescence	
  

	
   On	
  successful	
  completion	
  of	
  the	
  initial	
  stages	
  of	
  germ	
  cell-­‐SGP	
  interaction	
  and	
  

cluster	
   fusion,	
   the	
   two	
  cell	
   types	
   involved	
  must	
   compact	
   themselves	
   into	
  a	
   round,	
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tight	
  structure.	
  The	
  role	
  of	
  cell	
  adhesion	
  molecules	
  is	
  of	
  great	
  importance	
  here	
  In	
  the	
  

gonads,	
  DE-­‐Cad	
   is	
  expressed	
  both	
  by	
  the	
  germ	
  cells	
  and	
  the	
  SGPs,	
  and	
   localized	
  to	
  

their	
  site	
  of	
  contact	
  (Tepass	
  et	
  al.,	
  1996;	
  Jenkins	
  et	
  al.,	
  2003).	
  Mutants	
  in	
  shg	
  show	
  

compaction	
  and	
  ensheathment	
  defects.	
  Moreover,	
  in	
  these	
  mutants	
  the	
  msSGPs	
  fail	
  

to	
   join	
   the	
  gonad	
   in	
   later	
   stages	
   (Jenkins	
   et	
   al.,	
   2003).	
  A	
   gene	
  encoding	
  a	
   zinc	
   ion	
  

transporter,	
  fear	
  of	
  intimacy	
  (foi),	
  exhibits	
  similar	
  gonadal	
  defects	
  (Van	
  Doren	
  et	
  al.,	
  

2003).	
   It	
   was	
   demonstrated	
   that	
   Foi	
   functions	
   upstream	
   of	
   DE-­‐cad,	
   to	
   post-­‐

transcriptionally	
   regulate	
   its	
   levels	
   in	
   germ	
   cells	
   and	
   SGPs	
   but	
   not	
   msSGPs	
  

(Mathews	
   et	
   al.,	
   2006).	
   Recently,	
   a	
   role	
   of	
   Enabled	
   (Ena),	
   an	
   actin	
   regulator,	
  was	
  

revealed	
   in	
   gonad	
   coalescence,	
   also	
   through	
   the	
   regulation	
   of	
   DE-­‐cad	
   localization	
  

(Sano	
  et	
  al.,	
  2012).	
  	
  
Table	
  1.2:	
  Genes	
  required	
  in	
  the	
  various	
  steps	
  of	
  gonad	
  formation,	
  with	
  their	
  molecular	
  function.	
  

Gene	
   Molecular	
  Function	
   Role	
  in	
  Gonad	
  
Formation	
  

zinc	
  finger	
  homeodomain1	
  
(zfh1)	
  

Transcription	
  factor	
   SGP	
  specification	
  

tinman	
  (tin)	
   Transcription	
  factor	
   SGP	
  specification	
  
abdominal	
  A,	
  B	
  (abdA,	
  
abdB)	
  

Transcription	
  factor	
   SGP	
  specification	
  

clift	
  (cli)/eyes	
  absent	
  (eya)	
   Transcription	
  factor	
   SGP	
  specification	
  
three	
  rows	
  (thr)	
   Unknown	
   SGP	
  cluster	
  fusion	
  
pimples	
  (pim)	
   Unknown	
   SGP	
  cluster	
  fusion	
  
roundabout,	
  roundabout	
  
2,	
  3	
  (robo,	
  robo2,	
  robo3)	
  

Cell	
  surface	
  receptor	
   SGP	
  cluster	
  fusion,	
  
Compaction	
  

slit	
  (sli)	
   Robo	
  ligand	
   SGP	
  cluster	
  fusion,	
  
Compaction	
  

Traffic	
  jam	
  (tj)	
   Transcription	
  factor	
   SGP	
  ensheathment	
  
raw	
   Unknown	
   SGP	
  ensheathment	
  
armadillo	
  (arm)	
   β-­‐catenin	
   SGP	
  ensheathment	
  and	
  

coalescence	
  
Drosophila	
  E-­cadherin	
  
(DE-­cad)/shotgun	
  (shg)	
  

Adhesion	
  molecule	
   SGP	
  ensheathment	
  and	
  
coalescence	
  

fear	
  of	
  intimacy	
  (foi)	
   Zinc	
  ion	
  transporter	
   SGP	
  coalescence	
  
enabled	
  (ena)	
   Actin	
  regulator	
   SGP	
  coalescence	
  
	
  

	
   Although	
  a	
  number	
  of	
  genes	
  are	
  known	
  to	
  play	
  a	
  role	
  in	
  the	
  process	
  of	
  gonad	
  

morphogenesis	
  (summarized	
  in	
  Table	
  1.2),	
  it	
  is	
  clear	
  that	
  many	
  genes	
  remain	
  to	
  be	
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identified.	
   The	
   regulation	
   of	
   DE-­‐cad	
   has	
   been	
   studied	
   in	
   some	
   depth,	
   but	
   the	
  

mechanism	
  of	
  action	
  of	
  many	
  of	
  the	
  remaining	
  genes	
  is	
  unresolved.	
  Understanding	
  

how	
   this	
   genetic	
   network	
   is	
   regulated	
   and	
   interacts	
   to	
   effect	
   gonad	
   formation	
  

remains	
  a	
  major	
  challenge.	
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2.1	
  Investigation	
  of	
  the	
  site	
  of	
  Wunen2	
  activity	
  required	
  in	
  

the	
  germ	
  cells	
  for	
  their	
  survival	
  

	
  
	
  

Overexpressed	
  Wunens	
  in	
  somatic	
  cells	
  have	
  been	
  reported	
  to	
  be	
  largely	
  cell	
  

surface	
  localized	
  in	
  insect	
  cell	
  lines	
  and	
  Drosophila	
  mesodermal	
  cells	
  (Starz-­‐Gaiano	
  

et	
   al.,	
   2001;	
   Burnett	
   and	
   Howard,	
   2003).	
   These	
   observations	
   have	
   prompted	
   the	
  

assumption	
  that	
  in	
  the	
  current	
  model	
  of	
  the	
  role	
  of	
  Wunens	
  in	
  germ	
  cell	
  migration	
  

and	
  survival	
  (Fig	
  1.8),	
  Wunens	
  are	
  acting	
  at	
  the	
  cell	
  surface.	
  However,	
  presence	
  of	
  

cytoplasmic	
   Wunens	
   can	
   be	
   clearly	
   seen	
   in	
   these	
   cell	
   types.	
   Therefore,	
   it	
   is	
  

important	
   to	
   study	
   the	
   localization	
   of	
  Wunens	
   in	
   germ	
   cells,	
   which	
   has	
   not	
   been	
  

examined	
  so	
  far.	
  

	
  

2.1.1	
  Endogenous	
  Wun2	
  localizes	
  to	
  the	
  plasma	
  membrane	
  of	
  pericardial	
  cells	
  

To	
  look	
  at	
  the	
  endogenous	
  subcellular	
  localization	
  of	
  Wun2,	
  a	
  Wun2	
  antibody	
  

was	
  used	
  to	
  stain	
  wild	
  type	
  and	
  wun2	
  null	
  embryos.	
  The	
  most	
  prominent	
  expression	
  

in	
   wild	
   type	
   embryos	
   was	
   in	
   the	
   heart.	
   The	
   Drosophila	
   heart	
   is	
   a	
   linear	
   organ	
  

comprising	
   of	
   two	
   rows	
   of	
   cardioblasts	
   surrounded	
   on	
   either	
   side	
   by	
   a	
   row	
   of	
  

pericardial	
   cells.	
   	
   In	
  particular,	
  Wun2	
  expression	
  was	
  seen	
   in	
   the	
  pericardial	
   cells,	
  

but	
  not	
  the	
  cardioblasts	
  (Fig	
  2.1).	
  	
  Two	
  lines	
  of	
  evidence	
  suggested	
  that	
  this	
  staining	
  

represented	
  genuine	
  Wun2	
  expression:	
  1)	
  because	
  no	
  such	
  staining	
  was	
  observed	
  in	
  

wun2∆	
  embryos,	
  a	
  RNA	
  null	
  mutant	
   (Hanyu-­‐Nakamura	
  et	
  al.,	
  2004).	
   	
   	
   	
   	
   	
   	
   	
   	
  2)	
  wun2	
  

mRNA	
   is	
   highly	
   expressed	
   in	
   pericardial	
   cells	
   (Renault	
   et	
   al.,	
   2002a).	
   Wun2	
   was	
  

localized	
   primarily	
   on	
   the	
   cell	
   surface,	
   co-­‐localizing	
   with	
   alpha-­‐spectrin,	
   which	
  

marks	
  the	
  plasma	
  membrane	
  (Fig	
  2.1	
  A’,	
  yellow	
  arrow	
  heads).	
  

However,	
  germ	
  cells	
  were	
  not	
  strongly	
  stained	
  using	
  this	
  antibody	
  in	
  spite	
  of	
  

high	
  levels	
  of	
  wun2	
  mRNA	
  present	
  in	
  the	
  germ	
  cells	
  at	
  stage	
  5	
  (Renault	
  et	
  al.,	
  2002a)	
  

which	
   endures	
   until	
   stage	
   10	
   (A.	
   Mukherjee,	
   unpublished	
   results).	
   	
   This	
   lack	
   of	
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staining	
  is	
  possibly	
  due	
  to	
  lower	
  levels	
  of	
  Wun2	
  expression	
  or	
  the	
  deeper	
  position	
  of	
  

the	
  germ	
  cells	
  within	
  the	
  embryo,	
  as	
  compared	
  to	
  the	
  heart,	
  making	
  staining	
  more	
  

difficult.	
  

	
  

Figure	
  2.1:	
  Endogenous	
  Wun2	
  signal	
  in	
  the	
  embryonic	
  heart	
  using	
  a	
  Wun2	
  antibody.	
  	
  The	
  heart	
  can	
  

be	
  visualized	
  as	
  two	
  rows	
  of	
  cardioblasts	
  (white	
  arrows)	
  and	
  two	
  rows	
  of	
  pericardial	
  cells	
  (white	
  

arrow	
  heads)	
  on	
  either	
  side.	
  In	
  wild	
  type	
  hearts	
  (A,	
  A’),	
  Wun2	
  (green)	
  expression	
  can	
  be	
  detected	
  in	
  

the	
  pericardial	
  cells	
  (B’,	
  yellow	
  arrow	
  head)	
  co-­‐localizing	
  with	
  the	
  cell	
  membrane	
  marker	
  alpha-­‐

spectrin	
  (red).	
  In	
  wun2∆	
  mutants	
  (B,	
  B’)	
  however,	
  no	
  Wun2	
  signal	
  could	
  be	
  detected.	
  Scale	
  bar:	
  10µm.	
  

	
  

	
  

2.1.2	
  Wun2	
  protein	
  shows	
  tag-­specific	
  localization	
  in	
  germ	
  cells	
  

To	
   address	
   the	
   question	
   of	
   the	
   localization	
   of	
   Wun2	
   in	
   germ	
   cells,	
   tagged	
  

versions	
   of	
   the	
   protein	
  were	
   used.	
  While	
   a	
   functional	
  Myc-­‐tagged	
  wun2	
   construct	
  

was	
  already	
  available,	
  a	
  GFP-­‐tagged	
  form	
  was	
  synthesized	
  and	
  expressed	
  in	
  flies	
  for	
  

this	
  study.	
  Both	
  UASwun2-­myc	
  and	
  UASwun2-­GFP,	
  were	
  expressed	
  specifically	
  in	
  the	
  

germ	
  cells	
  using	
  the	
  nosGal4	
  driver.	
  Antibodies	
  against	
  the	
  respective	
  tags	
  were	
  then	
  

used	
  to	
  visualize	
  their	
  localization	
  in	
  germ	
  cells	
  of	
  stage	
  10-­‐11	
  migrating	
  germ	
  cells.	
  

This	
   is	
   the	
   stage	
   where	
   Wun2	
   activity	
   is	
   required	
   for	
   germ	
   cell	
   migration	
   and	
  

survival.	
  	
  

Compared	
  to	
  the	
  ubiquitous	
  intracellular	
  presence	
  of	
  the	
  control	
  GFP	
  protein	
  

(Fig	
   2.2	
   A,	
   A’),	
   expression	
   of	
   Wun2GFP	
   was	
   observed	
   as	
   a	
   ring	
   surrounding	
   the	
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cytoplasmic	
   Vasa	
   protein	
   (Fig	
   2.2	
   B,	
   B’).	
   This	
   demonstrates	
   a	
   plasma	
   membrane	
  

localization	
  of	
  the	
  GFP-­‐tagged	
  Wun2.	
  

The	
   localization	
  of	
   the	
  Myc-­‐tagged	
  protein	
  was,	
   in	
   contrast,	
   observed	
   to	
  be	
  

mostly	
   intracellular.	
   Wun2myc	
   largely	
   co-­‐localized	
   with	
   Vasa,	
   however,	
   some	
  

protein	
  could	
  be	
  detected	
  on	
  the	
  surface	
  of	
  the	
  germ	
  cells	
  (Fig	
  2.2	
  C,	
  C’).	
  

The	
   GFP	
   and	
  Myc	
   tags	
   gave	
   conflicting	
   results	
   as	
   to	
   the	
   localization	
   of	
   the	
  

Wun2	
  protein.	
  	
  To	
  determine	
  if	
  GFP	
  tagged	
  Wun2	
  was	
  functional,	
  this	
  construct	
  was	
  

used	
  to	
  rescue	
  the	
  death	
  of	
  wun	
  wun2	
  null	
  germ	
  cells.	
  (Fig	
  2.2	
  E).	
  While	
  in	
  wild	
  type,	
  

an	
   average	
   of	
   20	
   germ	
   cells	
  were	
   observed	
   per	
   embryo	
   at	
   stage	
   13,	
   this	
   number	
  

decreased	
  drastically	
  in	
  embryos	
  lacking	
  maternal	
  wunens.	
  On	
  re-­‐expressing	
  either	
  

Wun2GFP	
  or	
  Wun2myc	
  in	
  the	
  germ	
  cells	
  of	
  these	
  mutants	
  using	
  nosGal4,	
  germ	
  cell	
  

number	
   increased	
  back	
   to	
  wild-­‐type	
   levels.	
  Therefore	
  GFP	
  tagged	
  Wun2	
   is	
  equally	
  

functional	
   as	
   the	
   Myc	
   tagged	
   version,	
   in	
   spite	
   of	
   their	
   disparate	
   patterns	
   of	
  

localization.	
  Therefore	
   these	
  data	
  do	
  not	
  pinpoint	
   the	
   site	
  where	
  Wun2	
  activity	
   is	
  

required.	
  

To	
   avoid	
   possible	
   tag	
   related	
   artifacts,	
   I	
   overexpressed	
   un-­‐tagged	
  Wun2	
   in	
  

germ	
   cells	
   using	
   the	
  nosGal4	
   driver	
   and	
   line	
  EP2650,	
   a	
   UAS	
   containing	
   P-­‐element	
  

insertion	
   upstream	
   of	
   wun2.	
   	
   On	
   using	
   the	
   Wun2	
   antibody,	
   the	
   overexpressed	
  

untagged	
  Wun2	
  was	
  detected	
  at	
  the	
  plasma	
  membrane	
  of	
  germ	
  cells	
  (Fig	
  2.2	
  D,	
  D’).	
  

In	
   addition,	
   intracellular	
   concentrations	
   of	
  Wun2	
  were	
   often	
  noted	
   in	
   the	
   form	
  of	
  

puncta	
  in	
  the	
  germ	
  cells	
  (Fig	
  2.2	
  D’,	
  yellow	
  arrowheads).	
  Overall	
  therefore,	
  the	
  GFP	
  

tagged	
  construct	
  behaves	
  most	
  similarly	
  to	
  the	
  untagged	
  protein	
  with	
  both	
  showing	
  

the	
  cell	
   surface	
  as	
   the	
  prominent	
  site	
  of	
  accumulation,	
  which	
   likely	
  represents	
   the	
  

site	
  of	
  action.	
  However,	
  given	
  that	
  Wunens	
  must	
  traffic	
   to	
  the	
  cell	
  surface,	
  and	
  the	
  

observed	
   intracellular	
   puncta,	
   it	
   cannot	
   be	
   excluded	
   that	
   Wunens	
   are	
   active	
   in	
  

intracellular	
  vesicles.	
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Figure	
   2.2:	
   Localization	
  

and	
   functionality	
   of	
  

tagged	
  Wun2.	
   A-­‐D:	
   germ	
  

cells	
   of	
   nosGal4	
   females	
  

crossed	
   to	
   males	
  

carrying	
   the	
   specified	
  

UAS	
   constructs.	
   A	
   germ	
  

cell-­‐specific	
   marker,	
  

Vasa,	
   is	
   in	
   red	
   and	
   the	
  

antibodies	
   used	
   against	
  

the	
   tags	
   or	
  Wun2	
   are	
   in	
  

green.	
   Compared	
   to	
   the	
  

ubiquitous	
   presence	
   of	
  

GFP	
   in	
   UAS-­GFP	
  

expressing	
  germ	
  cells	
  (A,	
  

A’),	
   Wun2GFP	
   (B,	
   B’)	
  

localizes	
   to	
   the	
   cell	
  

membrane	
   of	
   germ	
   cells.	
  

Wun2myc	
   (C,	
   C’)	
   on	
   the	
  

other	
   hand	
   is	
   largely	
  

cytoplasmic	
   with	
   some	
  

cell	
   surface	
   localization.	
  

Untagged	
   Wun2	
  

expressed	
   from	
   the	
  

EP2650	
   line	
   (D,	
   D’),	
   is	
  

largely	
   cell	
   surface	
  

localized,	
   with	
   a	
   few	
  

intense	
   cytoplasmic	
  

puncta	
   (yellow	
   arrow	
  

heads).	
   Scale	
   bar:	
   10µm.	
  

The	
  graph	
   (E)	
   shows	
   the	
  

average	
   germ	
   cell	
  

number	
   at	
   stage	
   13	
   in	
  

embryos	
   from	
  wun	
  wun2	
  

M-­‐	
   mutants	
   expressing	
   various	
   UAS	
   rescue	
   constructs.	
   In	
   spite	
   of	
   the	
   differential	
   localization	
   of	
  

Wun2GFP	
  and	
  Wun2myc,	
  both	
  are	
  equally	
  capable	
  of	
  rescuing	
  germ	
  cell	
  death	
  in	
  these	
  mutants. Error 

bars show the standard error, and ‘n’ represents number of embryos scored.	
  



Results	
  

	
   28	
  

	
  

2.1.3	
  Using	
  TEV	
  protease	
  to	
  reveal	
  the	
  site	
  of	
  Wun2	
  activity	
  

To	
   distinguish	
   between	
   the	
   cell	
   surface	
   and	
   intracellular	
   compartments	
   as	
  

the	
   sites	
   critical	
   for	
   Wunen	
   activity,	
   a	
   different	
   approach	
   was	
   taken.	
   The	
   TEV	
  

(tobacco	
   etch	
   virus)	
   protease	
   has	
   been	
   used	
   previously	
   to	
   cleave	
   proteins	
  

intracellularly	
   in	
  Drosophila	
  among	
  other	
  systems	
  (Harder	
  et	
  al.,	
  2008;	
  Pauli	
  et	
  al.,	
  

2008;	
   Svendsen	
   et	
   al.,	
   2009;	
   Formaz-­‐Preston	
   et	
   al.,	
   2012).	
   	
   The	
   TEV	
   protease	
  

recognizes	
  a	
  7	
  amino	
  acid	
  motif	
   (Glu-­‐Asn-­‐Leu-­‐Tyr-­‐Phe-­‐Gln-­‐Gly),	
  hereafter	
  referred	
  

to	
  simply	
  as	
  a	
  tev-­‐site,	
  and	
  cleaves	
  between	
  Gln	
  and	
  Gly	
  (Greig	
  and	
  Akam,	
  1995).	
  	
  

Therefore	
  a	
  TEV	
  protease	
  cleavable	
  form	
  of	
  Wun2	
  was	
  synthesized.	
  A	
  tev-­‐site	
  

was	
  inserted	
  in	
  the	
  3rd	
  loop	
  of	
  Wun2,	
  facing	
  the	
  luminal	
  or	
  extracellular	
  domain	
  (Fig	
  

2.3).	
  The	
  tev-­‐site	
  was	
  placed	
  between	
  the	
  two	
  catalytic	
  domains	
  (Fig	
  2.3,	
  C1	
  and	
  C2)	
  

contained	
  within	
   this	
   loop.	
  Exposure	
  of	
   the	
  cleavable	
   form	
  of	
  Wun2	
  (Wun2tev)	
   to	
  

the	
  TEV	
  protease	
  should	
  lead	
  to	
  cleavage	
  at	
  the	
  tev-­‐site.	
  This	
  would	
  presumably	
  lead	
  

to	
   the	
   separation	
   of	
   the	
   two	
   catalytic	
   domains,	
   rendering	
   the	
   Wun2	
   enzyme	
  

catalytically	
   inactive.	
   Given	
   that	
  Wun2	
   catalytic	
   activity	
   is	
   required	
   for	
   germ	
   cell	
  

survival	
  (Starz-­‐Gaiano	
  et	
  al.,	
  2001),	
  the	
  TEV	
  cleaved	
  enzyme	
  would	
  not	
  be	
  expected	
  

to	
  be	
  functional	
  and	
  should	
  not	
  be	
  able	
  to	
  rescue	
  the	
  germ	
  cell	
  death	
  of	
  germ	
  cells	
  

lacking	
  wunens.	
  	
  

In	
  order	
  to	
  be	
  able	
  to	
  test	
  the	
  cell	
  surface	
  activity	
  of	
  Wun2,	
  a	
  secretable	
  form	
  

of	
   the	
  TEV	
  protease	
  was	
  kindly	
  provided	
  by	
  Reinhard	
  Schuh	
   (MPI	
   for	
  Biophysical	
  

Chemistry,	
  Göttingen).	
  This	
  UAS-­‐promoter	
  driven	
   transgene	
   contained	
  a	
  wingless-­‐

signal	
   peptide	
   (wgSP)	
   to	
   enable	
   secretion	
   of	
   the	
   protease	
   outside	
   the	
   cell,	
   and	
   a	
  

mCherry-­‐tag	
  to	
  verify	
  expression	
  and	
  localization.	
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Figure	
   2.3:	
   Schematic	
   representation	
   of	
   TEV	
   protease	
   cleavage	
   of	
   Wun2tev.	
   	
   The	
   inducible	
   UAS	
  

promoter	
  leads	
  to	
  the	
  expression	
  of	
  the	
  TEV	
  protease	
  (blue),	
  which	
  is	
  tagged	
  with	
  mCherry	
  (orange)	
  

and	
   contains	
   a	
   wingless-­‐signal	
   peptide	
   (wgSP,	
   pink).	
   The	
   wgSP	
   enables	
   the	
   secretion	
   of	
   the	
   TEV	
  

protease	
   outside	
   of	
   the	
   cell,	
   where	
   it	
   can	
   cleave	
   at	
   the	
   7-­‐animo	
   acid	
   (ENLYFQG)	
   recognition	
   site	
  

(green)	
   in	
   the	
   3rd	
   loop	
   of	
  Wun2	
  between	
   its	
   two	
   catalytic	
   domains,	
   C1	
   and	
  C2	
   (red).	
   	
   This	
   should	
  

render	
  the	
  enzyme	
  inactive	
  and	
  block	
  its	
  ability	
  to	
  rescue	
  the	
  death	
  of	
  wunen	
  null	
  germ	
  cells.	
  

	
  

2.1.4	
  The	
  region	
  of	
  tev-­site	
  insertion	
  is	
  relatively	
  unstructured	
  

The	
  Myc-­‐tagged	
   form	
  of	
  Wun2,	
  active	
  and	
  displaying	
  both	
   intracellular	
  and	
  

plasma	
   membrane	
   localization,	
   provided	
   a	
   good	
   system	
   to	
   test	
   the	
   intracellular	
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versus	
   the	
   cell	
   surface	
   requirement	
   of	
   Wun2	
   activity	
   using	
   the	
   TEV	
   protease.	
  

Therefore	
  the	
  tev-­‐site	
  was	
  inserted	
  in	
  Myc-­‐tagged	
  Wun2	
  (Wun2tevmyc).	
  

In	
  order	
  to	
  determine	
  a	
  suitable	
  location	
  of	
  the	
  tev-­‐site	
  insertion	
  in	
  the	
  Wun2	
  

protein	
  so	
  to	
  not	
  affect	
  its	
  activity,	
  PSIPRED,	
  a	
  bioinformatic	
  tool	
  available	
  from	
  the	
  

MPI	
   tool-­‐kit,	
   was	
   used.	
   This	
   tool	
   can	
   predict	
   the	
   secondary	
   structure	
   that	
   each	
  

amino	
   acid	
   of	
   a	
   protein	
   is	
   most	
   likely	
   to	
   be	
   involved	
   in	
   keeping	
   in	
   mind	
   the	
  

neighboring	
   amino	
   acids,	
   and	
   also	
   indicates	
   the	
   confidence	
   value	
   of	
   each	
   such	
  

prediction.	
  Using	
  this	
  tool	
  it	
  was	
  observed	
  that	
  the	
  region	
  between	
  the	
  two	
  catalytic	
  

domains	
  was	
  not	
  involved	
  in	
  any	
  complex	
  secondary	
  structure,	
  like	
  an	
  alpha	
  helix	
  or	
  

beta-­‐sheet.	
   The	
   amino	
   acids	
   around	
   the	
   tev-­‐insertion	
   site	
   were	
   predicted	
   to	
   be	
  

involved	
   in	
   forming	
   a	
   coil	
   structure	
   (Fig.	
   2.4),	
   the	
   disruption	
   of	
  which	
   should	
   not	
  

prove	
  detrimental	
  for	
  the	
  protein’s	
  activity.	
  

	
  

	
  
	
  

Figure	
  2.4:	
  A	
  representation	
  of	
  the	
  PSIPRED	
  results,	
  showing	
  the	
  predicted	
  secondary	
  structure	
  that	
  

each	
  amino	
  acid	
  in	
  the	
  3rd	
  loop	
  of	
  Wun2	
  is	
  involved	
  in.	
  The	
  last	
  row	
  shows	
  the	
  amino	
  acid	
  sequence	
  

of	
   Wun2,	
   the	
   middle	
   row	
   indicates	
   the	
   predicted	
   secondary	
   structure	
   (H=helix,	
   E=beta	
   strand,	
  

C=coil),	
  and	
  the	
  top	
  row	
  shows	
  the	
  confidence	
  value	
  allotted	
  to	
  each	
  prediction	
  (0=low,	
  9=high).	
  The	
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two	
   catalytic	
   domains	
   in	
   this	
   loop	
   are	
   highlighted	
   in	
   red	
   and	
   the	
   region	
   between	
   the	
   first	
   two	
  

catalytic	
  domains	
  is	
  highlighted	
  in	
  purple.	
  The	
  arrow	
  indicates	
  the	
  point	
  of	
  insertion	
  of	
  the	
  tev-­‐site.	
  It	
  

can	
  be	
  seen	
  that	
  the	
  amino	
  acids	
  around	
  these	
  regions	
  are	
  predicted	
  with	
  a	
  high	
  confidence	
  value	
  to	
  

be	
  involved	
  in	
  a	
  coil	
  structure.	
  

	
  

2.1.5	
  Wun2	
  with	
  a	
  tev-­cleavage	
  site	
  insertion	
  is	
  functional	
  

Following	
   these	
   bioinformatic	
   predictions,	
   the	
   tev-­‐site	
   was	
   inserted	
   into	
  

wun2myc,	
  forming	
  wun2-­tev-­myc,	
  using	
  overlap	
  extension	
  PCR.	
  In	
  parallel,	
  a	
  control	
  

without	
  the	
  tev	
  site	
  (wun2-­con-­myc),	
  was	
  synthesized	
  in	
  the	
  same	
  manner	
  as	
  wun2-­

tev-­myc.	
   The	
   two	
   constructs	
   were	
   then	
   cloned	
   into	
   the	
   pTW	
   Gateway	
   vector	
  

containing	
  a	
  UAS	
  promoter	
  upstream	
  of	
  the	
  insertion	
  site.	
  Sequencing	
  the	
  Gateway	
  

clones	
   revealed	
   that	
   the	
   integrity	
   of	
   the	
  wun2	
   gene	
   was	
   maintained	
   through	
   the	
  

cloning	
   process	
   and	
   the	
   tev-­‐site	
   was	
   successfully	
   inserted	
   in	
   the	
   desired	
   location	
  

(Fig.	
  2.5).	
  

	
  
Figure	
   2.5:	
   Sequencing	
   data	
   from	
   the	
   wild	
   type	
   (upper	
   line)	
   and	
   tev	
   site	
   containing	
   (lower	
   line)	
  

Wun2	
  constructs.	
  The	
  blue	
  highlighted	
  sequences	
  are	
  those	
  of	
  wun2	
  where	
  as	
  the	
  green	
  highlighted	
  

sequences	
   indicate	
   the	
   inserted	
   tev	
   site.	
   The	
   sequencing	
   also	
   showed	
   that	
   the	
   reading	
   frame	
  was	
  

preserved.	
  

	
  

To	
   test	
   if	
   the	
   tev-­‐site	
   containing	
   Wun2	
   retained	
   its	
   functionality	
   in	
   vivo,	
  

nosGal4	
  was	
  used	
  to	
  express	
  either	
  the	
  UASwun2-­con-­myc	
  or	
  the	
  UASwun2-­tev-­myc	
  

transgene	
  in	
  wun	
  wun2	
  maternal	
  mutants.	
  	
  Both	
  constructs	
  were	
  equally	
  capable	
  of	
  

rescuing	
   the	
   germ	
   cell	
   death	
   in	
   these	
   embryos	
   indicating	
   that	
   Wun2tevmyc	
   was	
  

functional	
  and	
  therefore	
  retained	
  catalytic	
  activity	
  (Fig.	
  2.6).	
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Figure	
  2.6:	
  Graph	
  depicting	
  the	
  average	
  germ	
  cell	
  number	
  at	
  stage	
  13	
  in	
  embryos	
  from	
  wun	
  wun2	
  M-­‐	
  

mutants	
  expressing	
  various	
  UAS	
  rescue	
  constructs.	
  Driving	
  UASwun2-­tev-­myc	
  in	
  the	
  germ	
  cells	
  using	
  

the	
  nosGal4	
   driver	
   rescues	
  germ	
  cell	
  death	
  due	
   to	
   lack	
  of	
  wunens,	
   compared	
   to	
   those	
  expressing	
  a	
  

control	
  construct,	
  UASlacZ.	
  Moreover,	
  Wun2	
  with	
  a	
  tev-­‐site	
  rescues	
  to	
  the	
  same	
  extent	
  as	
  the	
  control	
  

Wun2	
  without	
   the	
   tev-­‐site.	
  Error bars show the standard error, and ‘n’ represents number of embryos 

scored.	
  

	
  

2.1.6	
  Using	
  the	
  nanos	
  promoter	
  to	
  ensure	
  expression	
  of	
  constructs	
  at	
  

physiological	
  levels	
  	
  

Although	
   the	
  nosGal4	
   driven	
   expression	
   is	
   also	
   restricted	
   only	
   to	
   the	
   germ	
  

cells,	
  the	
  UAS-­‐Gal4	
  is	
  an	
  overexpression	
  system,	
  which	
  would	
  lead	
  to	
  the	
  production	
  

of	
  overwhelming	
  amounts	
  of	
  the	
  protein.	
  Therefore,	
  to	
  ensure	
  the	
  germ	
  cell	
  specific	
  

expression	
   of	
   the	
   wun2tevmyc	
   at	
   physiological	
   levels,	
   the	
   wun2	
   constructs	
   were	
  

transferred	
   to	
   a	
   nos	
   expression	
   vector.	
   This	
   vector	
   contains	
   a	
   nos	
   promoter,	
   a	
  

gateway	
  cloning	
  site	
  and	
  nos	
  3'UTR,	
  the	
  latter	
  being	
  sufficient	
  to	
  localize	
  transcripts	
  

to	
  the	
  posterior	
  of	
  the	
  embryo	
  and	
  hence	
  be	
  incorporated	
  into	
  germ	
  cells.	
  This	
  shift	
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to	
   the	
  nos	
  expression	
  cassette	
  also	
  allows	
   for	
   the	
  usage	
  of	
   the	
  UAS-­‐Gal4	
  system	
  to	
  

later	
  express	
  the	
  TEV	
  protease.	
  	
  	
  

Transgenic	
   flies	
   expressing	
   wun2(con/tev)myc	
   under	
   the	
   nos	
   promoter	
  

(nos>wun2(con/tev)myc)	
   were	
   checked	
   for	
   detectable	
   transgene	
   expression.	
   On	
  

using	
  an	
  antibody	
  against	
   the	
  Myc-­‐tag,	
  both	
  Wun2conmyc	
  and	
  Wun2tevmyc	
  could	
  

be	
  detected	
  in	
  the	
  migrating	
  germ	
  cells	
   in	
  stage	
  10-­‐11	
  embryos.	
  The	
  expression	
  of	
  

the	
   transgene	
  was	
   restricted	
   to	
   the	
   germ	
  cells	
   (Fig	
  2.7,	
  A,	
  A’	
  B,	
  B’).	
  Moreover,	
   the	
  

subcellular	
   localization	
   of	
   these	
   Myc	
   tagged	
   proteins	
   were	
   similar	
   to	
   the	
   pattern	
  

using	
   a	
   nosGal4	
   driver	
   (Fig	
   2.2	
   C,	
   C’):	
   largely	
   cytoplasmic	
   and	
   some	
   plasma	
  

membranous.	
  

	
  
Figure	
   2.7:	
  

Germ	
   cell	
  

expression	
  of	
  the	
  

constructs	
   under	
  

the	
   nos	
  

promoter.	
   Both	
  

Wun2conmyc	
  (A,	
  

A’)	
   and	
  

Wun2tevmyc	
   (B,	
  

B’),	
  visualized	
  by	
  

using	
   an	
  

antibody	
   against	
  

the	
   Myc-­‐tag	
  

(green),	
  co-­‐localize	
  primarily	
  with	
  cytoplasmic	
  Vasa	
  (red).	
  Some	
  plasma	
  membranous	
  presence	
  can	
  

also	
  be	
  observed	
  beyond	
  the	
  Vasa	
  signal.	
  Scale	
  bar:	
  10µm.	
  
	
  

2.1.7	
  Germ	
  cells	
  do	
  not	
  show	
  high	
  levels	
  of	
  endocytosis	
  	
  

The	
  germ	
  cells	
  spend	
  the	
  majority	
  of	
  their	
  migratory	
  route	
  in	
  the	
  mesoderm.	
  

Therefore	
   to	
   maximize	
   the	
   exposure	
   time	
   of	
   the	
   germ	
   cell	
   Wun2tevmyc	
   to	
   the	
  

protease,	
   the	
   latter	
  was	
  expressed	
  (from	
  a	
  UASwgmcherryTEV	
  construct)	
  using	
  the	
  

pan-­‐mesodermal	
  driver	
  twistGal4	
  (twiGAl4).	
  Due	
  to	
  the	
  wgSP	
  at	
  its	
  N-­‐terminus,	
  the	
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TEV	
   protease	
   would	
   then	
   be	
   secreted	
   out	
   of	
   the	
   mesodermal	
   cells	
   and	
   into	
  

extracellular	
  spaces,	
  and	
  could	
  further	
  be	
  visualized	
  due	
  to	
  its	
  mCherry-­‐tag.	
  

	
  

However,	
   it	
   could	
   be	
   possible	
   that	
   the	
  migrating	
   germ	
   cells	
   internalize	
   the	
  

secreted	
   protease,	
   hence	
   making	
   it	
   difficult	
   to	
   differentiate	
   between	
   cleavage	
   of	
  

Wun2tevmyc	
  present	
  at	
  the	
  germ	
  cell	
  surface	
  and	
  of	
  that	
  present	
  within	
  the	
  cell.	
  To	
  

address	
   this,	
   we	
   imaged	
   germ	
   cells	
  migrating	
   through	
   the	
  mesoderm	
   of	
   embryos	
  

expressing	
   secretable	
  mCherry-­‐tagged	
  TEV	
   protease.	
   The	
   germ	
   cells	
  were	
   imaged	
  

for	
  the	
  presence	
  of	
  mCherry	
  inside	
  the	
  germ	
  cells.	
  As	
  a	
  control,	
  migrating	
  germ	
  cells	
  

were	
  imaged	
  in	
  embryos	
  expressing	
  a	
  non-­‐secretable	
  mCherry	
  (UASmcherrymoesin)	
  

in	
  the	
  mesoderm.	
  

As	
   expected,	
   no	
  mCherry	
   signal	
   could	
   be	
   detected	
   in	
   the	
   germ	
   cells	
   in	
   the	
  

mCherryMoesin	
  expressing	
  embryos	
  (Fig	
  2.8	
  A,	
  A’).	
  Moreover,	
  similar	
  to	
  the	
  control,	
  

although	
   the	
   germ	
   cells	
   were	
   surrounded	
   by	
  mCherryTEV	
   expressing	
   cells,	
   there	
  

was	
  no	
  detectable	
  protease	
  in	
  the	
  cytoplasm	
  of	
  the	
  germ	
  cells	
  (Fig	
  2.8	
  B,	
  B’).	
  Hence	
  it	
  

is	
  unlikely	
  that	
  the	
  germ	
  cells	
  internalize	
  the	
  secreted	
  protease.	
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Figure	
   2.8:	
   Germ	
   cells	
   do	
   not	
   uptake	
   secreted	
   TEV	
   protease:	
   Migrating	
   germ	
   cells	
   (green)	
   in	
  

twiGal4>UASmcherrymoesin	
   (A,	
   A’),	
   or	
   twiGal4>UASwgmcherryTEV	
   embryos	
   (B,	
   B’)	
   have	
   no	
  

detectable	
  mCherry	
  signal	
  (red)	
  in	
  their	
  cytoplasm.	
  Scale	
  bar:	
  10µm.	
  
	
  

	
  

2.1.8	
  Mesodermal	
  expression	
  of	
  secreted	
  TEV	
  protease	
  reduces	
  the	
  ability	
  of	
  

Wun2tev	
  to	
  rescue	
  the	
  death	
  of	
  wunen	
  null	
  germ	
  cells	
  	
  

In	
  order	
   to	
   test	
   the	
   site	
  of	
  Wun2	
  activity	
   in	
  germ	
  cells,	
   it	
  was	
   important	
   to	
  

have	
  the	
  germ	
  cells	
  depend	
  entirely	
  on	
  the	
  cleavable	
  form	
  of	
  Wun2.	
  To	
  achieve	
  this,	
  

the	
   nos>wun2tevmyc	
   construct	
   was	
   introduced	
   into	
   mothers	
   that	
   lay	
   embryos	
  

lacking	
   endogenous	
   wunens.	
   Therefore	
   the	
   germ	
   cells	
   in	
   such	
   embryos	
   would	
  

receive	
  only	
  Wun2tevmyc	
  but	
  the	
  soma	
  however,	
  would	
  express	
  wunen	
  zygotically.	
  	
  

In	
   such	
   embryos	
   I	
   also	
   expressed	
   the	
   secretable	
   TEV	
   protease	
   specifically	
   in	
   the	
  

mesoderm	
  (Fig	
  2.9).	
  

I	
  reasoned	
  that	
   if	
  Wun2	
  was	
  required	
  on	
  the	
  surface	
  of	
  the	
  germ	
  cells,	
   then	
  

the	
   cleavable	
  Wun2	
  would	
  be	
   cleaved	
   and	
   rendered	
   inactive	
  by	
   the	
  TEV	
  protease	
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present	
   in	
   the	
  extracellular	
   spaces.	
  Due	
   to	
   this,	
   the	
  germ	
  cells	
  would	
  be	
  unable	
   to	
  

dephosphorylate	
   the	
   lipid	
   survival	
   factor,	
   leading	
   to	
  germ	
  cell	
  death.	
  On	
   the	
  other	
  

hand,	
  if	
  Wun2	
  is	
  required	
  intracellularly,	
  the	
  TEV	
  protease	
  would	
  not	
  have	
  access	
  to	
  

the	
  cleavable	
  Wun2	
  inside	
  the	
  cell,	
  hence	
  lipid	
  dephosphorylation	
  would	
  still	
  occur	
  

and	
  germ	
  cells	
  would	
  survive	
  (Fig	
  2.9).	
  

	
  
Figure	
  2.9:	
  The	
  nos	
  promoter	
  drives	
  the	
  expression	
  of	
  the	
  cleavable	
  form	
  of	
  wun2	
  (nos>wun2tev)	
  in	
  

germ	
  cells	
   (green)	
   lacking	
  endogenous	
  wunens	
   (wun	
  wun2	
  M-­‐).	
  The	
   soma	
  expresses	
   the	
   secretable	
  

TEV	
  protease	
  (red)	
  in	
  the	
  mesoderm	
  (twiGal4>UASwgmCherryTEV).	
  The	
  secreted	
  protease	
  can	
  act	
  on	
  

the	
  cell	
  surface	
  Wun2tev	
  (+)	
  but	
  the	
  intracellular	
  Wun2tev	
  is	
  protected	
  from	
  TEV	
  protease	
  cleavage	
  

(-­‐)	
  If	
  Wun2	
  is	
  required	
  at	
  the	
  cell	
  surface,	
  then	
  the	
  inactivated	
  Wun2tev	
  at	
  the	
  cell	
  surface	
  would	
  lead	
  

to	
  germ	
  cell	
  death.	
  But	
  germ	
  cells	
  would	
  survive	
  if	
  they	
  require	
  only	
  intracellular	
  Wun2	
  activity.	
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Germ	
   cell	
   numbers	
   were	
   scored	
   in	
   wun	
   wun2	
   M-­‐	
   embryos	
   from	
  

nos>wun2tevmyc	
   and	
   nos>wun2conmyc	
   containing	
   mothers.	
   Several	
   independent	
  

insertions	
  of	
  each	
  transgene	
  were	
  tested.	
  Firstly,	
  although	
  the	
  nos>wun2tevmyc	
  and	
  

nos>wun2conmyc	
   did	
   rescue	
   germ	
   cell	
   death,	
   unlike	
   on	
   overexpression	
   with	
   the	
  

nosGal4	
   (Fig	
  2.6),	
   the	
  rescue	
  was	
  partial	
  and	
  wild	
  type	
  number	
  of	
  germ	
  cells	
  were	
  

not	
  observed.	
  Moreover,	
  the	
  two	
  nos>wun2conmyc	
  lines,	
  line#1	
  and	
  line#2,	
  showed	
  

germ	
  cell	
  numbers	
  of	
  12	
  and	
  8,	
  respectively,	
  indicating	
  that	
  there	
  are	
  insertion	
  line	
  

specific	
  differences	
  (Fig	
  2.10),	
  most	
  likely	
  due	
  to	
  differing	
  expression	
  levels.	
  

	
  
Figure	
  2.10:	
  Graph	
  depicting	
  the	
  average	
  germ	
  cell	
  number	
  at	
  stage	
  13	
  in	
  embryos	
  from	
  wun	
  wun2	
  
M-­‐	
  mutants	
  expressing	
  various	
  nos	
  driven	
  rescue	
  constructs.	
  On	
  the	
  X-­‐axis,	
  the	
  expression	
  of	
  the	
  TEV	
  

protease	
  is	
  denoted	
  as	
  ‘–‘	
  for	
  absent	
  and	
  ‘+’	
  for	
  present.	
  Further,	
  the	
  different	
  germ	
  cell	
  genotype	
  in	
  

each	
  case	
  is	
  denoted,	
  keeping	
  in	
  mind	
  that	
  in	
  all	
  cases	
  somatic	
  wunen	
  expression	
  is	
  normal.	
  The	
  nos	
  

driven	
  wun-­‐con	
  as	
  well	
  as	
  wun2-­tev	
   insertion	
  lines	
  rescue	
  germ	
  cell	
  death	
  seen	
  on	
  complete	
  lack	
  of	
  

wunen	
  in	
  germ	
  cells,	
  but	
  not	
  back	
  to	
  wild	
  type	
  levels.	
  However,	
  on	
  expressing	
  the	
  TEV	
  protease,	
  there	
  

is	
  no	
  significant	
  (n.s.)	
  difference	
  in	
  rescue	
  of	
  the	
  two	
  control	
  lines	
  when	
  compared	
  to	
  absence	
  of	
  the	
  

protease	
  (p-­‐value	
  of	
  0.25	
  for	
  wun2con	
  line#1	
  and	
  p-­‐value	
  of	
  0.25	
  for	
  wun2con	
  line#2	
  by	
  Student	
  T-­‐

test).	
  The	
  wun2-­tev	
  insertion	
  lines,	
  in	
  contrast,	
  show	
  a	
  highly	
  significant	
  difference	
  (p-­‐value	
  of	
  3.6	
  E-­‐

08	
  for	
  wun2tev	
  line#1	
  and	
  p-­‐value	
  of	
  1.06	
  E-­‐06	
  for	
  wun2tev	
  line#2)	
  between	
  the	
  rescue	
  levels	
  with	
  

or	
  without	
  the	
  protease.	
  Error bars show the standard error, and ‘n’ represents number of embryos scored.	
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Similar	
   to	
   the	
   control	
   lines,	
   the	
   two	
   nos>wun2tevmyc	
   lines	
   #1	
   and	
   #2,	
  

showed	
   germ	
   cell	
   numbers	
   of	
   8	
   and	
   7,	
   respectively	
   (Fig	
   2.10).	
   Mesodermal	
  

expression	
  of	
  the	
  secreted	
  TEV	
  protease	
  resulted	
  in	
  significantly	
  reduced	
  germ	
  cell	
  

numbers	
  (by	
  Student	
  T-­‐test)	
  to	
  4	
  and	
  3	
  in	
  lines	
  #1	
  and	
  #2,	
  respectively	
  (Fig	
  2.10).	
  

The	
   control	
   lines	
   on	
   the	
   other	
   hand	
   showed	
   negligible	
   differences	
   in	
   germ	
   cell	
  

numbers	
   upon	
   expression	
   of	
   the	
   protease	
   (11	
   and	
   7	
   for	
   lines	
   #1	
   and	
   #2	
  

respectively).	
  

	
  

Therefore,	
   the	
   absence	
   or	
   the	
   presence	
   of	
   the	
   TEV	
   protease	
   did	
   not	
  

significantly	
   affect	
   the	
   ability	
   of	
   the	
   control	
   Wun2	
   to	
   rescue	
   germ	
   cell	
   death.	
  

However,	
  in	
  case	
  of	
  the	
  cleavable	
  form	
  of	
  Wun2,	
  the	
  expression	
  of	
  the	
  protease	
  lead	
  

to	
  a	
  substantial	
  decrease	
  in	
  germ	
  cell	
  number	
  with	
  an	
  average	
  reduction	
  of	
  4	
  germ	
  

cells	
  per	
  embryo.	
  This	
  highlights	
  the	
  difference	
  in	
  the	
  rescue	
  ability	
  of	
  Wun2-­‐tev	
  but	
  

not	
  Wun2-­‐con	
   upon	
   expression	
   of	
   the	
   TEV	
   protease,	
   and	
   is	
   consistent	
  with	
   a	
   cell	
  

surface	
  requirement	
  of	
  Wun2	
  catalytic	
  activity.	
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2.2	
  Analysis	
  of	
  EMS	
  mutants	
  showing	
  defective	
  gonad	
  

morphogenesis	
  

	
  

Gonad	
   morphogenesis	
   couples	
   the	
   end	
   of	
   germ	
   cell	
   migration	
   with	
   SGP	
  

specification,	
   and	
   the	
   following	
   interplay	
   between	
   the	
   two	
   cell	
   types	
   to	
   form	
   the	
  

gonad.	
  The	
  genetic	
  dissection	
  of	
   this	
   complex	
  process	
  can	
  be	
  performed	
  using	
   the	
  

powerful	
  tool	
  of	
  forward	
  genetic	
  screens.	
  	
  

	
  

2.2.1	
  Gonad	
  formation	
  mutants	
  showing	
  normal	
  early	
  germ	
  cell	
  migration	
  

In	
   a	
  mutagenesis	
   screen	
   using	
   ethyl	
  methanesulphonate	
   (EMS)	
   (Leal	
   et	
   al.,	
  

2009),	
   three	
  mutants	
  were	
   identified,	
  A44,	
  B23	
   and	
  C28,	
   all	
   exhibiting	
   a	
   defect	
   in	
  

gonad	
   formation.	
   The	
   screen	
  was	
   designed	
   to	
   uncover	
   both	
  maternal	
   and	
   zygotic	
  

effect	
   mutations.	
   The	
   A44	
   mutant	
   displays	
   a	
   maternal	
   effect	
   phenotype,	
   i.e.,	
   the	
  

phenotype	
  is	
  seen	
  in	
  the	
  offspring	
  only	
  when	
  the	
  mothers	
  are	
  homozygous	
  for	
  the	
  

mutation.	
  However,	
  since	
  the	
  A44	
   line	
  is	
  homozygous	
  lethal,	
  germ	
  line	
  clone	
  (GLC)	
  

females	
  have	
  to	
  be	
  used	
  in	
  order	
  to	
  see	
  the	
  phenotype.	
  The	
  other	
  two,	
  B23	
  and	
  C28,	
  

are	
  zygotic	
  mutants.	
  

Interestingly,	
  all	
  three	
  mutants	
  display	
  normal	
  germ	
  cell	
  migration:	
  at	
  stage	
  

11	
  the	
  germ	
  cells	
  move	
  into	
  the	
  mesoderm	
  (Fig.	
  2.11,	
  A1,	
  B1,	
  C1)	
  and	
  split	
  into	
  two	
  

bilateral	
  clusters	
  (data	
  not	
  shown),	
  at	
  stage	
  12	
  they	
  continue	
  their	
  migration	
  in	
  the	
  

mesoderm	
  (Fig.	
  2.11,	
  A2,	
  B2,	
  C2).	
  However,	
   in	
   the	
   following	
  stages,	
   the	
  germ	
  cells	
  

display	
   irregular	
   behavior;	
   at	
   stage	
   13,	
   the	
   germ	
   cells	
   don’t	
   align	
   in	
   a	
   row,	
   but	
  

instead	
  appear	
  scattered	
  (Fig.	
  2.11,	
  A3,	
  B3,	
  C3).	
  This	
  irregularity	
  is	
  amplified	
  in	
  later	
  

stages,	
   where	
   by	
   stage	
   15	
   the	
   germ	
   cells	
   don’t	
   always	
   come	
   together	
   to	
   form	
   a	
  

gonad,	
   but	
   are	
   instead	
   scattered	
   at	
   the	
   at	
   the	
   posterior	
   of	
   the	
   embryo,	
   clumped	
  

together	
  in	
  several	
  clusters,	
  or	
  form	
  an	
  uncompacted	
  gonad	
  (Fig.	
  2.11,	
  A4,	
  B4,	
  C4).	
  In	
  

spite	
  of	
  their	
  defects	
  in	
  gonad	
  formation,	
  all	
  three	
  mutants	
  show	
  no	
  apparent	
  gross	
  

morphological/patterning	
  defects	
  as	
  judged	
  by	
  gut	
  patterning.	
  However,	
  they	
  are	
  all	
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homozygous	
  lethal,	
  and	
  survive	
  only	
  until	
  late	
  embryonic	
  to	
  early	
  larval	
  stages,	
  with	
  

only	
  a	
  small	
  percentage	
  of	
  A44	
  mutant	
  larvae	
  developing	
  into	
  pupae.	
  

	
  

	
  
Figure	
   2.11:	
   Vasa-­‐labeled	
   germ	
   cells	
   in	
   three	
   mutants	
   displaying	
   gonad	
   formation	
   defects.	
   Early	
  

germ	
  cell	
  migration	
  at	
  stage	
  11	
  (A1-­‐D1),	
  and	
  stage12	
  (A2-­‐D2)	
  in	
  maternal	
  A44	
  (A1-­‐A4)	
  mutant,	
  B23	
  

(B1-­‐B4)	
  and	
  C28	
  (C1-­‐C4)	
  zygotic	
  mutants,	
  appear	
  normal	
  and	
  similar	
  to	
  wild	
  type	
  (D1-­‐D4).	
  At	
  stage	
  

13	
   (A3-­‐D3),	
   the	
   germ	
   cells	
   appear	
   more	
   scattered,	
   and	
   stage	
   15	
   (A4-­‐D4)	
   display	
   clear	
   defects	
   in	
  

gonad	
  formation	
  in	
  the	
  mutants.	
  

	
  

2.2.2	
  Mutants	
  display	
  normal	
  SGP	
  specification	
  

Since	
  staining	
  of	
  the	
  germ	
  cells	
  suggests	
  that	
  gonad	
  formation	
  is	
  defective	
  in	
  

the	
  three	
  isolated	
  mutants,	
  it	
  was	
  necessary	
  to	
  investigate	
  if	
  the	
  SGPs	
  were	
  specified.	
  

An	
  early	
  marker	
  of	
  SGP	
  specification	
   is	
   the	
  412	
   retrotransposon.	
   It	
   is	
  expressed	
   in	
  

broad	
  mesodermal	
  stripes	
  early	
  in	
  embryogenesis,	
  but	
  by	
  stage	
  11	
  it	
  is	
  maintained	
  

mostly	
   in	
   dorso-­‐lateral	
   clusters	
   in	
   the	
   mesoderm	
   (Brookman	
   et	
   al.,	
   1992a).	
   The	
  

embryos	
   of	
   the	
   three	
  mutants	
  were	
   subjected	
   to	
   fluorescent	
   in	
   situ	
   hybridization	
  

using	
  a	
  412	
  probe,	
  and	
  the	
  Vasa	
  antibody	
  was	
  used	
  at	
  the	
  same	
  time	
  to	
  visualize	
  the	
  

germ	
  cells.	
  In	
  wild	
  type	
  stage	
  12	
  embryos,	
  three	
  clusters	
  of	
  SGPs	
  could	
  be	
  observed	
  



Results	
  

	
   41	
  

(Fig.	
  2.12,	
  A,	
  white	
  arrow	
  heads)	
  making	
  contact	
  with	
  the	
  germ	
  cells.	
  Similar	
  to	
  wild	
  

type,	
   in	
   the	
  mutants,	
   3	
   distinct	
   clusters	
   of	
   SGPs	
  were	
   observed	
   (Fig.	
   2.12,	
   B,	
   C,	
  D,	
  

white	
   arrow	
   heads).	
   Moreover,	
   the	
   SGP	
   clusters	
   in	
   the	
   mutants	
   appeared	
   to	
  

establish	
   contact	
  and	
   interact	
  with	
   the	
  migrating	
  germ	
  cells.	
  This	
   implied	
   that	
   the	
  

early	
   steps	
  of	
   gonad	
   formation,	
   i.e.,	
   SGP	
   specification	
   and	
   contact	
   formation,	
  were	
  

normal	
  in	
  the	
  A44,	
  B23,	
  and	
  C28	
  mutants.	
  Additionally,	
  normal	
  germ	
  cell	
  migration	
  

and	
  SGP	
  specification	
  suggested	
  that	
  the	
  mesoderm	
  in	
  these	
  mutants	
  has	
  undergone	
  

proper	
  patterning.	
  

	
  

	
  	
  
Figure	
   2.12:	
   SGP	
   specification	
  

in	
   stage	
   12	
   mutant	
   embryos.	
  

SGPs	
   were	
   labeled	
   using	
   the	
  

412	
   probe	
   (red),	
   germ	
   cells	
  

were	
   labeled	
   using	
   the	
   Vasa	
  

antibody	
   (green),	
   and	
   the	
  

nuclei	
   were	
   stained	
   with	
   DAPI	
  

(blue).	
  Similar	
  to	
  wild	
  type	
  (A),	
  

where	
   three	
   clusters	
   of	
   SGPs	
  

are	
   observed	
   (white	
   arrow	
  

heads),	
   the	
   mutants	
   A44	
   (B),	
  

B23	
   (C)	
   and	
   C28	
   (D)	
   also	
  

showed	
   3	
   specified	
   clusters	
   of	
  

SGPs	
   (white	
   arrow	
   heads)	
  

making	
   contact	
   with	
   the	
   germ	
  

cells.	
  During	
  this	
  stage,	
  the	
  412	
  

labeling	
   can	
   also	
   be	
   seen	
   in	
  

other	
   mesodermal	
   clusters	
   (A,	
  

B)	
   besides	
   PS10-­‐13.	
   Scale	
   bar:	
  

50µm	
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2.2.3	
  At	
  later	
  stages	
  mutant	
  gonads	
  show	
  SGP-­related	
  defects	
  

In	
  the	
  mutants,	
  the	
  early	
  stage	
  SGPs	
  showed	
  competence	
  in	
  initiating	
  contact	
  

formation	
  with	
  the	
  germ	
  cells.	
  However,	
  since	
  the	
  germ	
  cells	
  at	
  stage	
  13	
  appeared	
  

dispersed	
   instead	
  of	
  being	
  aligned	
   in	
  a	
   line	
  (Fig	
  2.11,	
  A3,	
  B3,	
  C3),	
   this	
  suggested	
  a	
  

defect	
   in	
   SGP-­‐germ	
   cell	
   interaction	
   at	
   this	
   stage.	
   Therefore,	
   the	
   SGPs	
   in	
   the	
   three	
  

mutants	
  were	
  examined	
  at	
  the	
  later	
  stages	
  of	
  gonad	
  formation.	
  In	
  wild	
  type	
  stage	
  13	
  

embryos,	
   the	
   three	
  clusters	
  of	
  SGPs	
   fuse	
   into	
  one	
  contiguous	
   tissue	
   (Fig	
  2.13,	
  A1).	
  

Simultaneously,	
  the	
  cytoplasmic	
  protrusions	
  emanating	
  from	
  the	
  SGPs	
  ensheath	
  the	
  

germ	
  cells	
  and	
  individualize	
  them	
  (Fig	
  2.13,	
  A1).	
  In	
  the	
  mutants,	
  A44,	
  B23,	
  and	
  C28,	
  

however,	
  both	
  of	
  the	
  steps	
  of	
  SGP-­‐cluster	
  fusion,	
  and	
  germ	
  cell	
  ensheathment	
  by	
  the	
  

SGPs	
  at	
  stage	
  13	
  were	
  impaired.	
  In	
  most	
  occasions,	
  in	
  the	
  three	
  mutants,	
  minimally	
  

one	
  cluster	
  (typically,	
  but	
  not	
  necessarily,	
   the	
  anterior	
  cluster)	
  was	
  disjoined	
  from	
  

the	
   other	
   two	
   clusters	
   (Fig	
   2.13,	
   B1,	
   C1,	
  D1	
  white	
   arrow	
  heads).	
  Moreover,	
  many	
  

germ	
  cells	
  at	
  stage	
  13	
  were	
  scattered	
  and	
  found	
  to	
  be	
  not	
  associated	
  with	
  the	
  SGPs	
  

(Fig	
  2.13,	
  B1,	
  C1,	
  D1	
  yellow	
  arrow	
  heads).	
  	
  

At	
  stage	
  15,	
  while	
  the	
  wild	
  type	
  gonad	
  coalesced	
  into	
  a	
  tight	
  and	
  round	
  gonad	
  

(Fig	
  2.13,	
  A2),	
  the	
  mutant	
  gonads	
  appeared	
  abnormal.	
  The	
  earlier	
  lack	
  of	
  SGP	
  cluster	
  

fusion	
   or	
   ensheathment	
   was	
   not	
   overcome	
   with	
   time	
   (Fig	
   2.13,	
   B2,	
   C2,	
   D2),	
  

indicating	
  that	
  these	
  processes	
  were	
  defective	
  in	
  the	
  mutants,	
  and	
  not	
  caused	
  simply	
  

by	
   a	
  delay	
   in	
  development.	
  Moreover,	
   SGP	
   clusters	
   that	
  were	
  occupied	
  with	
   germ	
  

cells	
  did	
  not	
  appear	
  compacted.	
  Therefore	
  these	
  mutants	
  appear	
  to	
  display	
  defects	
  

in	
  many	
  of	
  the	
  SGP-­‐driven	
  processes	
  required	
  for	
  gonad	
  formation.	
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Figure	
  2.13:	
  Mutant	
  SGPs	
  in	
  later	
  stages	
  of	
  gonad	
  formation.	
  SGPs	
  were	
  labeled	
  using	
  the	
  412	
  probe	
  

(red),	
  germ	
  cells	
  were	
  labeled	
  using	
  the	
  Vasa	
  antibody	
  (green).	
  Wild	
  type	
  stage	
  13	
  gonad	
  (A1)	
  display	
  

fused	
  clusters	
  of	
  SGPs,	
  ensheathing	
  the	
  germ	
  cells.	
  In	
  the	
  mutants	
  A44	
  (B1),	
  B23	
  (C1)	
  and	
  C28	
  (D1)	
  

stage	
  13	
  embryos	
  however,	
  at	
  least	
  one	
  separate	
  cluster	
  of	
  SGP	
  can	
  be	
  seen	
  (white	
  arrow	
  head)	
  along	
  

with	
   further	
   scattered	
   germ	
   cells	
   (yellow	
   arrow	
   head).	
   Moreover,	
   while	
   the	
   wild	
   type	
   stage	
   15	
  

gonads	
  (A2)	
  appear	
  round	
  and	
  compact,	
  the	
  mutant	
  gonads	
  at	
  this	
  stage	
  (B2,	
  C2,	
  D2)	
  fail	
  to	
  compact	
  

with	
  scattered	
  SGP-­‐germ	
  cell	
  clumps.	
  Scale	
  bar:	
  10µm	
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2.2.4	
  Mesoderm	
  derived	
  tissues	
  are	
  fusion-­competent	
  in	
  the	
  mutants	
  

Although	
   SGP	
   specification	
   indicates	
   that	
   mesodermal	
   patterning	
   is	
   not	
  

grossly	
   disrupted,	
   the	
   observed	
   SGP	
   cluster	
   fusion	
   defect	
   in	
   the	
   mutants	
   could	
  

potentially	
  arise	
  due	
   to	
   lack	
  of	
   fusion-­‐competence	
   in	
  mesoderm-­‐derived	
   tissues	
   in	
  

general.	
   To	
   test	
   this,	
   a	
   Fasciclin	
   III	
   (FasIII)	
   antibody	
   was	
   used	
   to	
   visualize	
   the	
  

visceral	
  mesoderm,	
   which,	
   like	
   the	
   SGPs,	
   is	
   also	
   specified	
   in	
   clusters	
   in	
   the	
   early	
  

mesoderm.	
   These	
   clusters	
   must	
   fuse	
   over	
   the	
   course	
   of	
   development,	
   to	
   form	
   a	
  

single	
  contiguous	
  tissue,	
  to	
  eventually	
  surround	
  and	
  separate	
  the	
  gut	
  from	
  the	
  rest	
  

of	
   the	
   embryo	
   (Azpiazu	
   and	
   Frasch,	
   1993).	
   In	
  wild	
   type	
   embryos,	
   at	
   stage	
   13	
   the	
  

FasIII-­‐labeled	
  visceral	
  mesoderm	
  appeared	
  as	
  a	
  single	
  continuous	
   tissue	
  (Fig	
  2.14,	
  

A1	
  white	
  arrow),	
  and	
  by	
  stage	
  15	
  it	
  could	
  be	
  observed	
  as	
  a	
  thin	
  sheet	
  enveloping	
  the	
  

developing	
   gut	
   (Fig	
   2.14,	
   A2	
   white	
   arrow).	
   	
   In	
   A44,	
   B23,	
   and	
   C28	
   mutants,	
   the	
  

visceral	
  mesoderm	
  at	
  stage	
  13	
  (the	
  stage	
  when	
  SGP	
  cluster	
  fusion	
  would	
  normally	
  

occur)	
  formed	
  a	
  single	
  continuous	
  belt	
  of	
  tissue	
  and	
  was	
  indistinguishable	
  from	
  wild	
  

type	
  (Fig	
  2.14,	
  B1,	
  C1,	
  D1).	
  The	
  visceral	
  mesoderm	
  around	
  the	
  gut	
  continued	
  to	
  be	
  

intact	
   in	
   the	
   stage	
   15	
  mutant	
   embryos	
   (Fig	
   2.14,	
   B2,	
   C2,	
   D2).	
   These	
   observations	
  

support	
  the	
  notion	
  that	
  the	
  mesoderm	
  is	
  correctly	
  patterned	
  in	
  the	
  mutants,	
  but	
  also	
  

show	
  that	
  other	
  mesoderm-­‐derived	
  tissues	
  are	
  still	
  fusion	
  competent.	
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Figure	
  2.14:	
  Visceral	
  mesoderm	
  in	
  wild	
  type	
  and	
  mutant	
  embryos.	
  Wild	
  type	
  stage	
  13	
  embryos	
  (A1)	
  

display	
  a	
  coherent	
  and	
  continuous	
  FasIII-­‐labeled	
  (red)	
  visceral	
  mesoderm	
  (white	
  arrow	
  head),	
  which	
  

at	
  later	
  stages	
  (A2)	
  form	
  a	
  thin	
  layer	
  around	
  the	
  gut	
  (white	
  arrow	
  head).	
  The	
  visceral	
  mesoderm	
  in	
  

A44	
  (B1),	
  B23	
  (C1)	
  and	
  C28	
  (D1)	
  stage	
  13	
  embryos	
  also	
  appears	
  smooth	
  and	
  contiguous	
  and	
  similarly	
  

surrounds	
  the	
  gut	
  in	
  stage	
  15	
  embryos	
  (B2,	
  C2,	
  D2),	
  as	
  observed	
  in	
  wild	
  type.	
  Scale	
  bar:	
  50µm	
  

	
  

2.2.5	
  Complementation	
  screen	
  approach	
  to	
  determine	
  the	
  locus	
  responsible	
  

for	
  the	
  A44,	
  B23,	
  and	
  C28	
  mutant	
  phenotypes	
  

Identifying	
  the	
  causative	
  genes	
  in	
  the	
  three	
  mutants	
  could	
  potentially	
  reveal	
  

a	
   new	
   understanding	
   of	
   the	
   aspects	
   of	
   SGP	
   behavior	
   required	
   to	
   undertake	
   the	
  

various	
   steps	
   involved	
   in	
   normal	
   gonad	
   morphogenesis.	
   In	
   order	
   to	
   do	
   this,	
   a	
  

complementation	
  screen	
  was	
  performed	
  using	
  the	
  Bloomington	
  deficiency	
  kit.	
  Since	
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the	
  EMS	
  mutagenesis	
  screen,	
  from	
  which	
  these	
  mutants	
  were	
  isolated,	
  was	
  designed	
  

in	
  a	
  manner	
   to	
   isolate	
  mutantions	
  only	
  on	
   the	
  second	
  chromosome,	
   the	
  deficiency	
  

kit	
   for	
   this	
   chromosome	
   was	
   used	
   for	
   the	
   lethality	
   screen.	
   The	
   A44	
   mutant	
  

phenotype	
  was	
  observed	
  with	
  100%	
  penetrance	
  with	
  GLC	
   females	
  having	
   the	
  Flip	
  

Recombinase	
   target	
   (FRT)	
   site	
   at	
   42D,	
   making	
   only	
   the	
   right	
   arm	
   of	
   the	
   2nd	
  

chromosome	
   (2R)	
   homozygous	
   in	
   these	
   females.	
   Therefore,	
   the	
   A44	
   causative	
  

mutation	
  must	
  lie	
  on	
  chromosome	
  2R,	
  whereas,	
  the	
  B23	
  and	
  C28	
  mutation	
  could	
  be	
  

either	
  on	
  2L	
  or	
  2R	
  chromosome.	
  Assuming	
  that	
  the	
  mutation	
  causing	
  the	
  phenotype	
  

is	
  lethal,	
  each	
  deficiency	
  line	
  (deleting	
  a	
  small	
  part	
  of	
  the	
  second	
  chromosome),	
  was	
  

crossed	
  to	
  each	
  mutant	
  line	
  (homozygous	
  lethal),	
  and	
  the	
  offspring	
  were	
  scored	
  for	
  

lethality.	
  	
  

Two	
  deficiency	
  lines	
  from	
  chromosome	
  2R,	
  Df(2R)BSC595	
  and	
  Df(2R)BSC136	
  

uncovering	
   the	
   cytological	
   region	
   47A3-­‐47F1	
   and	
   59F5-­‐60B6	
   respectively,	
   were	
  

found	
  to	
  be	
  lethal	
  with	
  the	
  C28	
  mutant.	
  The	
  lethality	
  screen	
  also	
  revealed	
  two	
  lethal	
  

deficiencies	
  with	
   the	
  B23	
  mutant	
  on	
   the	
   left	
   arm	
  of	
   the	
  2nd	
   chromosome	
   (2L),	
   i.e.,	
  

Df(2L)ED4651	
   and	
   Df(2L)Exel6012	
   uncovering	
   22E1-­‐22F3	
   and	
   25D5-­‐25E6,	
  

respectively.	
  	
  

Unfortunately,	
  none	
  of	
  the	
  deficiencies	
  proved	
  to	
  be	
  lethal	
  with	
  the	
  A44	
  line,	
  

hence	
  preventing	
  narrowing	
  down	
  of	
  the	
  causative	
  locus	
  in	
  this	
  mutant.	
  	
  I	
  conclude	
  

that	
  either	
  the	
  causative	
  mutation	
  on	
  chromosome	
  arm	
  2R	
  is	
  not	
  lethal	
  but	
  there	
  is	
  a	
  

second	
   mutation	
   on	
   chromosome	
   arm	
   2L	
   which	
   results	
   in	
   lethality	
   or	
   that	
   the	
  

causative	
   mutation	
   is	
   lethal	
   but	
   is	
   in	
   a	
   location	
   not	
   covered	
   by	
   the	
   deficiencies	
  

screened.	
  

	
  

2.2.6	
  Df(2R)BSC595	
  uncovers	
  the	
  C28	
  causative	
  locus	
  

The	
  locus	
  causing	
  lethality	
  need	
  not	
  be	
  coupled	
  with	
  the	
  locus	
  leading	
  to	
  the	
  

mutant	
   gonad	
  phenotype.	
  Therefore,	
   each	
  of	
   the	
   lethal	
   deficiencies	
  was	
   tested	
   for	
  

non-­‐complementation	
   of	
   the	
   gonad	
   formation	
   defects,	
   in	
   a	
   trans-­‐heterozygous	
  

situation	
  with	
  the	
  respective	
  mutant	
  lines.	
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To	
   quantify	
   the	
   phenotype	
   and	
   characterize	
   its	
   pleiotropy,	
   the	
   various	
  

observed	
  phenotypes	
  were	
   first	
  categorized.	
  The	
  pleiotropy	
  seen	
   in	
   these	
  mutants	
  

are	
   common	
   to	
   mutants	
   affecting	
   gonad	
   formation	
   (Weyers	
   et	
   al.,	
   2011).	
   The	
  

categorization	
   was	
   performed	
   on	
   Vasa-­‐labeled	
   germ	
   cells	
   in	
   stage	
   15	
   and	
   older	
  

embryos.	
   Although,	
   I	
   have	
   demonstrated	
   that	
   defects	
   in	
   these	
   mutants	
   are	
  

essentially	
  SGP-­‐related,	
  the	
  germ	
  cells	
  act	
  as	
  a	
  good	
  read	
  out	
  of	
  the	
  condition	
  of	
  the	
  

gonad,	
  and	
  allows	
  for	
  a	
  faster	
  way	
  of	
  screening.	
  The	
  first	
  category	
  is	
  the	
  ‘wild	
  type’	
  

category	
  where	
  the	
  gonads	
  appear	
  normal,	
  defined	
  as	
  two	
  round	
  gonads	
  with	
  6	
  or	
  

fewer	
  germs	
  scattered	
  outside,	
  as	
  a	
  few	
  germs	
  per	
  embryo	
  can	
  be	
  found	
  lost	
  in	
  many	
  

genetic	
  backgrounds.	
  The	
  second	
  is	
  the	
  ‘≥7	
  germ	
  cells	
  (gc)	
  outside	
  gonad’,	
  where	
  the	
  

observed	
  phenotype	
  is	
  some	
  scattered	
  germ	
  cells,	
  with	
  visible	
  intact	
  gonads	
  on	
  each	
  

bilateral	
   side.	
   This	
   high	
   threshold	
   enables	
   quantification	
   of	
   truly	
   affected	
   gonads.	
  

Next	
   is	
   the	
   ‘≥2	
   germ	
   cells	
   (gc)	
   clusters/gonad’,	
   where	
   the	
   germ	
   cells	
   are	
   not	
  

necessarily	
   scattered,	
   but	
   instead	
   are	
   present	
   as	
   2	
   or	
   more	
   neighboring	
   clumps,	
  

possibly	
  representing	
  the	
  unfused	
  SGP-­‐germ	
  cell	
  clusters.	
  The	
  fifth	
  category	
  ‘no	
  real	
  

gonad’,	
   the	
   most	
   severe	
   category,	
   is	
   scored	
   when	
   there	
   occur	
   many	
   separate	
  

clusters/clumps	
  containing	
  only	
  a	
  few	
  germ	
  cells,	
  indicating	
  a	
  complete	
  gonad	
  loss.	
  

The	
  last	
  category	
  was	
  that	
  of	
   ‘uncompacted	
  or	
  elongated	
  gonad’	
  where	
  the	
  gonads	
  

are	
   visible,	
   but	
   remain	
   elongated	
   at	
   late	
   stages,	
   indicating	
   a	
   failure	
   of	
   gonadal	
  

coalescence.	
  	
  

Compared	
   to	
   the	
   heterozygous	
   C28	
   phenotype	
   containing	
   approximately	
  

90%	
  wild	
   type	
   gonads,	
   C28	
   homozygous	
   embryos	
   displayed	
   90%	
  mutant	
   gonads	
  

covering	
   the	
   whole	
   array	
   of	
   phenotypes	
   (Fig.	
   2.15,	
   A,	
   E).	
   Nearly	
   50%	
   of	
   the	
  

homozygous	
  embryos	
  showed	
  the	
  most	
  severe	
  class	
  of	
  phenotype,	
   ‘no	
  real	
  gonad’.	
  

Two	
   deficiency	
   lines	
   that	
   are	
   lethal	
   with	
   C28	
   (Df(2R)BSC136	
   and	
  Df(2R)BSC610	
   )	
  

were	
  crossed	
  with	
  C28	
  and	
  assessed	
  for	
  the	
  gonad	
  phenotype.	
   	
  We	
  found	
  that	
  C28	
  

complemented	
   the	
  mutant	
  phenotype	
  when	
   trans-­‐heterozygous	
   (data	
  not	
   shown).	
  	
  

Therefore	
  the	
  lethal	
  mutation	
  uncovered	
  by	
  these	
  deficiencies	
  is	
  not	
  the	
  cause	
  of	
  the	
  

gonad	
  phenotype.	
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The	
  region	
  uncovered	
  by	
   the	
  second	
  deficiency	
   line	
  Df(2R)BSC595	
  was	
  also	
  

divided	
   into	
   smaller	
   fractions	
   with	
   two	
   other	
   deficiency	
   lines,	
  Df(2R)BSC336	
   and	
  

Df(2R)ED2098.	
   Of	
   the	
   two,	
   only	
   Df(2R)ED2098	
   proved	
   to	
   be	
   lethal	
   with	
   C28.	
   On	
  

testing	
  for	
  a	
  mutant	
  gonad	
  phenotype,	
  both	
  deficiencies	
  Df(2R)BSC595	
  (Fig.	
  2.15,	
  B,	
  

E)	
   and	
  Df(2R)ED2098	
   (Fig.	
   2.15,	
   C,	
   E),	
   showed	
   the	
   observed	
  Vasa-­‐labeled	
   gonadal	
  

defects	
  with	
  penetrance	
  of	
  80%	
  and	
  70%,	
  respectively,	
  similar	
   to	
  the	
  homozygous	
  

C28	
  mutant	
  embryos	
  (Fig.	
  2.15,	
  A).	
  However,	
  the	
  highest	
  represented	
  category	
  had	
  

shifted	
   from	
   the	
   severe,	
   ‘no	
   real	
   gonad’	
   to	
   the	
   less	
   severe	
   ‘≥7	
   gc	
   outside	
   gonad’	
  

category.	
  As	
  expected,	
  the	
  smaller	
  non-­‐lethal	
  deficiency	
  Df(2R)BSC336	
  (Fig.	
  2.15,	
  D),	
  

showed	
  normal	
  embryonic	
  gonads	
  in	
  trans	
  with	
  C28.	
  

	
  

	
  
Figure	
  2.15:	
  Germ	
  cell	
  migration	
  phenotypes	
  and	
  their	
  quantification	
  in	
  the	
  C28	
  mutant	
  and	
  in	
  trans	
  

to	
  several	
  deficiency	
   lines.	
  Complementation	
  tests	
  of	
  deficiency	
   lines	
  BSC595	
   (B,	
  E)	
  and	
  ED2098	
   (C,	
  

E),	
   with	
   C28	
   display	
   similar	
   Vasa-­‐labeled	
   germ	
   cell	
   phenotypes	
   in	
   stage	
   15	
   embryos	
   as	
   C28	
  

homozygotes	
  (A,	
  E).	
  Moreover,	
  the	
  BSC336	
  non-­‐lethal	
  deficiency	
  complements	
  the	
  gonad	
  phenotype	
  

of	
  C28	
  (D).	
  The	
  phenotype	
  is	
  further	
  quantified	
  (E)	
  using	
  the	
  indicated	
  categories	
  (for	
  explanation	
  of	
  

the	
   categorization,	
   please	
   see	
   text,	
   section	
   2.2.6).	
   The	
  C28	
   mutant	
   (the	
   first	
   indicated	
   genotype	
   is	
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always	
  derived	
   from	
  the	
   female)	
  crossed	
  to	
   the	
  deficiencies	
  show	
  a	
  high	
   level	
  of	
  penetrance	
  of	
   the	
  

germ	
  cell	
  migration	
  phenotype.	
  

	
  

Therefore	
  the	
  causative	
  mutation	
  in	
  C28	
  is	
  lethal	
  and	
  lies	
  within	
  the	
  overlap	
  

of	
  the	
  regions	
  deleted	
  in	
  Df(2R)BSC595	
  and	
  Df(2R)ED2098,	
  namely	
  47A7-­‐47C6.	
  

	
  

	
  

2.2.7	
  Df(2L)Exel6012	
  uncovers	
  the	
  B23	
  causative	
  locus	
  

A	
   similar	
   phenotypic	
   complementation	
   test	
   was	
   performed	
   with	
   the	
  

deficiencies	
  found	
  to	
  be	
  lethal	
  with	
  the	
  B23	
  mutant	
  and	
  the	
  phenotypes	
  were	
  further	
  

quantified	
  (Fig.	
  2.16,	
  D).	
  When	
  in	
  single	
  copy	
  the	
  B23	
  mutation	
  already	
  caused	
  some	
  

scattering	
   of	
   germ	
   cells	
   in	
   a	
   small	
   percentage	
   of	
   embryos.	
   However,	
   on	
   being	
  

homozygous,	
   almost	
   100%	
   of	
   embryos	
   displayed	
   a	
   mutant	
   phenotype	
   with	
  

approximately	
  90%	
  of	
  the	
  mutant	
  embryos	
  having	
  no	
  discernable	
  gonads	
  (Fig.	
  2.16,	
  

A,	
  D).	
  While	
  the	
  Df(2L)ED4651	
  line	
  was	
  found	
  to	
  complement	
  the	
  B23	
  gonad	
  defects	
  

(data	
   not	
   shown),	
   the	
   Df(2L)Exel6012	
   line	
   was	
   unable	
   to	
   phenotypically	
  

complement	
  B23	
  when	
  in	
  	
  trans	
  (Fig.	
  2.16,	
  B,	
  D).	
  Similar	
  to	
  the	
  B23	
  homozygotes,	
  the	
  

majority	
  of	
  B23/Df(2L)Exel6012	
  embryos	
  displayed	
  the	
  most	
  severe	
  category	
  of	
  no	
  

discernable	
  gonads.	
  This	
  implicates	
  the	
  cytological	
  region	
  25D5-­‐25E6,	
  as	
  defined	
  by	
  

the	
  breakpoints	
  of	
  the	
  deficiency	
  Df(2L)Exel6012,	
  as	
  the	
  causative	
  locus	
  for	
  the	
  B23	
  

mutant	
  gonad	
  phenotype.	
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Figure	
  2.16:	
  Germ	
  cell	
  migration	
  phenotypes	
  and	
  their	
  quantification	
  in	
  the	
  B23	
  mutant	
  and	
  in	
  trans	
  

to	
   deficiency	
   line.	
   Complementation	
   test	
   of	
   the	
   deficiency	
   line	
  Exel6012	
   (B,	
   D)	
   with	
  B23,	
   displays	
  

similar	
   Vasa-­‐labeled	
   germ	
   cell	
   phenotypes	
   in	
   stage	
   15	
   embryos	
   as	
   B23	
   homozygotes	
   (A,	
   D).	
   The	
  

phenotype	
   is	
   further	
   quantified	
   (D)	
   using	
   the	
   indicated	
   categories	
   (for	
   explanation	
   of	
   the	
  

categorization,	
  please	
  see	
  text,	
  section	
  2.2.6).	
  The	
  B23	
  mutant	
  (the	
  first	
  indicated	
  genotype	
  is	
  always	
  

derived	
  from	
  the	
  female)	
  crossed	
  to	
  the	
  deficiencies	
  show	
  a	
  high	
  level	
  of	
  penetrance	
  of	
  the	
  germ	
  cell	
  

migration	
  phenotype.	
  

	
  

	
  

2.2.8	
  Whole	
  genome	
  sequencing	
  of	
  A44,	
  B23	
  and	
  C28	
  mutants	
  to	
  identify	
  the	
  

causative	
  mutations	
  

	
  	
   In	
   a	
   parallel	
   approach,	
   I	
   sought	
   to	
   identify	
   the	
   causative	
   mutation	
   using	
  

whole	
   genome	
   sequencing.	
   A44,	
   B23	
   and	
   C28	
   mutant	
   lines	
   were	
   isogenized	
   and	
  

homozygous	
  embryos	
  were	
  collected	
  to	
  isolate	
  a	
  minimum	
  of	
  3µg	
  of	
  genomic	
  DNA	
  

from	
  each	
  line.	
  The	
  genomic	
  DNA	
  was	
  sheared	
  into	
  500bp	
  fragments	
  and	
  paired-­‐end	
  

libraries	
  were	
  prepared.	
  These	
  libraries	
  were	
  then	
  subjected	
  to	
  100bp	
  paired	
  end-­‐	
  

Illumina	
   sequencing.	
   The	
   obtained	
   reads	
   were	
   then	
   analyzed	
   using	
   the	
   CLC	
  

Genomics	
   Workbench	
   software,	
   versions	
   4.7	
   -­‐	
   5.5.	
   Using	
   the	
   Genomic	
   Gateway	
  

B23 B23/Exel6012
BA

D

C
wild type



Results	
  

	
   51	
  

plugin	
  tool	
  (later	
  integrated	
  into	
  the	
  software	
  as	
  the	
  ‘NGScore	
  tools’),	
  the	
  reads	
  from	
  

the	
   three	
   mutants	
   were	
   mapped	
   onto	
   the	
   chromosome	
   2L	
   complete	
   sequence	
  

(GenBank	
  NT_033779	
  Release	
  5.30)	
  as	
  well	
  as	
  chromosome	
  2R	
  complete	
  sequence	
  

(GenBank	
  NT_033778	
  Release	
  5.30).	
  	
  

The	
  reads	
  from	
  mutants	
  A44	
  and	
  C28,	
  each	
  covered	
  99%	
  of	
  chromosome	
  2R	
  

(since	
  the	
  causative	
  gene	
  in	
  the	
  two	
  mutants	
  lies	
  on	
  this	
  arm)	
  with	
  a	
  coverage	
  of	
  16x	
  

and	
   13x	
   respectively	
   (Table	
   2.1).	
   The	
   reads	
   from	
   the	
  B23	
   line	
   on	
   the	
   other	
   hand	
  

covered	
  100%	
  of	
   the	
  chromosome	
  2L	
   (where	
   the	
  causative	
  gene	
   for	
   this	
   line	
   lies)	
  

with	
  a	
  coverage	
  of	
  19x	
  (Table	
  2.1).	
  	
  

	
  
Table	
  2.1:	
  Table	
  showing	
  the	
  coverage	
  statistics	
  for	
  each	
  mutant	
  on	
  the	
  corresponding	
  chromosomal	
  arm.	
  

  A44 (2R) C28 (2R) B23 (2L) 
Total reference length 21,146,708 21,146,708 23,011,544 
Total read count  3,657,497 2,901,079 4,721,864 
Fraction of reference covered by reads 0.99 0.99 1.00 
Average coverage 16X 13X 19X 
	
  

SNPs	
   (Single	
   Nucleotide	
   Polymorphisms)	
   between	
   the	
  mapped	
  mutant	
   reads	
   and	
  

the	
   reference	
   genomic	
   sequence	
  were	
   identified	
   using	
   CLC	
   Genomics	
  Workbench.	
  

Table	
  2.2	
  denotes	
  the	
  number	
  of	
  SNPs	
  obtained	
  in	
  the	
  case	
  of	
  each	
  mutant	
  for	
  their	
  

respective	
   chromosomal	
   arm.	
   Since	
   the	
   three	
   mutants	
   were	
   derived	
   from	
   EMS	
  

mutagenesis	
  of	
  flies	
  of	
  the	
  same	
  isogenized	
  genetic	
  background,	
  the	
  SNPs	
  that	
  were	
  

common	
  between	
  all	
  three	
  mutants	
  were	
  identified	
  as	
  tolerated	
  naturally	
  occuring	
  

polymorphisms	
   that	
   were	
   likely	
   present	
   in	
   the	
   premutagenesis	
   chromosome	
   and	
  

removed.	
  This	
  drastically	
  reduced	
  the	
  number	
  of	
  candidate	
  SNPs	
  remaining	
  for	
  each	
  

case	
   (Table	
   2.2).	
   Subsequently,	
   non-­‐synonymous	
   SNPs,	
   i.e.	
   SNPs	
   that	
   lead	
   to	
   a	
  

change	
   in	
   amino	
  acid	
   in	
   the	
  protein	
   coding	
   regions,	
   and	
  SNPs	
   at	
   splice	
   sites	
  were	
  

determined.	
  The	
  mutations	
  at	
  these	
  sites	
  were	
  verified	
  by	
  manual	
  inspection	
  of	
  the	
  

sequencing	
  reads	
  to	
  examine	
  the	
  quality	
  of	
  the	
  reads.	
  In	
  addition,	
  a	
  selected	
  number	
  

of	
  SNPs	
  were	
  verified	
  by	
  PCR	
  and	
  Sanger	
  sequencing	
  and	
  in	
  11	
  of	
  11	
  cases	
  the	
  SNPs	
  

were	
  confirmed.	
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Table	
  2.2:	
  Table	
  showing	
  the	
  number	
  of	
  SNPs	
  detected	
  after	
  each	
  step	
  in	
  the	
  three	
  mutants	
  for	
  the	
  

corresponding	
  chromosomal	
  arm.	
  

  A44 (2R) C28 (2R) B23 (2L) 
SNPs	
  compared	
  to	
  the	
  reference	
  genome	
  	
   114,066 106,639 124,425 
Unique	
  SNPs	
  when	
  compared	
  to	
  the	
  
other	
  two	
  mutants	
  	
   2,988 2,517 3,401 
SNPs	
  leading	
  to	
  amino	
  acid	
  changes	
   118 89 81 
SNPs	
  leading	
  to	
  splice	
  site	
  changes	
   1 0 2 
SNPs	
  after	
  manual	
  curation	
   22 29 17 
	
  

This	
   led	
   to	
   a	
   final	
   refined	
   list	
   of	
   SNPs	
   that	
   could	
   possibly	
   account	
   for	
   the	
  

mutant	
   gonad	
  phenotype	
   for	
   the	
  A44	
  mutant	
   (22	
   SNPs	
  on	
   chromosome	
  2R,	
  Table	
  

2.3),	
  B23	
  mutant	
  (17	
  SNPs	
  on	
  chromosome	
  2L,	
  Table	
  2.4)	
  and	
  the	
  C28	
  mutant	
  (29	
  

SNPs	
  on	
  chromosome	
  2R,	
  Table	
  2.5).	
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Table	
   2.3:	
   Table	
   showing	
   the	
   list	
   of	
   SNPs	
   on	
   chromosome	
   2R	
   in	
   the	
   A44	
   mutant,	
   after	
   manual	
  

curation.	
   The	
   chromosomal	
   position	
   (Release	
   5.30)	
   and	
   the	
   reference	
   residue	
   at	
   that	
   position	
   is	
  

indicated	
  along	
  with	
  the	
  SNP	
  in	
  the	
  A44	
  mutant,	
  with	
  the	
  %	
  frequency	
  that	
  the	
  SNP	
  was	
  seen	
  in	
  the	
  

no.	
   of	
   reads	
   (coverage).	
   The	
   amino	
   acid	
   change	
   caused	
   by	
   each	
   SNP	
   and	
   the	
   corresponding	
   gene	
  

affected	
  in	
  also	
  displayed.	
  

	
  



Results	
  

	
   54	
  

	
  

	
  

	
  
	
  

Table	
   2.4:	
   Table	
   showing	
   the	
   list	
   of	
   SNPs	
   on	
   chromosome	
   2R	
   in	
   the	
   B23	
   mutant,	
   after	
   manual	
  

curation.	
   The	
   chromosomal	
   position	
   (Release	
   5.30)	
   and	
   the	
   reference	
   residue	
   at	
   that	
   position	
   is	
  

indicated	
  along	
  with	
  the	
  SNP	
  in	
  the	
  B23	
  mutant,	
  with	
  the	
  %	
  frequency	
  that	
  the	
  SNP	
  was	
  seen	
  in	
  the	
  

no.	
   of	
   reads	
   (coverage).	
   The	
   amino	
   acid	
   change	
   caused	
   by	
   each	
   SNP	
   and	
   the	
   corresponding	
   gene	
  

affected	
  in	
  also	
  displayed.	
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Table	
   2.5:	
   Table	
   showing	
   the	
   list	
   of	
   SNPs	
   on	
   chromosome	
   2R	
   in	
   the	
   C28	
   mutant,	
   after	
   manual	
  

curation.	
   The	
   chromosomal	
   position	
   (Release	
   5.30)	
   and	
   the	
   reference	
   residue	
   at	
   that	
   position	
   is	
  

indicated	
  along	
  with	
  the	
  SNP	
  in	
  the	
  C28	
  mutant,	
  with	
  the	
  %	
  frequency	
  that	
  the	
  SNP	
  was	
  seen	
  in	
  the	
  

no.	
   of	
   reads	
   (coverage).	
   The	
   amino	
   acid	
   change	
   caused	
   by	
   each	
   SNP	
   and	
   the	
   corresponding	
   gene	
  

affected	
  in	
  also	
  displayed.	
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2.2.9	
  Combining	
  complementation	
  data	
  with	
  the	
  whole	
  genome	
  sequencing	
  

SNP	
  results	
  

The	
   large	
  number	
  of	
  unique	
  SNPs	
   in	
  each	
  of	
   the	
  mutant	
   lines	
  coupled	
  with	
  

the	
   fact	
   that	
   there	
   is	
   only	
   a	
   single	
   allele	
   available	
   in	
   each	
   case	
  prevented	
  us	
   from	
  

identifying	
  the	
  causative	
  mutation	
  by	
  sequencing	
  alone.	
  	
  However	
  by	
  combining	
  the	
  

sequencing	
  with	
  the	
  deficiency	
  data	
  we	
  were	
  able	
  to	
  drastically	
  reduce	
  the	
  number	
  

of	
   candidate	
   genes.	
   The	
   SNPs	
   obtained	
   from	
   the	
   B23	
   and	
   the	
   C28	
   mutants	
   were	
  

mapped	
  onto	
  the	
  deficiency	
  regions	
  that	
  failed	
  to	
  complement	
  both	
  by	
  lethality	
  and	
  

phenotype.	
  	
  

In	
   case	
   of	
   the	
   B23	
   mutant,	
   only	
   one	
   SNP	
   identified	
   from	
   its	
   whole	
   genome	
  

sequencing	
   corresponded	
   to	
   the	
  non-­‐complementing	
   locus	
  25D5-­‐25E6,	
   uncovered	
  

by	
   the	
   deficiency	
  Df(2L)Exel6012.	
   This	
   was	
   the	
   G	
   to	
   A	
   mutation	
   at	
   chromosomal	
  

position	
   5465893	
   in	
   the	
   midline	
   gene	
   (Figure	
   2.17,	
   A),	
   which	
   was	
   predicted	
   to	
  

convert	
   the	
   AG	
   splice	
   site	
   acceptor	
   in	
   the	
   3rd	
   and	
   final	
   intron	
   to	
   AA	
   (Table	
   2.4),	
  

possibly	
  disrupting	
  the	
  splicing	
  in	
  of	
  the	
  last	
  819bp	
  exon.	
  

On	
   the	
   other	
   hand,	
   SNPs	
   in	
   three	
   different	
   genes,	
   lola,	
   luna	
   and	
   CG13218,	
  

were	
  contained	
  within	
  the	
  deficiency	
  Df(2R)BSC595	
  line	
  which	
  failed	
  to	
  complement	
  

the	
   C28	
   mutant	
   (Figure	
   2.17,	
   B).	
   However,	
   the	
   genes	
   luna	
   and	
   CG13218	
   are	
  

uncovered	
   also	
   by	
   the	
   smaller	
   non-­‐interacting	
   deficiency	
  Df(2R)BSC336,	
   whereas	
  

the	
  gene	
  lola	
  is	
  deleted	
  by	
  the	
  second	
  smaller	
  interacting	
  deficiency	
  Df(2R)ED2098.	
  

In	
  the	
  C28	
  mutant,	
  the	
  SNP	
  A	
  to	
  T	
  change	
  at	
  position	
  6370617	
  leads	
  to	
  an	
  amino	
  acid	
  

change	
  of	
  Asn835Ile	
  in	
  the	
  protein	
  encoded	
  by	
  the	
  lola	
  locus.	
  	
  

	
  

Since	
   no	
   data	
  was	
   available	
   from	
   the	
   lethality	
   tests	
   for	
   the	
  maternal	
   effect	
  

mutant	
   A44,	
   all	
   of	
   the	
   22	
   SNPs	
   occurring	
   on	
   the	
   2R	
   arm	
   of	
   the	
   mutant	
   were	
  

considered.	
   For	
   this	
   reason	
   the	
   SNP-­‐list	
   was	
   further	
   refined	
   by	
   ruling	
   out	
   genes	
  

where	
  mutations	
  were	
   not	
   likely	
   to	
   change	
   gene	
   function.	
   	
   Two	
   approaches	
  were	
  

used	
  to	
  determine	
  whether	
  an	
  amino	
  acid	
  change	
  was	
  likely	
  to	
  be	
  important.	
  First,	
  

in	
  some	
  of	
  the	
  affected	
  genes,	
   the	
  missense	
  mutation	
  caused	
  the	
  amino	
  acid	
   in	
  the	
  

encoded	
   protein	
   to	
   be	
   replaced	
   by	
   another	
   similar	
   amino	
   acid,	
   for	
   example,	
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Arg1064His	
   in	
   CAP,	
   Val72Ile	
   in	
   Cpr49Af,	
   Ala366Val	
   in	
   CG6550,	
   etc.,	
   and	
   these	
  

changes	
   are	
   not	
   likely	
   to	
   affect	
   gene	
   function.	
   	
   Second,	
  we	
   checked	
   the	
   degree	
   of	
  

conservation	
  of	
  the	
  affected	
  amino	
  acids	
  using	
  the	
  online	
  available	
  alignment	
  tools	
  

Blast	
  and	
  ConSurf.	
  For	
  the	
  alignment,	
  the	
  available	
  annotated	
  proteins	
  from	
  several	
  

Drosophila	
   species	
   were	
   used.	
   This	
   analysis	
   revealed	
   that	
   many	
   of	
   the	
   affected	
  

amino	
  acids	
  were	
  not	
  conserved,	
  and	
  the	
  observed	
  mutation	
  occurred	
  naturally	
   in	
  

other	
  species.	
  	
  

	
  

	
  
Figure	
  2.17:	
   Schematic	
   representation	
   of	
   the	
   SNPs	
   uncovered	
   by	
   non-­‐complementing	
   deficiencies	
  

for	
  B23	
  and	
  C28.	
   .	
  A:	
  the	
  2L	
  chromosomal	
  arm	
  of	
  B23	
  is	
  shown,	
  indicating	
  the	
  locus	
  depleted	
  by	
  the	
  

Exel6012	
   deficiency	
   (blue	
  box).	
   	
   From	
   the	
   list	
   of	
   genes	
   containing	
   SNPs	
   in	
  B23,	
   the	
   only	
   gene	
   that	
  

maps	
   to	
   the	
   deficiency	
   locus	
   is	
   midline	
   (red).	
   B:	
   From	
   the	
   2R	
   C28	
   chromosome,	
   the	
   non-­‐

complementing	
   deficiency	
   BSC595	
   (blue	
   box),	
   along	
   with	
   the	
   smaller	
   deficiencies	
   in	
   the	
   region,	
  

ED2098	
   (blue	
   box)	
   and	
   the	
   complementing	
  BSC336	
   (green	
   box)	
   are	
   shown.	
  C28	
   contains	
   SNPs	
   in,	
  

three	
  genes,	
  lola	
  luna	
  and	
  CG13218	
  (red)	
  which	
  map	
  to	
  these	
  deficiency	
  regions.	
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Taking	
   all	
   of	
   these	
   factors	
   into	
   account,	
   11	
   of	
   the	
   22	
   affected	
   genes	
   were	
  

thought	
   to	
   be	
   promising	
   candidates	
   for	
   future	
   studies.	
   Deficiencies	
   that	
   deleted	
  

these	
   genes	
   were	
   first	
   crossed	
   to	
   the	
   A44	
   line	
   and	
   from	
   the	
   offspring,	
   females	
  

containing	
   the	
   deficiency	
   chromosome	
   in	
   trans	
   with	
   A44	
   chromosome	
   were	
  

selected.	
   These	
   females	
   were	
   then	
   crossed	
   to	
   wild	
   type	
   males,	
   and	
   the	
   resulting	
  

embryos	
  were	
   analyzed	
   for	
   the	
  A44	
  maternal	
  mutant	
   gonad	
  phenotype,	
   using	
   the	
  

Vasa-­‐stained	
  germ	
  cells	
  as	
  the	
  read	
  out.	
  Of	
  the	
  10	
  deficiencies	
  checked,	
  all	
  of	
  them	
  

complemented	
  the	
  A44	
  gonadal	
  defects	
  (data	
  not	
  shown).	
  Therefore,	
  this	
  ruled	
  out	
  

the	
  11	
  genes:	
  CG12792,	
  tdc1,	
  sox15,	
  CG34444,	
  ttv,	
  Pkc53E,	
  ste24a,	
  CG6424,	
  CG10543,	
  

dom,	
  unc-­89.	
  

Although	
   unlikely,	
   one	
   of	
   the	
   remaining	
   10	
   SNPs	
   discarded	
   from	
   the	
   list	
  

during	
  refinement	
  based	
  on	
  conservation,	
  could	
  prove	
  to	
  be	
   in	
   the	
  causative	
  gene.	
  

Moreover,	
   the	
   gene	
   rpL39,	
   coding	
   for	
   a	
   ribosomal	
   protein,	
   is	
   not	
   depleted	
   by	
   any	
  

available	
   deficiency,	
   and	
   could	
   therefore	
   not	
   be	
   tested.	
   Therefore,	
   due	
   to	
   the	
  

inability	
  of	
  cloning	
  the	
  A44	
  mutant	
  gene,	
  the	
  rest	
  of	
  the	
  study	
  will	
  focus	
  on	
  the	
  B23	
  

and	
  C28	
  mutant	
  lines.	
  

	
  

2.2.10	
  The	
  C28	
  mutation	
  is	
  an	
  allele	
  of	
  longitudinals	
  lacking	
  

The	
  results	
  obtained	
  on	
  combining	
  the	
  complementation	
  and	
  the	
  sequencing	
  

data,	
  led	
  to	
  lola	
  being	
  the	
  prime	
  candidate	
  as	
  the	
  causative	
  gene	
  in	
  the	
  C28	
  mutant.	
  

To	
  verify	
  this,	
  an	
  available	
  mutant	
  of	
  lola,	
  lola[e76],	
  having	
  a	
  an	
  early	
  stop	
  in	
  the	
  lola	
  

locus	
   and	
   considered	
   a	
   protein	
   null	
   (Madden	
   et	
   al.,	
   1999),	
  was	
   used	
   to	
   check	
   for	
  

complementation	
   both	
   by	
   lethality	
   and	
   phenotype.	
   C28	
   in	
   trans	
   to	
   lola[e76]	
   flies	
  

were	
   lethal.	
   Further,	
   on	
   observing	
   the	
   Vasa-­‐labeled	
   germ	
   cells,	
   these	
   embryos	
  

showed	
   similar	
   gonad	
   defects	
   (Fig	
   2.18,	
   B)	
   as	
   that	
   seen	
   in	
  C28	
   homozygotes	
   (Fig	
  

2.18,	
  A).	
  This	
  was	
  quantified	
  according	
  to	
  the	
  classification	
  used	
  earlier.	
  As	
  was	
  the	
  

case	
  with	
  the	
  non-­‐complementing	
  deficiencies,	
  the	
  severity	
  of	
  C28	
  over	
  the	
  lola[e76]	
  

allele	
  was	
  seen	
  to	
  shift	
  to	
  the	
  scattered	
  germ	
  cells	
  and	
  uncompacted	
  gonad	
  category,	
  

but	
  the	
  overall	
  penetrance	
  of	
  the	
  mutant	
  phenotypes	
  continued	
  to	
  be	
  high	
  (70-­‐80%)	
  

(Fig	
  2.18,	
  C).	
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Due	
   to	
   the	
   reduced	
   severity	
   of	
   the	
   phenotype	
   in	
   the	
   transheterozygote	
  

gonads	
   as	
   compared	
   to	
   the	
   homozygotes,	
   deficiencies	
   deleting	
   12	
   other	
   SNP-­‐

containing	
  genes	
  were	
  also	
  tested	
  by	
  phenotype,	
  to	
  check	
  for	
  a	
  second	
  possible	
  locus	
  

that	
   contributes	
   to	
   the	
   C28	
   phenotype.	
   However,	
   all	
   of	
   the	
   tested	
   deficiencies	
  

complemented	
  the	
  C28	
  phenotype.	
  

Therefore,	
   the	
  C28	
  mutation	
   is	
   established	
   as	
   an	
   allele	
   of	
   the	
   longitudinals	
  

lacking	
  (lola)	
  gene,	
  hereafter	
  referred	
  to	
  as	
  lola[C28].	
  	
  

	
  

	
  
Figure	
  2.18:	
  Germ	
  cell	
  migration	
  phenotypes	
  and	
  their	
  quantification	
  in	
  C28	
  mutant	
  trans	
  to	
  lola	
  null	
  

allele.	
   Complementation	
   test	
   of	
   lola[e76]	
   (B,	
   C)	
   with	
   C28	
   displays	
   similar	
   Vasa-­‐labeled	
   germ	
   cell	
  

phenotypes	
  in	
  stage	
  15	
  embryos	
  as	
  C28	
  homozygotes	
  (A,	
  C).	
  The	
  phenotype	
  is	
  further	
  quantified	
  (C)	
  

using	
   the	
   indicated	
  categories	
   (for	
  explanation	
  of	
   the	
  categorization,	
  please	
  see	
   text,	
   section	
  2.2.6).	
  

The	
  C28	
  mutant	
  (the	
  first	
  indicated	
  genotype	
  is	
  always	
  derived	
  from	
  the	
  female)	
  crossed	
  to	
  the	
  lola	
  

null	
  allele	
  show	
  a	
  high	
  level	
  of	
  penetrance	
  of	
  the	
  germ	
  cell	
  migration	
  phenotype.	
  	
  

	
  

C28/lola[e76]C28
BA C

wild type

D
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2.2.11	
  The	
  B23	
  mutation	
  is	
  an	
  allele	
  of	
  midline	
  

midline	
   (mid)	
   was	
   the	
   only	
   gene	
   containing	
   a	
   SNP	
   which	
   could	
   affect	
   the	
  

coding	
   sequence,	
   within	
   the	
   chromosomal	
   region	
   uncovered	
   by	
   the	
   non-­‐

complementing	
  deficiency	
  Df(2L)Exel6012.	
  	
  To	
  verify	
  this	
  as	
  the	
  causative	
  mutation,	
  

two	
  further	
  mid	
  mutant	
  alleles	
  were	
  tested	
  for	
  gonad	
  formation	
  defects.	
  mid[1]	
  and	
  

mid[2]	
  have	
  early	
  stop	
  codon	
  mutations	
  and	
  are	
  null	
  alleles	
  (Liu	
  et	
  al.,	
  2009).	
  Both	
  

mid[1]	
   and	
  mid[2]	
   were	
   lethal	
   with	
   the	
  B23	
   mutant	
   line.	
   On	
   analyzing	
   the	
   gonad	
  

phenotype	
   in	
   Vasa-­‐labeled	
  B23/mid[1]	
   (Fig	
   2.19,	
   B)	
   and	
  B23/mid[2]	
   (Fig	
   2.19,	
   C)	
  

embryos,	
   both	
   alleles	
   showed	
   gonad	
   formation	
   defects	
   with	
   near	
   identical	
  

penetrance	
  and	
  severity,	
  as	
  observed	
  in	
  B23	
  homozygotes	
  (Fig	
  2.19,	
  D).	
  	
  

These	
   results	
   clearly	
   demonstrate	
   that	
   B23	
   is	
   an	
   allele	
   of	
  mid,	
   and	
   hence	
  

hereafter	
   will	
   be	
   referred	
   to	
   as	
   mid[B23].	
   Furthermore	
   the	
   mutation	
   in	
   mid	
   is	
  

causative	
  for	
  the	
  gonad	
  formation	
  defect	
  in	
  this	
  line.	
  	
  

	
  
Figure	
  2.19:	
  Germ	
  cell	
  migration	
  phenotypes	
  and	
  their	
  quantification	
  in	
  B23	
  mutant	
  trans	
  to	
  mid	
  null	
  

alleles.	
  Embryos	
  transheterozygous	
  for	
  mid[1]	
  (B,	
  D)	
  and	
  mid[2]	
  (C,	
  D)	
  with	
  B23,	
  display	
  similar	
  Vasa-­‐

labeled	
   germ	
   cell	
   phenotypes	
   in	
   stage	
   15	
   embryos	
   as	
  B23	
   homozygotes	
   (A,	
   D).	
   The	
   phenotype	
   is	
  

C28/lola[e76]C28
BA C

wild type

D
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further	
  quantified	
  (D)	
  using	
  the	
  indicated	
  categories	
  (for	
  explanation	
  of	
  the	
  categorization,	
  please	
  see	
  

text,	
  section	
  2.2.6).	
  The	
  B23	
  mutant	
  (the	
  first	
  indicated	
  genotype	
  is	
  always	
  derived	
  from	
  the	
  female)	
  

crossed	
  to	
  the	
  mid	
  alleles	
  shows	
  a	
  high	
  level	
  of	
  penetrance	
  of	
  the	
  germ	
  cell	
  migration	
  phenotype.	
  	
  

	
  

	
  

2.2.12	
  Sanger	
  sequencing	
  reaffirms	
  the	
  mid[B23]	
  and	
  lola[C28]	
  causative	
  SNPs	
  

Before	
   continuing	
   with	
   further	
   analysis	
   on	
   the	
   two	
   cloned	
   mutants,	
   I	
  

confirmed	
  the	
  causative	
  SNP	
  data	
  obtained	
  from	
  the	
  whole	
  genome	
  sequencing.	
  For	
  

this,	
  isolated	
  genomic	
  DNA	
  (gDNA)	
  of	
  the	
  two	
  mutants,	
  obtained	
  from	
  homozygous	
  

mutant	
  embryos,	
  was	
  used	
   to	
  amplify	
   the	
  region	
  surrounding	
   the	
  site	
  of	
  mutation	
  

for	
  both	
  the	
  midline	
  and	
  lola	
  genes.	
  The	
  obtained	
  amplicons	
  were	
  then	
  subjected	
  to	
  

Sanger	
  sequencing,	
  and	
  the	
  sequences	
  were	
  compared.	
  

The	
  amplified	
  mid	
  intron	
  3	
  region	
  from	
  mid[B23]	
  and	
  from	
  lola[C28]	
  were	
  aligned	
  to	
  

the	
  available	
  Flybase	
  sequence.	
  It	
  was	
  observed	
  that	
  while	
  the	
  last	
  nucleotide	
  of	
  mid	
  

intron	
  3	
  in	
  the	
  lola[C28]	
  sequence	
  matched	
  that	
  of	
  the	
  annotated	
  one,	
  but	
  there	
  was	
  

a	
   change	
   in	
   the	
   nucleotide	
   (G	
   to	
   A)	
   in	
   the	
  mid[B23]	
   sequence	
   (Fig.	
   2.20,	
   A).	
   This	
  

confirmed	
  the	
  previously	
  observed	
  SNP	
  at	
  this	
   location,	
  along	
  with	
  reaffirming	
  the	
  

quality	
  of	
  the	
  reads	
  obtained	
  from	
  the	
  whole	
  genome	
  sequencing.	
  

In	
  a	
  similar	
  manner	
  the	
  amplified	
  lola	
  region	
  from	
  the	
  two	
  mutants	
  were	
  also	
  

compared	
   with	
   the	
   annotated	
   lola	
   genomic	
   and	
   protein	
   sequence.	
   The	
  mid[B23]	
  

amplicon	
  matched	
  the	
  annotated	
  sequence,	
  while	
  the	
  lola[C28]	
  amplicon	
  revealed	
  a	
  

nucleotide	
  change	
   in	
   the	
  second	
  base	
  of	
   the	
  Asparagine	
  (AAT)	
  codon	
  converting	
   it	
  

into	
   an	
   Isoleucine	
   (ATT)	
   codon	
   (Fig.	
   2.20,	
   B).	
   This	
   confirms	
   the	
   data	
   obtained	
   by	
  

whole	
  genome	
  sequencing.	
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Figure	
  2.20:	
  Sanger	
  sequencing	
  of	
  the	
  causative	
  SNPs	
  in	
  B23	
  and	
  C28.	
  The	
  gDNA	
  amplified	
  midline	
  

intron	
   3	
   region	
   (A)	
   and	
   lola	
   region	
   (B)	
   from	
   B23	
   and	
   C28	
   is	
   aligned	
   with	
   the	
   respective	
   Flybase	
  

annotated	
  sequence.	
  Sanger	
  sequencing	
  shows	
  that	
  the	
  G	
  base	
  (arrow)	
  in	
  the	
  splice	
  acceptor	
  site	
  on	
  

the	
   intron	
   is	
  mutated	
   to	
  A	
   (orange	
   box)	
   in	
  B23,	
   but	
   unchanged	
   in	
  C28	
   (A).	
   In	
   the	
   lola	
   locus	
   the	
  N	
  

amino	
  acid	
  residue	
  (arrow)	
  is	
  affected	
  by	
  a	
  mutation	
  from	
  A	
  to	
  T	
  (orange	
  box)	
  in	
  C28	
  (B).	
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2.2.13	
  Mutation	
  in	
  mid[B23]	
  leads	
  to	
  a	
  truncation	
  in	
  the	
  T-­box	
  domain	
  of	
  the	
  

protein	
  

midline	
  (also	
  called	
  neuromancer2)	
  was	
  first	
  identified	
  in	
  the	
  classical	
  screen	
  

for	
   mutants	
   affecting	
   the	
   larval	
   cuticle	
   (Nüsslein-­‐Volhard	
   et	
   al.,	
   1984).	
   midline	
  

mutants	
   have	
   narrower	
   denticle	
   bands	
   at	
   the	
   ventral	
   midline.	
   It	
   encodes	
   a	
  

transcription	
  factor	
  belonging	
  to	
  the	
  Tbx20	
  (T-­‐box	
  20)	
  family	
  (Nusslein-­‐Volhard	
  et	
  

al.,	
   1984),	
   and	
   has	
   been	
   implicated	
   in	
   various	
   aspects	
   of	
   development	
   including	
  

heart	
   formation	
  (Miskolczi-­‐McCallum	
  et	
  al.,	
  2005;	
  Qian	
  et	
  al.,	
  2005),	
   	
  neurogenesis	
  

(Buescher	
   et	
   al.,	
   2006)	
   and	
   limb	
   formation	
   (Buescher	
   et	
   al.,	
   2004a).	
   The	
  T-­‐box	
   in	
  

Mid	
  is	
  the	
  domain	
  responsible	
  for	
  sequence	
  specific	
  DNA-­‐binding	
  in	
  the	
  promoters	
  

of	
  the	
  target	
  genes	
  (Lecuyer	
  et	
  al.,	
  2008).	
  

The	
  mid[B23]	
  mutant	
  contains	
  a	
  mutation	
  in	
  the	
  splice	
  acceptor	
  site,	
  present	
  

at	
   the	
   3’	
   end	
   of	
   the	
   last	
   intron-­‐exon	
   boundary	
   (Fig.	
   2.21,	
   A),	
   mutating	
   the	
   AG	
  

acceptor	
   into	
   a	
   presumable	
   non-­‐functional	
   AA	
   site.	
   Although	
   this	
   mutation	
   could	
  

potentially	
  cause	
  the	
  deletion	
  of	
  the	
  last	
  and	
  largest	
  exon,	
  the	
  presence	
  of	
  possible	
  

cryptic	
  acceptor	
  sites	
  could	
  lead	
  to	
  splicing	
  within	
  the	
  last	
  exon.	
  To	
  verify	
  the	
  effect	
  

of	
  the	
  mutation	
  in	
  mid[B23]	
  on	
  splicing,	
  RNA	
  was	
  isolated	
  from	
  the	
  mid[B23]	
  mutant	
  

and	
  wild	
  type	
  embryos.	
  The	
  synthesized	
  cDNAs	
  were	
  then	
  amplified	
  for	
  the	
  midline	
  

transcript,	
   and	
   sequenced.	
   On	
   aligning	
   the	
   obtained	
   wild	
   type	
   and	
   mutant	
   cDNA	
  

sequences	
   with	
   the	
   annotated	
  midline	
   sequence,	
   it	
   was	
   observed	
   that	
   indeed	
   an	
  

internal	
  cryptic	
  acceptor	
  site	
  had	
  been	
  used.	
  This	
  led	
  to	
  a	
  30	
  base	
  pair,	
  or	
  10	
  amino	
  

acid	
  deletion,	
  in	
  the	
  last	
  exon	
  of	
  mid	
  (Fig.	
  2.21,	
  B).	
  The	
  usage	
  of	
  this	
  cryptic	
  acceptor	
  

site	
   preserved	
   the	
   reading	
   frame,	
   and	
   would	
   allow	
   the	
   rest	
   of	
   the	
   protein	
   to	
   be	
  

correctly	
  translated.	
  	
  

This	
  deletion	
  lies	
  with	
  the	
  T-­‐box	
  domain,	
  required	
  for	
  DNA-­‐binding	
  to	
  target	
  

genes.	
  To	
  verify	
   if	
   the	
   residues	
  deleted	
  were	
   conserved	
  and	
   therefore	
   likely	
   to	
  be	
  

important	
   for	
   function,	
   the	
  D.	
  melanogaster	
  Midline	
  protein	
   sequence	
  was	
   aligned	
  

with	
   T-­‐box	
   containing	
   proteins	
   from	
   zebrafish	
   (Danio	
   rerio,	
   Tbx1),	
   frog	
   (Xenopus	
  

laevis,	
  TBX1A),	
  mouse	
  (Mus	
  musculus,	
  Tbx1)	
  and	
  human	
  (Homo	
  sapiens,	
  TBX1).	
  The	
  

10	
  amino	
  acids	
   lacking	
   in	
  the	
  mid[B23]	
  mutant	
  are	
   indeed	
  highly	
  conserved	
  in	
  the	
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different	
   organisms	
   (Fig.	
   2.21,	
   C)	
   thus	
   we	
   expect	
   the	
   mutant	
   protein	
   to	
   be	
   non-­‐

functional.	
  

	
  

	
  

	
  
Figure	
  2.21:	
  Sequencing	
  and	
  alignment	
  of	
  the	
  deleted	
  region	
  in	
  Mid[B23].	
  A	
  shows	
  the	
  intron	
  (black	
  

line)	
  and	
  exon	
  (ex1-­‐ex4,	
  green	
  boxes)	
  arrangement	
  in	
  midline.	
  In	
  mid[B23]	
  the	
  AG	
  splice	
  acceptor	
  site	
  

is	
  mutated	
  to	
  AA	
  (black	
  arrow	
  head).	
  The	
  cDNA	
  obtained	
  from	
  mid[B23]	
  along	
  with	
  a	
  control	
  cDNA	
  

were	
  sequenced	
  and	
  aligned	
  with	
  the	
  annotated	
  midline	
  CDS.	
  It	
  is	
  seen	
  that	
  30	
  nucleotides	
  (shown	
  as	
  

-­‐-­‐-­‐-­‐)	
  or	
  10	
  amino	
  acids	
  (red	
  box)	
  are	
  deleted	
  at	
   the	
  ex3-­‐ex4	
  (green	
  boxes)	
  boundary	
   in	
   the	
  mutant	
  

(B).	
   C	
   shows	
   the	
   ClustalW	
   protein	
   alignment	
   of	
   the	
   deletion	
   region	
   (red	
   box)	
   in	
   Mid	
   with	
   other	
  

indicated	
   T-­‐box	
   proteins	
   from	
   zebrafish,	
   frog,	
   mouse	
   and	
   human.	
   Amino	
   acids	
   showing	
   100%	
  

identity	
  are	
  highlighted	
  in	
  purple.	
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2.2.14	
  lola[C28]	
  mutation	
  affects	
  the	
  R-­isoform	
  of	
  Lola	
  

The	
   lola	
   locus	
   encodes	
   for	
   more	
   than	
   30	
   different	
   predicted	
   isoforms	
   of	
  

which	
  at	
   least	
  20	
  have	
  been	
  experimentally	
  verified	
  (Goeke	
  et	
  al.,	
  2003).	
  All	
  of	
  the	
  

isoforms	
   share	
   a	
   common	
   N-­‐terminal	
   domain	
   containing	
   a	
   Broad	
   complex,	
  

Tramtrack,	
   Bric-­‐a-­‐Brac	
   (BTB)	
   protein	
   dimerization	
   domain,	
   whereas	
   alternate	
  

splicing	
  leads	
  to	
  the	
  varying	
  C-­‐termini	
  (Barbosa	
  et	
  al.,	
  2007).	
  The	
  isoform-­‐specific	
  C-­‐

termini	
  typically	
  contain	
  either	
  one	
  or	
  two	
  zinc-­‐finger	
  motifs	
  of	
  the	
  typical	
  C2H2	
  or	
  

the	
   atypical	
   C2HC	
   class	
   (Goeke	
   et	
   al.,	
   2003),	
   making	
   them	
   nuclear-­‐localized	
  

transcription	
  factors	
  (Giniger	
  et	
  al.,	
  1994).	
  

An	
  allele	
  of	
   lola,	
   lola[22.05],	
  was	
   recently	
   isolated	
   in	
  a	
   screen	
  performed	
   in	
  

search	
   of	
   gonad	
   formation	
   mutants	
   (Weyers	
   et	
   al.,	
   2011).	
   Sequencing	
   this	
   allele	
  

revealed	
  a	
  mutation,	
  converting	
  the	
  97th	
  amino	
  acid	
  of	
  the	
  protein	
  from	
  Gln	
  to	
  a	
  stop	
  

codon.	
  This	
  premature	
  stop	
  early	
  within	
  the	
  common	
  region	
  of	
  Lola	
  would	
   lead	
  to	
  

loss	
  of	
  all	
  Lola	
  isoforms.	
  	
  

However,	
  the	
  mutation	
  in	
   lola[C28]	
   is	
  predicted	
  to	
  affect	
  only	
  two	
  isoforms,	
  

lola-­‐G	
  and	
   lola-­‐R	
  (according	
  to	
  Flybase	
  annotation),	
  also	
  referred	
  to	
  collectively	
  as	
  

lola4.7	
  (Giniger	
  et	
  al.,	
  1994),	
  or	
  lola-­‐T	
  (Goeke	
  et	
  al.,	
  2003).	
  lola-­‐R	
  and	
  	
  lola-­‐G	
  differ	
  in	
  

their	
  pre-­‐mRNAs,	
  however,	
   their	
  mature	
   transcripts	
  encode	
   for	
   the	
  same	
  CDS	
  and	
  

therefore	
   will	
   hereafter	
   be	
   referred	
   to	
   as	
   lola-­‐R.	
   Along	
   with	
   the	
   N-­‐terminal	
   BTB	
  

dimerization	
   domain,	
   Lola-­‐R	
   contains	
   a	
   unique	
   C-­‐terminus	
  with	
   2	
   Zn-­‐fingers,	
   one	
  

C2HC-­‐	
  and	
  the	
  other	
  C2H2-­‐type	
  (Fig.	
  2.22,	
  A).	
  The	
  Asn835Ile	
  mutation	
  occurs	
  in	
  the	
  

within	
  the	
  second	
  Zn-­‐finger	
  motif.	
  	
  

To	
  see	
  if	
  the	
  mutated	
  Asn	
  is	
  a	
  conserved	
  and	
  likely	
  important	
  residue,	
  the	
  D.	
  

melanogaster	
  Lola-­‐R	
  protein	
  sequence	
  was	
  first	
  used	
  to	
  BLAST	
  against	
  the	
  proteome	
  

of	
  other	
  Drosophila	
  and	
  insect	
  species.	
  The	
  protein	
  from	
  each	
  species	
  showing	
  the	
  

highest	
  %	
  identity	
  with	
  Lola-­‐R	
  were	
  chosen	
  for	
  multiple	
  sequence	
  alignment	
  using	
  

ClustalW.	
   In	
   addition,	
   the	
  D.	
  melanogaster	
   Tramtrack	
   protein,	
  which	
   is	
   also	
   a	
   Zn-­‐

finger	
  containing	
  transcription	
  factor	
  and	
  one	
  of	
  the	
  first	
  identified	
  members	
  of	
  the	
  

BTB	
  domain	
   containing	
  proteins,	
  was	
   added	
   to	
   the	
   alignment.	
  On	
   focusing	
   on	
   the	
  

region	
  of	
  the	
  second	
  Zn-­‐finger	
  motif,	
  it	
  was	
  observed	
  that	
  the	
  two	
  cysteines	
  and	
  the	
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two	
  histidines	
   forming	
   the	
   finger	
  were	
   completely	
   conserved	
   through	
   the	
   species.	
  

More	
   interestingly,	
   the	
  mutated	
  Asn	
   in	
   lola[C28]	
   also	
   showed	
   100%	
   conservation	
  

(Fig.	
  2.22,	
  B,	
  red	
  arrow),	
  indicating	
  it	
  is	
  very	
  likely	
  important	
  for	
  functionality.	
  	
  

This	
   is	
   supported	
   by	
   the	
   structure	
   of	
   the	
   Tramtrack	
   protein,	
   which	
   was	
  

crystallized	
   in	
   complex	
   with	
   an	
   18bp	
   oligonucleotide.	
   The	
   corresponding	
   Asn	
  

residue	
  in	
  Tramtrack	
  contacts	
  directly	
  with	
  the	
  oligonucleotide	
  (Fairall	
  et	
  al.,	
  1993).	
  

These	
  studies	
  together,	
  indicate	
  that	
  the	
  Asn835Ile	
  mutation	
  in	
  lola[C28]	
  leads	
  to	
  an	
  

isoform	
  specific	
  functionally	
  defective	
  Lola-­‐R	
  protein.	
  

	
  

	
  

	
  
Figure	
   2.22:	
   Protein	
   domain	
   representation	
   and	
   alignment	
   of	
   the	
   Lola-­‐R	
   isoform.	
   A	
   shows	
   a	
  

schematic	
  representation	
  of	
  the	
  Lola-­‐R	
  protein	
  isoform	
  with	
  the	
  common	
  N-­‐terminal	
  region	
  shared	
  

by	
  all	
  isoforms	
  (dark	
  green)	
  containing	
  the	
  BTB	
  dimerization	
  domain.	
  The	
  C-­‐terminal,	
  encoded	
  by	
  the	
  

R-­‐isoform	
  specific	
  exon	
  (light	
  green),	
   contains	
   the	
   two	
  Zn-­‐finger	
  domains.	
  The	
  Asn835Ile	
  mutation	
  

(black	
   arrow	
   head)	
   in	
   Lola[C28]	
   occurs	
   in	
   the	
   second	
   Zn-­‐finger	
   domain.	
   B	
   shows	
   the	
   ClustalW	
  

protein	
   alignment	
   2nd	
   Zn	
   finger	
   domain	
   in	
   Lola-­‐R	
  with	
   similar	
   proteins	
   from	
   other	
   insect	
   species,	
  

along	
  with	
  the	
  Drosophila	
  Tramtrack	
  protein.	
  Amino	
  acids	
  showing	
  100%	
  identity	
  are	
  highlighted	
  in	
  

purple.	
  The	
  two	
  cysteines	
  and	
  histidines	
  (green	
  box),	
  along	
  with	
  the	
  asparagine	
  mutated	
  in	
  C28	
  (red	
  

arrow)	
  are	
  fully	
  conversed.	
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2.2.15	
  lola-­R	
  displays	
  a	
  unique	
  pattern	
  of	
  expression	
  compared	
  to	
  the	
  

remaining	
  lola	
  isoforms	
  

The	
  different	
   isoforms	
  of	
   lola	
   show	
   tissue	
   specific	
   expression	
   (Goeke	
  et	
   al.,	
  

2003),	
   which	
   is	
   highly	
   suggestive	
   of	
   isoform-­‐specific	
   functions.	
   To	
   identify	
   the	
  

tissues	
  where	
  the	
  R-­‐isoform	
  is	
  expressed,	
  an	
  antisense	
  probe	
  was	
  generated	
  against	
  

the	
   R-­‐specific	
   exon	
   (lola-­‐R	
   probe),	
   and	
   whole	
   mount	
   in	
   situ	
   hybridization	
   was	
  

performed	
  on	
  embryos.	
  In	
  parallel,	
  a	
  probe	
  against	
  the	
  common	
  region	
  shared	
  by	
  all	
  

lola	
   isoforms	
   was	
   also	
   used	
   (lola-­‐c	
   probe).	
   Both	
   probes	
   revealed	
   maternally	
  

deposited	
   transcripts	
   in	
   the	
   preblastoderm	
   stage	
   5	
   embryos,	
   although	
   the	
   lola-­‐c	
  

probe	
   showed	
   a	
   much	
   higher	
   signal	
   (Fig	
   2.23,	
   A1,	
   A2).	
   In	
   the	
   early	
   stages	
   of	
  

embryogenesis,	
   lola-­‐R	
   and	
   lola-­‐c	
   are	
   expressed	
   in	
   similar	
   domains	
   such	
   as	
   the	
  

posterior	
  midgut	
  (Fig	
  2.23,	
  B1,	
  C2)	
  and	
  the	
  mesoderm	
  (Fig	
  2.23,	
  C1,	
  B2)	
  in	
  stages	
  8	
  

through	
   10.	
   However,	
   unlike	
   lola-­‐R,	
   lola-­‐c	
   expression	
   can	
   be	
   detected	
  

homogeneously	
   in	
   the	
   ectoderm	
   early	
   on	
   (Fig	
   2.23,	
   B1)	
   and	
   becomes	
   more	
  

segmental	
  by	
  stage	
  10	
  (Fig	
  2.23,	
  C1).	
  Moreover,	
  while	
  a	
  strong	
  expression	
  of	
  lola-­‐c	
  is	
  

seen	
   in	
   the	
   brain	
   lobe	
   from	
   stage	
   10	
   onwards	
   (Fig	
   2.23,	
   C1-­‐F1),	
   a	
   low	
   level	
  

expression	
  of	
   lola-­‐R	
   is	
  seen	
   in	
   this	
   tissue	
  only	
   from	
  stage	
  13	
  (Fig	
  2.23,	
  D2).	
   In	
   the	
  

following	
  stages,	
  the	
  staining	
  patterns	
  of	
  the	
  probes	
  become	
  more	
  restricted.	
  While	
  

the	
   central	
   nervous	
   system	
   (CNS)	
   and	
   brain	
   becomes	
   the	
  most	
   prominent	
   site	
   of	
  

lola-­‐c	
   expression	
   in	
   the	
   later	
   stages	
   (Fig	
   2.23,	
   D1-­‐F1),	
   lola-­‐R	
   expression	
   becomes	
  

restricted	
  to	
  the	
  salivary	
  glands	
  at	
  these	
  stages	
  (Fig	
  2.23,	
  D2-­‐F2).	
  	
  

Therefore,	
  lola-­‐R	
  shows	
  a	
  very	
  distinct	
  pattern	
  of	
  expression	
  as	
  compared	
  to	
  

the	
  other	
   lola	
   isoforms.	
  Although	
  no	
  prominent	
  gonad	
  expression	
  could	
  be	
  seen	
  in	
  

these	
  embryos,	
  the	
  colorimetric	
  Alkaline	
  Phosphatase-­‐based	
  detection	
  method	
  used	
  

in	
  this	
  experiment	
  limits	
  the	
  resolution.	
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Figure	
   2.23:	
   	
   Expression	
   pattern	
   of	
   all	
   lola	
   transcripts	
   compared	
   to	
   the	
   lola-­‐R	
   transcript.	
   In	
   situ	
  

hybridization	
   using	
   a	
   probe	
   against	
   the	
   lola-­‐R	
   specific	
   exon	
   (A2-­‐F2)	
   and	
   a	
   probe	
   against	
   the	
   lola-­‐

common	
  region	
  (A1-­‐F1)	
  shared	
  by	
  all	
  lola	
  isoforms	
  on	
  whole	
  mount	
  embryos	
  is	
  shown.	
  Both	
  probes	
  

indicate	
  the	
  presence	
  of	
  maternal	
  transcripts	
  (A1,	
  A2).	
  Early	
  embryonic	
  expression	
  of	
  lola-­‐c	
  (B1,	
  C1,)	
  

occurs	
  in	
  the	
  posterior	
  midgut	
  rudiment	
  (PMG),	
  ectoderm	
  (E),	
  which	
  become	
  segmented	
  (sE)	
  in	
  later	
  

stages,	
  mesoderm	
  (M)	
  and	
  brain	
   lobe	
   (BL).	
   lola-­‐R	
   (B2,	
  C2,	
  D2)	
   in	
   these	
   stages	
   is	
   also	
  expressed	
   in	
  

similar	
   domains	
   (mesoderm,	
   primordial	
  midgut	
   and	
   brain	
   lobe),	
   except	
   the	
   ectoderm.	
   In	
   the	
   later	
  

stages,	
  while	
   lola-­‐c	
   expression	
   (D1-­‐F1)	
  becomes	
   limited	
   to	
   the	
   central	
  nervous	
   system	
   (CNS),	
  high	
  

levels	
  of	
  lola-­‐R	
  (E2-­‐F2)	
  can	
  be	
  detected	
  mostly	
  in	
  the	
  salivary	
  glands	
  (SG).	
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2.2.16	
  mid[B23]	
  but	
  not	
  lola[C28]	
  shows	
  defective	
  VNC	
  formation	
  

Lack	
  of	
   functional	
  Midline	
   leads	
   to	
  defects	
   in	
   the	
   ventral	
   nerve	
   cord	
   (VNC)	
  

(Liu	
  et	
  al.,	
  2009).	
  Similarly,	
  in	
  agreement	
  with	
  its	
  observed	
  expression	
  pattern,	
  Lola	
  

is	
   also	
   implicated	
   in	
   neurogenesis	
   (Giniger	
   et	
   al.,	
   1994;	
   Madden	
   et	
   al.,	
   1999;	
  

Crowner	
  et	
  al.,	
  2002).	
  Null	
  mutants	
  of	
  lola,	
  containing	
  lesions	
  in	
  the	
  initial	
  common	
  

exons	
   also	
   show	
   defects	
   in	
   the	
   VNC,	
   with	
   loss	
   of	
   longitudinal	
   axons.	
   Since	
   both	
  

midline	
   and	
   lola	
   are	
   required	
   for	
  proper	
  nervous	
  system	
  development,	
   the	
  VNC	
   in	
  

mid[B23]	
  and	
   lola[C28]	
  mutant	
  embryos	
  was	
  examined.	
  In	
  addition,	
  the	
   lola[22.05]	
  

null	
  allele,	
  which	
  also	
  showed	
  gonad	
  defects,	
  was	
  also	
  used.	
  	
  

Thereafter,	
  the	
  VNC	
  of	
  the	
  three	
  mutants	
  mid[B23],	
  lola[C28]	
  and	
  lola[22.05]	
  

was	
   labeled	
   using	
   an	
   antibody	
   BP102	
   to	
   reveal	
   the	
   axonal	
   scaffold.	
   	
   As	
   has	
   been	
  

described	
   for	
   the	
   mid[1]	
   allele,	
   mid[B23]	
   displayed	
   severe	
   interruptions	
   in	
   the	
  

longitudinal	
   axonal	
   tracts	
   (Fig.	
   2.24,	
   B,	
  white	
   arrow).	
   The	
   VNC	
   in	
   lola[22.05]	
   also	
  

showed	
  disruptions	
  in	
  the	
  longitudinal	
  tracts	
  (Fig.	
  2.24,	
  C,	
  white	
  arrow),	
  confirming	
  

the	
   phenotype	
   seen	
   previously	
   in	
   other	
   lola	
   null	
   mutants	
   (Giniger	
   et	
   al.,	
   1994).	
  

Interestingly,	
  the	
  lola[C28]	
  mutant	
  did	
  not	
  display	
  any	
  defects	
  in	
  the	
  VNC	
  (Fig.	
  2.24,	
  

D,	
  white	
  arrow),	
  with	
   intact	
  axonal	
   tracts.	
  This	
  correlates	
  with	
   lola-­‐R,	
  unlike	
  other	
  

lola	
  isoforms,	
  not	
  being	
  expressed	
  in	
  the	
  VNC.	
  	
  

This	
  experiment	
  confirms	
  firstly	
  that	
  the	
  deletion	
  of	
  10	
  amino	
  acids	
  in	
  the	
  T-­‐

box	
   domain	
   of	
   Midline	
   that	
   occurs	
   in	
   the	
   mid[B23]	
   mutant	
   does	
   affect	
   the	
  

functionality	
   of	
   the	
   protein.	
   It	
   also	
   uncovers	
   an	
   isoform-­‐specific	
   allele	
   of	
   lola	
   that	
  

separates	
  the	
  roles	
  of	
  Lola	
  in	
  nervous	
  system	
  and	
  gonad	
  development.	
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Figure	
  2.24:	
  Axonal	
  staining	
  in	
  midline	
  and	
  lola	
  mutants.	
  The	
  antibody	
  BP102	
  (green)	
  is	
  used	
  mark	
  

the	
  axonal	
  scaffold	
  in	
  stage	
  16	
  embryos.	
  While	
  the	
  longitudinal	
  tracts	
  (white	
  arrow	
  head)	
  in	
  the	
  VNC	
  

of	
  wild	
  type	
  (A)	
  embryos	
  are	
  intact.	
  In	
  mid[B23]	
  (B)	
  and	
   lola[22.05]	
  (C)	
  severe	
  disruptions	
  in	
  these	
  

tracts	
  can	
  be	
  observed.	
  In	
  lola[C28]	
  (D)	
  mutants	
  however,	
  the	
  axonal	
  tracts	
  appear	
  unaffected.	
  Scale	
  

bar:	
  10µm	
  

	
  

2.2.17	
  lola-­R	
  but	
  not	
  lola-­BC	
  expression	
  is	
  observed	
  in	
  the	
  gonad	
  

The	
   previously	
   described	
   Alkaline	
   Phosphatase-­‐based	
   in	
   situ	
   hybridization	
  

established	
  the	
  tissues	
  expressing	
  high	
  levels	
  of	
  lola-­‐R.	
  However,	
  due	
  to	
  background	
  

staining	
  and	
  the	
   inability	
   to	
   independently	
   label	
   the	
  gonad,	
   it	
  did	
  not	
  demonstrate	
  

whether	
   lola-­‐R	
   is	
   expressed	
   in	
   this	
   tissue.	
   To	
   investigate	
   this,	
   fluorescent	
   in	
   situ	
  

hybridization	
   coupled	
  with	
   antibody	
  based	
   SGP	
   labeling	
  was	
  performed	
  on	
  whole	
  

mount	
   embryos	
   and	
   imaged	
   using	
   confocal	
   microscopy	
   to	
   obtain	
   a	
   better	
   spatial	
  

resolution.	
  	
  

SGPs	
  were	
   labeled	
  with	
  an	
  antibody	
  against	
   the	
  nuclear	
  protein	
  Traffic	
   jam	
  

(Tj)	
  and	
  germ	
  cells	
  were	
  labeled	
  with	
  an	
  antibody	
  against	
  Vasa.	
  	
  In	
  stage	
  15	
  gonads	
  

lola-­‐R	
   probe	
   signal	
   could	
   be	
   observed	
   surrounding	
   the	
   nuclear	
   SGP	
   labeling	
   (Fig.	
  

2.25,	
  A,	
  A’’,	
  yellow	
  arrows)	
  demonstrating	
  the	
  presence	
  of	
   lola-­‐R	
  transcripts	
   in	
  the	
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cytoplasm	
  of	
  the	
  SGPs.	
  These	
  transcripts	
  could	
  also	
  be	
  visualized	
   in	
  the	
  germ	
  cells	
  

(Fig.	
   2.25,	
   A,	
   A’,	
   pink	
   arrows),	
   opening	
   up	
   the	
   possibility	
   of	
   an	
   additional	
   role	
   of	
  

Lola-­‐R	
  in	
  germ	
  cells.	
  

	
  

	
  

Figure	
  2.25:	
  Comparative	
  expression	
  of	
  lola	
  isoforms	
  in	
  the	
  gonad.	
  Fluorescent	
  in	
  situ	
  hybridization	
  

using	
  the	
  lola-­‐R	
  isoform	
  specific	
  probe	
  (green)	
  in	
  a	
  stage	
  15	
  gonad	
  (A-­‐A’’)	
  reveals	
  expression,	
  both	
  in	
  

germ	
  cells	
  (stained	
  with	
  anti	
  Vasa	
  antibody)	
  (A,	
  A’	
  pink	
  arrow	
  heads)	
  and	
  in	
  SGPs	
  (stained	
  with	
  anti	
  

TJ	
   antibody)	
   (A,	
   A’’	
   yellow	
   arrow	
   heads).	
   The	
   lola-­‐BC	
   probe	
   (green)	
   (B-­‐B’’)	
   indicates	
   the	
   lack	
   of	
  

expression	
  of	
  this	
  isoform	
  in	
  both	
  germ	
  cells	
  (B,	
  B’)	
  and	
  SGPs	
  (B,	
  B’’).	
  Scale	
  bar:	
  10µm	
  

	
  

As	
   expected,	
   the	
   lola-­‐c	
   probe	
   also	
   showed	
   a	
   similar	
   pattern	
   of	
   expression	
   in	
   and	
  

around	
  the	
  gonad	
  (data	
  not	
  shown).	
  However,	
  to	
  verify	
  the	
  specificity	
  of	
  the	
  labeling	
  

observed	
   for	
   lola-­‐R,	
   a	
  probe	
  against	
   another	
   isoform	
  of	
   lola	
  was	
  used.	
  An	
   isoform	
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specific	
  mutant	
  for	
  lola-­‐BC	
  (also	
  known	
  as	
  lola-­‐L),	
  lola[ORE119],	
  displayed	
  no	
  gonad	
  

formation	
   defects	
   (data	
   not	
   shown).	
   Therefore,	
   embryos	
   labeled	
   with	
   a	
   probe	
  

against	
  the	
  lola-­‐BC	
  specific	
  exon	
  were	
  examined.	
  These	
  embryos	
  did	
  not	
  show	
  any	
  

SGP	
   or	
   germ	
   cell	
   specific	
   labeling	
   (Fig.	
   2.25,	
   B,	
   B’,	
   B’’)	
   demonstrating	
   that	
   the	
  

observed	
  gonad	
  expression	
  of	
  lola-­‐R	
  is	
  specific.	
  
	
  

2.2.18	
  Midline	
  and	
  Lola	
  protein	
  can	
  be	
  detected	
  in	
  the	
  SGPs	
  

By	
   in	
   situ	
   hybridization,	
   midline	
   expression	
   was	
   detected	
   in	
   ectodermal	
  

segmental	
   stripes,	
   in	
   the	
  heart,	
   and	
   can	
  be	
  observed	
   in	
   region	
  of	
   the	
  SGPs	
   (Brook	
  

and	
  Cohen,	
  1996;	
  Buescher	
  et	
  al.,	
  2004b).	
  Mid	
  protein	
  expression	
  has	
  been	
  reported	
  

in	
   the	
   heart	
   and	
   many	
   neurons	
   in	
   the	
   CNS	
   (Moore	
   et	
   al.,	
   1998b).	
   However	
   Mid	
  

protein	
  expression	
  has	
  not	
  been	
  reported	
  in	
  SGPs	
  and	
  the	
  importance	
  of	
  the	
  gonadal	
  

midline	
  expression	
  has	
  not	
  been	
  previously	
  investigated.	
  

To	
   check	
   if	
   the	
   SGP	
   mid	
   RNA	
   expression	
   correlated	
   with	
   the	
   protein	
  

expression,	
  an	
  available	
  antibody	
  against	
  the	
  Midline	
  protein	
  was	
  utilized.	
  The	
  Mid	
  

antibody	
   showed	
   a	
   clear	
   labeling	
   of	
   the	
   heart	
   cells	
   as	
   expected.	
   Moreover,	
   on	
  

inspecting	
  the	
  SGPs,	
  counter-­‐labeled	
  with	
  Tj,	
  in	
  stage	
  13	
  embryos,	
  Mid	
  protein	
  could	
  

be	
   observed	
   co-­‐localizing	
   with	
   the	
   Tj	
   signal	
   (Fig.	
   2.26,	
   A,	
   A’	
   white	
   arrows).	
   	
   The	
  

nuclear	
   localization	
   of	
   both	
  Tj	
   and	
  Mid	
   is	
   expected	
   as	
   they	
   both	
   are	
   transcription	
  

factors.	
  Thus	
  Mid	
  is	
  expressed	
  in	
  SGPs.	
  	
  

To	
  detect	
   the	
  Lola	
  protein	
  an	
  antibody	
  made	
  against	
   the	
  common	
  region	
  of	
  

Lola	
  was	
  used	
   (Giniger	
  et	
   al.,	
   1994).	
  This	
   should	
  detect	
   all	
  possible	
  Lola	
   isoforms.	
  

The	
  labeling	
  pattern	
  with	
  the	
  Lola	
  antibody	
  was	
  very	
  similar	
  to	
  the	
  observed	
  lola-­‐c	
  

in	
  situ	
  hybridization	
  pattern,	
  with	
  high	
  expression	
  in	
  the	
  CNS	
  at	
  later	
  stages.	
  In	
  stage	
  

13	
  embryos,	
  nuclear	
  Lola	
  protein	
   could	
  be	
  detected	
  colocalizing	
  with	
   the	
  Eya	
  SGP	
  

marker	
   (Fig.	
   2.26,	
   B,	
   B’	
   white	
   arrows).	
   Therefore	
   Lola	
   is	
   expressed	
   in	
   SGPs.	
   In	
  

addition,	
   Lola	
   could	
   also	
   be	
   detected	
   in	
   germ	
   cell	
   nuclei	
   (Fig.	
   2.26,	
   B,	
   B’	
   pink	
  

arrows).	
  	
  



Results	
  

	
   73	
  

	
  
Figure	
  2.26:	
  Midline	
  and	
  Lola	
  protein	
  expression	
  in	
  the	
  gonad.	
  In	
  wild	
  type	
  stage	
  13	
  embryos,	
  Mid	
  

protein	
   (green)	
   is	
   seen	
   in	
   the	
   SGPs	
   (red)	
   counter-­‐stained	
   with	
   Eya	
   antibody	
   (A,	
   A’	
   white	
   arrow	
  

heads),	
   but	
   no	
   specific	
   staining	
   is	
   observed	
   in	
   the	
   germ	
   cell	
   (blue)	
   nuclei.	
   On	
   using	
   the	
   pan-­‐Lola	
  

antibody,	
  Lola	
  protein	
   localizes	
   to	
  SGP	
  nuclei	
   (B,	
  B’	
  white	
  arrow	
  heads)	
  and	
  germ	
  cell	
  nuclei	
   (B,	
  B’	
  

pink	
  arrow	
  head).	
  In	
  stage	
  13	
  gonads	
  of	
  embryos	
  containing	
  a	
  BAC	
  insertion	
  with	
  GFP	
  inserted	
  3’	
  of	
  

the	
   lola-­R	
   isoform.	
  GFP	
  expression	
  (green)	
  is	
  seen	
  in	
  the	
  SGPs	
  (C,	
  C’	
  white	
  arrow	
  heads),	
  but	
  not	
  in	
  

the	
  germ	
  cells.	
  Scale	
  bar:	
  10µm	
  

	
  

To	
  ascertain	
  if	
  the	
  Lola-­‐R	
  isoform	
  was	
  expressed	
  in	
  the	
  gonad,	
  GFP	
  expression	
  in	
  

embryos	
   containing	
   a	
   BAC	
   (bacterial	
   artificial	
   chromosome)-­‐insertion	
   of	
   the	
  

genomic	
   piece	
   of	
   the	
   lola	
   locus,	
   in	
   the	
   third	
   chromosome	
   at	
   65B2	
   cytological	
  

position,	
   with	
   a	
   GFP-­‐tag	
   3’	
   of	
   the	
   R-­‐specific	
   exon	
   of	
   lola	
   was	
   examined.	
   To	
   avoid	
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potential	
  maternal	
  Lola-­‐R	
  GFP	
  contribution,	
  male	
  flies	
  containing	
  the	
  BAC-­‐insertion	
  

line	
   were	
   crossed	
   to	
   wild	
   type	
   females.	
   GFP	
  was	
   observed	
   in	
  mesoderm	
   of	
   early	
  

embryos	
  and	
  the	
  brain	
  lobe	
  and	
  the	
  salivary	
  glands	
  in	
  later	
  stage	
  embryos,	
  which	
  is	
  

in	
  agreement	
  with	
   the	
   lola-­‐R	
  RNA	
  expression	
  pattern	
   (Fig	
  2.23).	
  Lola-­‐R-­‐GFP	
  could	
  

additionally,	
  be	
  observed	
  in	
  the	
  Eya	
  co-­‐labeled	
  SGPs	
  (Fig.	
  2.26,	
  C,	
  C’	
  white	
  arrows).	
  

This	
  was	
   in	
   agreement	
  with	
   the	
   observed	
   lola-­‐R	
   fluorescent	
   probe	
   labeling	
   of	
   the	
  

gonad.	
  However,	
   the	
  germ	
  cell	
   expression	
   seen	
  by	
   lola-­‐R	
   in	
   situ	
   hybridization	
  and	
  

the	
  Lola	
  antibody	
  labeling	
  was	
  not	
  observed	
  with	
  the	
  Lola-­‐R-­‐GFP	
  BAC-­‐insertion	
  line.	
  

The	
   germ	
   cell	
   lola-­R	
   signal	
   is	
   therefore	
   likely	
   due	
   to	
   maternally	
   deposited	
  

transcripts.	
   Unfortunately,	
   the	
   relevance	
   of	
   expression	
   of	
   lola-­‐R	
   in	
   germ	
   cells	
   is	
  

difficult	
  to	
  study	
  due	
  to	
  the	
  poorly	
  developed	
  embryos	
  layed	
  by	
  lola[C28]	
  germ-­‐line	
  

clone	
  females.	
  	
  

	
  

2.2.19	
  twiGal4	
  drives	
  expression	
  in	
  the	
  SGPs	
  

To	
  verify	
  that	
  Mid	
  and	
  Lola	
  are	
  both	
  required	
  autonomously	
  in	
  the	
  SGPs	
  for	
  

gonad	
  formation	
  I	
  performed	
  tissue	
  specific	
  rescue	
  experiments	
  using	
  the	
  UAS-­‐Gal4	
  

system.	
  Dsix4Gal4	
  (Drosophila	
  Six4,	
  a	
  transcription	
  factor	
  expressed	
  in	
  the	
  SGPs)	
  is	
  a	
  

SGP-­‐specific	
  driver.	
  However,	
  it	
  turns	
  on	
  expression	
  of	
  the	
  transgene	
  in	
  later	
  stages	
  

(starting	
  from	
  approximately	
  stage	
  13,	
  data	
  not	
  shown),	
  when	
  the	
  SGP	
  phenotype	
  in	
  

mid[B23]	
  and	
  lola[C28]	
  embryos	
  have	
  already	
  manifested.	
  

Since	
  SGPs	
  are	
  mesodermally	
  derived	
  cells,	
  an	
  early	
  pan-­‐mesodermal	
  driver	
  

such	
   as	
   twiGal4	
   could	
   also	
   be	
   used.	
   To	
   test	
   if	
   the	
   twiGal4	
   drove	
   expression	
   of	
   a	
  

transgene	
  early	
  in	
  the	
  SGPs,	
  the	
  driver	
  line	
  was	
  crossed	
  to	
  a	
  UASlola-­‐R-­GFP	
   line.	
  In	
  

addition	
   to	
   the	
   twiGal4,	
   this	
   line	
  also	
   contained	
   the	
  68-­77	
   lacZ	
  enhancer	
   trap	
   line,	
  

which	
  marks	
  the	
  SGPs	
  with	
  lacZ.	
  	
  

GFP	
   expression	
   could	
  be	
  detected	
   throughout	
   the	
  mesoderm	
  of	
   early	
   stage	
  

embryos	
  (Fig.	
  2.27,	
  A).	
  Lola-­‐R-­‐GFP	
  was	
  observed	
  in	
  the	
  nucleus	
  of	
  the	
  LacZ-­‐labeled	
  

SGPs	
  at	
  stage	
  12	
  (Fig.	
  2.27,	
  A’,	
  A’’).	
  Although	
  the	
  expression	
  of	
  the	
  transgene	
  in	
  the	
  

whole	
  embryo	
  became	
  more	
  restricted	
  (Fig.	
  2.27,	
  B),	
  SGP-­‐specific	
  expression	
  of	
  GFP	
  

could	
   still	
   be	
   seen	
   at	
   stage	
   13	
   (Fig.	
   2.27,	
   B’,	
   B’’).	
   But	
   towards	
   the	
   end	
   of	
   gonad	
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morphogenesis,	
   around	
  stage	
  15,	
   the	
   twiGal4-­‐induced	
  expression	
  of	
   the	
   transgene	
  

was	
   no	
   longer	
   detected	
   in	
   the	
   embryo	
   including	
   the	
   gonad	
   (Fig.	
   2.27,	
   C,	
   C’,	
   C’’).	
  

However,	
   since	
   it	
   appears	
   that	
   the	
   Lola-­‐R	
   and	
   Mid	
   proteins	
   are	
   expressed	
   and	
  

required	
  from	
  earlier	
  stages,	
  this	
  loss	
  of	
  transgene	
  expression	
  at	
  later	
  stages	
  should	
  

not	
  affect	
  our	
  ability	
  to	
  rescue	
  the	
  gonad	
  formation	
  defects.	
  Therefore	
  twiGal4	
   is	
  a	
  

suitable	
  driver	
  for	
  SGP	
  rescue	
  experiments.	
  

	
  
Figure	
   2.27:	
   twiGal4	
   driver	
   expression	
   of	
  UASlola-­R-­GFP	
   transgene	
   in	
   the	
  mesoderm.	
   	
   Transgene	
  

expression	
  (green,	
  using	
  GFP	
  antibody)	
  is	
  observed	
  in	
  the	
  SGPs	
  (red,	
  LacZ	
  expression	
  from	
  the	
  68-­77	
  

enhancer	
  trap),	
  but	
  not	
  in	
  germ	
  cells	
  at	
  stage	
  12	
  (A-­‐A’’),	
  using	
  the	
  twiGal4	
  driver.	
  The	
  driver-­‐induced	
  

expression	
  becomes	
  restricted	
  at	
  stage	
  13	
  in	
  the	
  embryo	
  but	
  is	
  still	
  present	
  in	
  the	
  SGPs	
  (B-­‐B’’),	
  but	
  by	
  

stage	
  15,	
  transgene	
  expression	
  cannot	
  be	
  detected	
  in	
  the	
  gonad	
  (C-­‐C’’).	
  Scale	
  bar:	
  10µm	
  

	
  

2.2.20	
  lola-­R	
  but	
  not	
  lola-­BC	
  can	
  rescue	
  the	
  lola[C28]	
  mutant	
  gonad	
  defects	
  

To	
  ascertain	
  if	
  the	
  expression	
  of	
  the	
  Lola-­‐R	
  or	
  other	
  Lola	
  isoforms	
  in	
  the	
  SGPs	
  

can	
   rescue	
   the	
   gonad	
   defects	
   of	
   lola[C28]	
  mutants,	
   the	
   lola[22.05]	
  68-­‐77	
   line	
  was	
  

recombined	
   with	
   the	
   twiGal4	
   driver	
   and	
   the	
   resulting	
   recombinants	
   checked	
   for	
  

gonad	
  defects.	
  The	
  lola[22.05]	
  allele	
  contains	
  a	
  mutation	
  converting	
  the	
  97th	
  amino	
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acid	
  of	
  the	
  protein	
  from	
  Gln	
  to	
  a	
  stop	
  codon	
  (data	
  not	
  shown)	
  leading	
  to	
  loss	
  of	
  all	
  

Lola	
  isoforms	
  and	
  therefore	
  this	
  allele	
  is	
  a	
  null.	
  

As	
  expected,	
  no	
  defects	
  were	
  observed	
  with	
  the	
  lola[22.05]	
  68-­‐77	
  twiGal4	
  line	
  

when	
  heterozygous	
  (Fig.	
  2.28	
  A,	
  A’).	
  Using	
  this	
  line	
  in	
  trans	
  with	
  lola[C28]	
  (Fig.	
  2.28	
  

B,	
  B’),	
  however	
  lead	
  to	
  a	
  high	
  penetrance	
  of	
  gonad	
  defects	
  similar	
  to	
  that	
  observed	
  

in	
   the	
  case	
  of	
  homozygous	
   lola[C28]	
  mutants	
   (Fig.	
  2.13	
  D1,	
  D2).	
  The	
  rescue	
  of	
   the	
  

defects	
   in	
   the	
   transheterozygotes	
   was	
   attempted	
   using	
   both	
   the	
   UASlola-­R-­GFP	
  

transgene	
   and	
   a	
   UASlola-­BC	
   transgene,	
   which	
   encodes	
   a	
   functional	
   Lola	
   isoform	
  

containing	
   a	
   BTB	
   dimerization	
   domain	
   and	
   two	
   Zn-­‐finger	
   DNA-­‐binding	
   domains	
  

(Goeke	
  et	
  al.,	
  2003).	
  

Embryos	
  expressing	
  lola-­R-­GFP	
  under	
  the	
  twiGal4	
  driver	
  were	
  able	
  to	
  rescue	
  

the	
  gonad	
  defects	
  of	
  lola[22.05]/lola[C28]	
  transheterozygotes,	
  leading	
  to	
  round	
  and	
  

compact	
   stage	
  15	
  gonads	
  and	
   few	
   lost	
  germ	
  cells	
   (Fig.	
  2.28	
  C,	
  C’).	
  The	
  UASlola-­‐BC	
  

transgene	
   on	
   the	
   other	
   hand,	
   was	
   unable	
   rescue	
   lola[22.05]/lola[C28]	
  

transheterozygotes,	
  the	
  gonads	
  of	
  which	
  displayed	
  the	
  full	
  spectrum	
  of	
  phenotypes	
  

with	
  high	
  penetrance	
  (Fig.	
  2.28	
  D,	
  D’).	
  Importantly,	
  expression	
  of	
  the	
  Lola-­‐BC	
  in	
  the	
  

mesoderm	
   in	
   a	
   wild-­‐type	
   background	
   doesn’t	
   disrupt	
   gonad	
   formation	
   (data	
   not	
  

shown).	
  For	
  quantification	
  (Fig.	
  2.28	
  E)	
  of	
  the	
  phenotype	
  in	
  these	
  genotypes,	
  it	
  was	
  

possible	
   to	
  make	
   use	
   of	
   the	
   lacZ	
   enhancer	
   trap	
   labeling	
   the	
   SGPs,	
   along	
  with	
   the	
  

usual	
  labeling	
  of	
  the	
  germ	
  cells	
  using	
  Vasa.	
  This	
  led	
  to	
  the	
  replacement	
  of	
  the	
  ‘≥2	
  gc	
  

clusters/gonad’	
  and	
  the	
  ‘no	
  real	
  gonad’	
  categories	
  with	
  ‘≥2	
  SGP	
  clusters/gonad’,	
  as	
  

the	
   state	
   of	
   SGPs	
   could	
   directly	
   be	
   used	
   to	
   assess	
   the	
   phenotype.	
   While	
   the	
  

lola[22.05]	
   68-­‐77	
   twiGal4/+	
   embryos	
   demonstrated	
   100%	
   wild	
   type	
   gonads,	
   the	
  

transheterozygous	
   lola[22.05]	
   68-­‐77	
   twiGal4/	
   lola[C28]	
   embryos	
   had	
   nearly	
   90%	
  

mutant	
  gonads	
  with	
  nearly	
  half	
  of	
  them	
  having	
  2	
  or	
  more	
  unfused	
  clusters	
  of	
  SGPs.	
  

Further,	
   these	
   defects	
   can	
   be	
   rescued	
   in	
   nearly	
   80%	
  of	
   the	
   embryos	
   on	
  using	
   the	
  

UASlola-­‐R-­‐GFP	
   transgene.	
  The	
  Lola-­‐BC	
   isoform	
  on	
   the	
  other	
  hand	
  didn’t	
   show	
  any	
  

rescue	
   and	
   continued	
   to	
   display	
   90%	
   defective	
   gonads.	
   This	
   proves	
   that	
   the	
  

functions	
   performed	
   by	
   the	
   R-­‐specific	
   isoform	
   of	
   Lola	
   in	
   the	
   formation	
   of	
   gonads	
  

cannot	
  be	
  replaced	
  by	
  the	
  BC	
  isoform	
  and	
  suggests	
  that	
  the	
  downstream	
  targets	
  of	
  

the	
  different	
  isoforms	
  are	
  not	
  identical.	
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Figure	
   2.28:	
   Rescue	
   of	
   lola[C28]	
   gonad	
   defects	
   using	
   different	
   lola	
   isoforms.	
   The	
   recombined	
  

lola[22.05]	
  68-­‐77	
  twiGal4	
  line	
  when	
  heterozygous	
  (A,	
  A’)	
  has	
  normal	
  stage	
  15	
  gonads,	
  however	
  when	
  

in	
  trans	
  with	
  lola[C28]	
  (B,	
  B’),	
  shows	
  defective	
  gonads.	
  While	
  these	
  defects	
  in	
  gonad	
  formation	
  can	
  be	
  

rescued	
  by	
  expression	
  of	
  the	
  Lola-­‐R-­‐GFP	
  (C,	
  C’)	
  in	
  the	
  mesoderm,	
  the	
  lola-­BC	
  isoform	
  (D,	
  D’)	
  is	
  unable	
  

to	
   do	
   so.	
   The	
   graph	
   (E)	
   quantifies	
   the	
   phenotype	
   using	
   fluorescent	
   germ	
   cell	
   and	
   SGP	
   labeling	
  

according	
  to	
  the	
  indicated	
  categories.	
  Only	
  expression	
  of	
  the	
  lola-­‐R	
  transgene	
  in	
  the	
  mutants	
  rescues	
  

the	
  mutant	
  gonad	
  phenotypes	
  with	
  80-­‐90%	
  of	
  gonads	
  rescued	
  to	
  wild	
  type	
  status.	
  Scale	
  Bar:	
  10µm	
  

	
  

2.2.21	
  Expression	
  of	
  midline	
  in	
  the	
  mesoderm	
  rescues	
  the	
  gonad	
  phenotypes	
  

in	
  mid[B23]	
  mutants	
  

As	
  has	
  been	
  established	
  thus	
  far,	
  lack	
  of	
  functional	
  midline	
  leads	
  to	
  defects	
  in	
  several	
  

steps	
  for	
  gonad	
  formation	
  during	
  embryonic	
  development.	
  To	
  prove	
  that	
  Midline	
  is	
  

required	
  autonomously	
  in	
  the	
  SGPs,	
  a	
  rescue	
  experiment	
  was	
  attempted	
  in	
  the	
  mid	
  

mutants.	
  The	
  twiGal4	
  driver	
  was	
  used	
  to	
  express	
  the	
  inducible	
  UASmid	
  transgene	
  in	
  

the	
  mesoderm	
  of	
  the	
  mid[1]/mid[B23]	
  transheterozygotes.	
  	
  

As	
   expected,	
   the	
   recombined	
  mid[1]	
   twiGal4	
   line,	
  when	
  heterozygous	
   (Fig.	
   2.29	
  A,	
  

A’)	
   did	
   not	
   show	
   any	
   gonad	
   defects.	
  mid[1]	
   twiGal4/mid[B23]	
   transheterozygous	
  

embryos	
  displayed	
  severe	
  gonad	
  formation	
  defects,	
  similar	
  to	
  that	
  in	
  mid[B23]	
  (Fig.	
  

2.13	
   C1,	
   C2,	
   Fig.	
   2.29	
   B,	
   B’).	
   On	
   expression	
   of	
   the	
   UASmid	
   transgene	
   in	
   the	
  

mesoderm,	
   including	
   the	
   SGPs,	
   in	
   such	
   a	
   midline	
   mutant	
   background,	
   the	
   SGP-­‐

related	
   defects,	
   including	
   the	
   lack	
   of	
   fusion	
   of	
   the	
   SGP	
   clusters	
   and	
   the	
  

ensheathment	
  of	
  the	
  germ	
  cells	
  by	
  the	
  SGPs,	
  were	
  rescued	
  (Fig.	
  2.29	
  C,	
  C’).	
  Moreover	
  

the	
  scattered	
  germ	
  cells	
  observed	
  at	
  this	
  stage	
  were	
  also	
  rescued.	
  	
  

The	
   rate	
   of	
   the	
   observed	
   rescue	
   was	
   further	
   quantified	
   (Fig.	
   2.29	
   D)	
   using	
   Vasa-­‐

labeled	
  germ	
  cells.	
  While	
  mid[1]	
  twiGal4	
  /+	
  embryos	
  showed	
  80%	
  wild	
  type	
  gonads,	
  

similar	
   to	
   	
   mid[B23]	
   embryos,	
   the	
   transheterozygous	
   mid[1]	
   twiGal4/mid[B23]	
  

displayed	
  a	
  100%	
  penetrance	
  for	
  mutant	
  gonads,	
  with	
  the	
  highest	
  severity	
  category	
  

being	
   most	
   represented.	
   The	
  mid[1]	
   twiGal4/mid[B23];	
   UASmid	
   embryos,	
   on	
   the	
  

other	
  hand	
  showed	
  an	
  approximately	
  75%	
  wild	
  type	
  gonads	
  at	
  stage	
  15.	
  	
  

This	
   clearly	
   demonstrates	
   that	
   Midline	
   is	
   required	
   in	
   the	
   SGPs	
   for	
   normal	
   gonad	
  

morphogenesis.	
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Figure	
   2.29:	
   Rescue	
   of	
   mid[B23]	
   gonad	
   defects	
   using	
   midline	
   overexpression.	
   The	
   recombined	
  

mid[B23]	
  twiGal4	
  line	
  when	
  heterozygous	
  (A,	
  A’)	
  has	
  normal	
  stage	
  15	
  gonads,	
  however	
  when	
  in	
  trans	
  

with	
  mid[B23]	
  (B,	
  B’),	
  shows	
  defective	
  gonads.	
  These	
  defects	
  in	
  gonad	
  formation	
  can	
  be	
  rescued	
  by	
  

expression	
   of	
   the	
  UASmid(C,	
   C’)	
   transgene	
   in	
   the	
  mesoderm.	
   The	
   graph	
   (E)	
   further	
   quantifies	
   the	
  

phenotype	
   using	
   the	
   indicated	
   categories	
   (for	
   explanation	
   of	
   the	
   categorization,	
   please	
   see	
   text,	
  

section	
   2.2.6).	
   Expression	
   of	
   the	
   UASmid	
   transgene	
   in	
   the	
   mutants	
   rescues	
   the	
   mutant	
   gonad	
  

phenotypes	
  with	
  75%	
  of	
  gonads	
  rescued	
  to	
  wild	
  type	
  status.	
  Scale	
  Bar:	
  10µm	
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2.2.22	
  Stage	
  specific	
  loss	
  of	
  Traffic	
  Jam	
  in	
  mid[B23]	
  is	
  rescued	
  by	
  mesodermal	
  

Midline	
  expression	
  

Traffic	
  jam	
  (Tj)	
  is	
  a	
  transcription	
  factor	
  expressed	
  by	
  SGPs	
  and	
  required	
  for	
  

the	
  process	
  of	
  germ	
  cell	
  ensheathment,	
  (Li	
  et	
  al.,	
  2003).	
  One	
  of	
  the	
  defects	
  observed	
  

in	
   mid[B23]	
   mutant	
   embryos	
   is	
   the	
   complete	
   lack	
   of	
   germ	
   cell	
   ensheathment	
  

(section2.2.3;	
   Fig	
   2.13	
   C1,	
   C2),	
   in	
   spite	
   of	
   early	
   SGP-­‐germ	
   cell	
   contact	
   initiation.	
  

Therefore	
  I	
  tested	
  whether	
  Tj	
  was	
  downstream	
  of	
  Mid	
  using	
  an	
  available	
  antibody	
  

against	
  Tj.	
  

In	
   addition	
   to	
   the	
   VNC	
   expression,	
   Tj	
   could	
   be	
   observed	
   in	
   the	
   nucleus	
   of	
  

SGPs,	
   co-­‐labeled	
   against	
   the	
  412	
   RNA	
   in	
   stage	
  13	
   (Fig.	
   2.30	
  A1,	
  A1’)	
   and	
   stage	
  15	
  

(Fig.	
   2.30	
   A2,	
   A2’)	
   midline	
   heterozygous	
   embryos.	
   However,	
   in	
   stage	
   13	
   mid[1]	
  

twiGal4/mid[B23]	
  transheterozygotes	
  (Fig.	
  2.30	
  B1,	
  B1’),	
  in	
  spite	
  of	
  the	
  presence	
  of	
  

412-­‐labeled	
   SGPs,	
   no	
   nuclear	
   or	
   cytoplasmic	
   Tj	
   expression	
   could	
   be	
   observed.	
  

Interestingly	
  Tj	
  expression	
  was	
  seen	
  in	
  the	
  nucleus	
  of	
  a	
  few	
  stage	
  15	
  mutant	
  gonads	
  

(Fig.	
   2.30	
   B2,	
   B2’).	
   However,	
   this	
   late	
   Tj	
   expression	
   was	
   not	
   consistent	
   in	
   all	
  

embryos	
  or	
   SGPs.	
  Moreover,	
   the	
  VNC	
  Tj	
  was	
  unaffected	
  no	
  matter	
   the	
   stage	
   (data	
  

not	
  shown).	
  	
  	
  

If	
   Mid	
   is	
   required	
   autonomously	
   in	
   SGPs	
   for	
   robust	
   Tj	
   expression,	
   then	
   Tj	
  

expression	
  should	
  be	
  restored	
  in	
  mid	
  mutant	
  embryos	
  rescued	
  with	
  mesodermally	
  

driven	
   Mid.	
   Indeed,	
   the	
   gonads	
   in	
   the	
   mid[1]	
   twiGal4/mid[B23];	
   UASmid	
   rescue	
  

embryos	
  showed	
  Tj	
  expression	
  at	
  stage	
  13	
  (Fig.	
  2.30	
  C1,	
  C1’).	
  Furthermore,	
  the	
  germ	
  

cells	
  were	
  ensheathed	
  by	
  the	
  SGPs.	
  Similarly,	
   the	
  stage	
  15	
  rescued	
  gonads	
  showed	
  

wild	
  type	
  Tj	
  levels,	
  with	
  all	
  the	
  SGPs	
  showing	
  expression	
  (Fig.	
  2.30	
  C2,	
  C2’).	
  

However,	
   neither	
   A44	
   (data	
   not	
   shown)	
   nor	
   lola[C28]	
   (Fig.	
   2.30	
   D1,	
   D2)	
  

mutants	
  displayed	
  any	
  deficiency	
  in	
  SGP	
  Tj	
  expression	
  or	
  localization.	
  This	
  indicates	
  

that	
  gonad-­‐specific	
  Tj	
  expression	
   is	
   indeed	
  regulated	
  by	
  Mid,	
  but	
   is	
  not	
  affected	
   in	
  

other	
  mutants	
  having	
  gonadal	
  defects.	
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Figure	
  2.30:	
  Rescue	
  of	
  

Traffic	
   jam	
   expression	
  

in	
   mid[B23]	
   gonads.	
  

Vasa-­‐labeled	
   germ	
  

cells	
   are	
   in	
   blue,	
   412	
  

labeled	
   SGPs	
   in	
   red,	
  

and	
   Traffic	
   jam	
   in	
  

green	
   or	
   grey.	
  

Heterozygous	
   mid[1]	
  

twiGal4/+	
   gonads	
   at	
  

stage	
  13	
  (A1,	
  A1’)	
  and	
  

stage	
   15	
   (A2,	
   A2’)	
  

display	
   normal	
   Tj	
  

levels	
   in	
   SGPs.	
  mid[1]	
  

twiGal4/mid[B23]	
  

embyros	
   show	
   loss	
   of	
  

Tj	
   expression	
   in	
   the	
  

412	
   labeled	
   SGPs	
   of	
  

stage	
   13	
   gonads	
   (B1,	
  

B2).	
   Patchy	
   Tj	
  

expression	
  is	
  observed	
  

in	
   mutant	
   stage	
   15	
  

gonads	
   (B2,	
   B2’),	
   This	
  

loss/reduction	
   of	
   Tj	
  

protein	
  in	
  the	
  gonad	
  is	
  

rescued	
  on	
   expressing	
  

UASmid	
  transgene	
  (C1,	
  

C1’,	
   C2,	
   C2’)	
   in	
   the	
  

mesoderm	
   of	
   the	
  

mutants.	
   lola[C28]	
  

mutants	
   show	
   normal	
  

levels	
  of	
  Tj	
  expression	
  

in	
  stage	
  13	
   (D1,	
   inset)	
  

and	
   stage	
   15	
   (D2,	
  

inset)	
   gonads.	
   Scale	
  

Bar:	
  10µm	
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2.2.23	
  DE-­cadherin,	
  Armadillo	
  and	
  Robo	
  are	
  expressed	
  in	
  mid[B23]	
  and	
  

lola[C28]	
  mutant	
  gonads	
  

Since	
   both	
   Mid	
   and	
   Lola	
   are	
   transcription	
   factors,	
   they	
   could	
   potentially	
  

regulate	
  numerous	
  downstream	
  genes.	
  A	
  number	
  of	
  genes	
  are	
  already	
  known	
  to	
  be	
  

involved	
   in	
  gonad	
  morphogenesis	
   (Table	
  1.2),	
  and	
   I	
  wanted	
   to	
  examine	
   if	
   some	
  of	
  

them	
  are	
  regulated	
  by	
  Mid	
  or	
  Lola.	
  

The	
  adhesion	
  proteins,	
  DE-­‐cadherin	
  and	
  Arm,	
  are	
  required	
  in	
  various	
  steps	
  of	
  

gonad	
   formation,	
   especially	
   gonadal	
   compaction	
   at	
   stage	
   15	
   (Jenkins	
   et	
   al.,	
   2003;	
  

Mathews	
   et	
   al.,	
   2006)	
   (Warrior,	
   1994).	
   Therefore,	
   antibodies	
   against	
   DE-­‐cad	
   and	
  

Arm	
  were	
  used	
  to	
  examine	
  the	
  localization	
  and	
  levels	
  of	
  these	
  proteins	
  in	
  wild	
  type	
  

and	
   in	
  mid[B23]	
   and	
   lola[C28]	
  mutant	
   gonads.	
   In	
  wild	
   type	
   embryos,	
  DE-­‐cad	
   (Fig.	
  

2.31	
   A-­‐A’’)	
   and	
   Arm	
   (Fig.	
   2.32	
   A,	
   A’)	
   were	
   observed	
   both	
   in	
   the	
   germ	
   cells	
   (pink	
  

arrow	
  head)	
   and	
   in	
   the	
   SGPs	
   (yellow	
  arrow	
  head),	
   and	
   localized	
   to	
   SGP-­‐germ	
  cell	
  

junctions.	
  In	
  the	
  mutants	
  mid[B23]	
  (Fig.	
  2.31	
  B-­‐B’’)	
  and	
  lola[C28]	
  (Fig.	
  2.31	
  C-­‐C’’)	
  DE-­‐

cad	
  was	
  expressed	
  by	
   the	
  germ	
  cells	
   and	
   the	
  SGPs	
  although	
   I	
   cannot	
   exclude	
   that	
  

there	
   is	
   a	
   small	
   decrease	
   in	
   the	
   labeling	
   intensity	
   in	
  mid[B23]	
   stage	
   15	
   gonads.	
  

Moreover	
   both	
   cell	
   types	
   localized	
   DE-­‐cad	
   to	
   the	
   sites	
   of	
   cell	
   contact.	
   Similar	
  

observations	
  were	
  made	
  in	
  the	
  case	
  of	
  Arm-­‐labeling.	
  In	
  the	
  mutant	
  gonads	
  (Fig.	
  2.32	
  

B,	
  B’,	
  C,	
  C’),	
  both	
  SGPs	
  and	
  germ	
  cells	
  expressed	
  and	
   localized	
  Arm	
  similar	
   to	
   that	
  

observed	
   in	
   wild	
   type	
   gonads.	
   Additionally,	
   other	
   tissues,	
   like	
   the	
   gut	
   and	
   the	
  

trachea	
  expressed	
  normal	
  levels	
  of	
  the	
  two	
  adhesion	
  proteins	
  in	
  the	
  mutants	
  (data	
  

not	
   shown,	
   bright	
   DE-­‐cad	
   staining	
   in	
   the	
   gut	
   can	
   be	
   observed	
   in	
   all	
   panels	
   of	
   Fig	
  

2.31).	
   Therefore,	
   no	
   gross	
   differences	
   could	
   be	
   observed	
   in	
   the	
   DE-­‐cad	
   and	
   Arm	
  

expression	
  between	
  wild	
  type	
  and	
  mutants.	
  	
  

	
  

Another	
   protein	
   implicated	
   in	
   gonad	
   formation	
   at	
   the	
   step	
   of	
   SGP	
   cluster	
  

fusion	
   and	
   gonadal	
   compaction,	
   is	
   the	
   cell	
   surface	
   receptor	
   Robo	
   (Weyers	
   et	
   al.,	
  

2011).	
  Moreover,	
  both	
  Mid	
   (Liu	
  et	
  al.,	
  2009)	
  and	
  Lola	
   (Crowner	
  et	
  al.,	
  2002)	
  have	
  

been	
  demonstrated	
   to	
   regulate	
  Robo	
   levels	
   in	
   the	
  CNS,	
  making	
   it	
  a	
   likely	
   target	
   in	
  

the	
  gonads.	
  In	
  wild	
  type	
  stage	
  15	
  embryos	
  (Fig.	
  2.33	
  A,	
  A’),	
  Robo	
  localized	
  to	
  the	
  cell	
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surface	
   of	
   both	
   SGPs	
   (yellow	
   arrow	
   head)	
   and	
   germ	
   cells	
   (pink	
   arrow	
   head).	
   In	
  

mid[B23]	
  (Fig.	
  2.33	
  B,	
  B’)	
  and	
  lola[C28]	
  (Fig.	
  2.33	
  C,	
  C’)	
  mutants	
  the	
  germ	
  cells	
  could	
  

be	
  seen	
  with	
  Robo	
  signal	
  at	
  their	
  cell	
  surface.	
  Furthermore,	
  the	
  SGPs	
  of	
  mutants	
  also	
  

expressed	
  Robo	
  at	
  levels	
  not	
  distinguishable	
  from	
  wild	
  type	
  gonads.	
  

Hence	
  three	
   factors,	
  DE-­‐cad,	
  Arm	
  and	
  Robo,	
   implicated	
   in	
  gonad	
  formation	
  appear	
  

unaffected	
  in	
  the	
  mid[B23]	
  and	
  lola[C28]	
  mutants.	
  

	
  

	
  
Figure	
  2.31:	
  DE-­‐cadherin	
  levels	
  in	
  stage	
  15	
  mid[B23]	
  and	
  lola[C28]	
  mutant	
  gonads.	
  In	
  wild	
  type	
  (A-­‐

A’’)	
   DE-­‐cad	
   (green,	
   gray)	
   expression	
   is	
   observed	
   in	
   both	
   Vasa-­‐labeled	
   (blue)	
   germ	
   cells	
   (A’	
   pink	
  

arrow	
  head)	
  and	
  Tj	
  labeled	
  (red)	
  SGPs	
  (A’’	
  yellow	
  arrow	
  head).	
  Similar	
  to	
  wild	
  type,	
  mid[B23]	
  (B-­‐B’’)	
  

and	
   lola[C28]	
  (C-­‐C’’)	
  mutant	
  gonads	
  also	
  display	
  germ	
  cell	
  (B’,	
  C’	
  pink	
  arrow	
  head)	
  and	
  SGP	
  (B’’,	
  C’’	
  

yellow	
  arrow	
  head)	
  specific	
  DE-­‐cad	
  expression.	
  Scale	
  Bar:	
  10µm	
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Figure	
  2.32:	
  Armadillo	
  levels	
  in	
  stage	
  15	
  mid[B23]	
  and	
  lola[C28]	
  mutant	
  gonads.	
  In	
  wild	
  type	
  (A,	
  A’)	
  

Arm	
  (red,	
  gray)	
  expression	
  is	
  observed	
  in	
  both	
  Vasa-­‐labeled	
  (green)	
  germ	
  cells	
  (A’	
  pink	
  arrow	
  head)	
  

and	
  closely	
  associated	
  cells,	
  SGPs	
  (A’	
  yellow	
  arrow	
  head).	
  Similar	
  to	
  wild	
  type,	
  mid[B23]	
  (B,	
  B’)	
  and	
  

lola[C28]	
  (C,	
  C’)	
  mutant	
  gonads	
  also	
  display	
  germ	
  cell	
  (B’,	
  C’	
  pink	
  arrow	
  head)	
  and	
  SGP	
  (B’,	
  C’	
  yellow	
  

arrow	
  head)	
  specific	
  Arm	
  expression.	
  Scale	
  Bar:	
  10µm	
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Figure	
  2.33:	
  Robo	
  levels	
  in	
  stage	
  15	
  mid[B23]	
  and	
  lola[C28]	
  mutant	
  gonads.	
  In	
  wild	
  type	
  (A,	
  A’)	
  Robo	
  

(red,	
  gray)	
  expression	
  is	
  observed	
  in	
  both	
  Vasa-­‐labeled	
  (green)	
  germ	
  cells	
  (A’	
  pink	
  arrow	
  head)	
  and	
  

closely	
   associated	
   cells,	
   SGPs	
   (A’	
   yellow	
   arrow	
   head).	
   Similar	
   to	
   wild	
   type,	
  mid[B23]	
   (B,	
   B’)	
   and	
  

lola[C28]	
  (C,	
  C’)	
  mutant	
  gonads	
  also	
  display	
  germ	
  cell	
  (B’,	
  C’	
  pink	
  arrow	
  head)	
  and	
  SGP	
  (B’,	
  C’	
  yellow	
  

arrow	
  head)	
  specific	
  Robo	
  expression.	
  Scale	
  Bar:	
  10µm	
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2.2.24	
  Tinman	
  is	
  expressed	
  in	
  SGPs	
  but	
  remains	
  unaffected	
  in	
  mid[B23]	
  

mutant	
  gonads	
  

Tinman	
   (Tin)	
   is	
   an	
   early	
   expressing	
   mesodermal	
   transcription	
   factor	
  

required	
   for	
   proper	
   patterning	
   of	
   many	
   tissues	
   derived	
   from	
   the	
   mesoderm,	
  

including	
  the	
  heart,	
  the	
  muscles	
  and	
  the	
  gonad	
  (Azpiazu	
  and	
  Frasch,	
  1993;	
  Bodmer,	
  

1993).	
  In	
  case	
  of	
  gonad	
  development,	
  tin	
  expression	
  in	
  the	
  dorsolateral	
  mesoderm	
  is	
  

required	
  for	
  SGP	
  specification	
  (Boyle	
  et	
  al.,	
  1997).	
  In	
  tin	
  mutants	
  there	
  is	
  a	
  reduction	
  

in	
  SGP	
  number,	
  manifestation	
  of	
   the	
  germ	
  cell	
  phenotype	
   is	
  observed	
  scattered	
   in	
  

clumps	
   in	
   posterior	
   of	
   late	
   stage	
   embryos	
   (Moore	
   et	
   al.,	
   1998a).	
  Moreover,	
   it	
   has	
  

been	
   reported	
   that	
   although	
   tin	
   is	
   required	
   early	
   for	
   SGP	
   specification,	
   it	
   is	
   not	
  

expressed	
  later	
  in	
  the	
  SGPs	
  (Jemc,	
  2011).	
  	
  

In	
   the	
   heart,	
   there	
   is	
   a	
   molecular	
   connection	
   between	
   Mid	
   and	
   Tin:	
   Tin	
  

expression	
   in	
   the	
  heart	
   is	
   required	
   to	
  directly	
  activate	
  mid	
   expression	
   (Brook	
  and	
  

Cohen,	
  1996;	
  Ryu	
  et	
  al.,	
  2011).	
   Interestingly,	
  Mid	
   is	
   later	
  required	
   to	
  maintain	
  Tin	
  

expression	
  in	
  the	
  4	
  out	
  of	
  the	
  6	
  cardioblasts	
  in	
  one	
  hemisegment	
  of	
  the	
  heart	
  (Reim	
  

et	
  al.,	
  2005).	
  

To	
  test	
   the	
  possibility	
  that	
  Tin	
   is	
  downstream	
  of	
  Mid	
   in	
  the	
  SGPs,	
  wild	
  type	
  

gonads	
   were	
   analyzed	
   for	
   Tin	
   expression	
   using	
   a	
   Tin	
   antibody.	
   Surprisingly,	
   Tin	
  

expression	
   could	
   be	
   detected	
   in	
   all	
   the	
   SGPs,	
   counter-­‐labeled	
  with	
   Tj,	
   in	
   stage	
   13	
  

embryos	
  (Fig.	
  2.34	
  A1,	
  A1’).	
  Interestingly,	
  this	
  expression	
  became	
  more	
  restricted	
  in	
  

a	
   stage	
   15	
   gonad,	
   where	
   the	
   anterior	
   most	
   SGPs	
   showed	
   the	
   highest	
   expression	
  

levels	
   of	
   Tin	
   (Fig.	
   2.34	
   A1,	
   A1’	
   yellow	
   arrow	
   head)	
  with	
   a	
   decreasing	
   gradient	
   of	
  

expression	
  towards	
  the	
  posterior.	
  

On	
  analyzing	
  the	
  mid[B23]	
  mutants,	
  although	
  SGP-­‐specific	
  Tj	
  expression	
  was	
  

lost	
   in	
  the	
  stage	
  13	
  gonads,	
  expression	
  of	
  Tin	
  could	
  still	
  be	
  observed	
  (Fig.	
  2.34	
  B1,	
  

B1’).	
  Similarly,	
   in	
   the	
  mutant	
  stage	
  15	
  gonad,	
  Tin	
  expression	
  could	
  be	
  observed	
   in	
  

cells	
  making	
  contact	
  with	
  the	
  germ	
  cells	
  (Fig.	
  2.34	
  B2,	
  B2’).	
  However,	
  no	
  particular	
  

differences	
   in	
   the	
   level	
   of	
   Tin	
   expression	
   could	
   be	
   seen	
   in	
   the	
   stage	
   15	
   SGPs,	
  

indicating	
  a	
  possible	
  absence	
  of	
  anterior	
  and	
  posterior	
  SGP	
  identity	
  in	
  the	
  mutants.	
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Figure	
  2.34:	
  Tinman	
  expression	
  in	
  wild	
  type	
  and	
  mid[B23]	
  gonads.	
  In	
  wild	
  type	
  stage	
  13	
  gonad	
  (A1,	
  

A1’),	
  Tin	
  (red,	
  gray)	
  expression	
   is	
  observed	
  to	
  co-­‐localize	
  with	
  all	
  nuclear	
  Tj-­‐labeled	
  (red)	
  SGPs.	
  At	
  

stage	
   15	
   (A2,	
   A2’),	
   Tin	
   is	
   observed	
   in	
   the	
   SGPs	
   in	
   a	
   gradient	
   fashion	
  with	
   the	
   anterior	
   SGPs	
   (A2’	
  

yellow	
   arrow	
   head)	
   showing	
   highest	
   levels	
   of	
   expression.	
   Similar	
   to	
  wild	
   type,	
  mid[B23]	
   stage	
   13	
  

gonad	
   (B1,	
   B1’)	
   and	
   stage	
   15	
   gonad	
   (B2,	
   B2’),	
   in	
   spite	
   of	
   absent	
   and	
   reduced	
   Tj	
   expression	
  

respectively,	
   still	
  express	
  Tin	
   in	
   the	
  mutant	
  gonads.	
  Vasa-­‐labeled	
  germ	
  cells	
  are	
  seen	
   in	
  blue.	
  Scale	
  

Bar:	
  10µm	
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2.2.25	
  mid[B23]	
  and	
  lola[C28]	
  genetically	
  interact	
  

The	
   two	
  mutants	
  described	
   in	
   this	
   study	
  show	
  similar	
  defects	
   in	
   the	
  gonad	
  

formation	
  suggesting	
  that	
  some	
  of	
  the	
  downstream	
  genes	
  may	
  be	
  regulated	
  by	
  both	
  

Mid	
  and	
  Lola.	
   	
  Although	
  given	
   that	
  mid[B23]	
   affects	
  Tj	
   expression,	
  while	
   lola[C28]	
  

does	
  not,	
  at	
  least	
  some	
  of	
  the	
  downstream	
  genes	
  must	
  be	
  unique.	
  	
  

To	
   check	
   if	
   mid	
   acts	
   downstream	
   of	
   lola,	
   the	
   UASmid	
   transgene	
   was	
  

expressed	
   in	
   the	
   mesoderm	
   of	
   lola	
   mutants.	
   As	
   expected,	
   embryos	
   expressing	
  

UASmid	
   in	
   the	
   lola[22.05]	
   68-­‐77	
   twiGal4/+	
   background,	
   showed	
   normal,	
   compact	
  

stage	
   15	
   gonads	
   (Fig.	
   2.35,	
   A,	
   A’).	
   Surprisingly	
   however,	
   in	
   approximately	
   50%	
  of	
  

stage	
   15	
   gonads	
   of	
   lola[22.05]	
   68-­‐77	
   twiGal4/lola[C28]	
   embryos	
   expressing	
   the	
  

UASmid	
   transgene	
   in	
   the	
  mesoderm,	
  yet	
  another	
  phenotype	
  was	
  seen,	
  observed	
   in	
  

neither	
   lola[C28]	
  nor	
  mid[B23]	
  mutants.	
  These	
  gonads	
  appeared	
   ‘super-­‐elongated’,	
  

containing	
   increased	
   number	
   of	
   germ	
   cells	
   and	
   SGPs	
   (Fig.	
   2.35,	
   B,	
   B’).	
   Moreover	
  

instead	
   of	
   being	
   positioned	
   at	
   PS10,	
   these	
   ‘super-­‐elongated’	
   gonads	
   appeared	
   to	
  

span	
   more	
   than	
   one	
   parasegment.	
   However,	
   the	
   SGPs	
   appear	
   to	
   interact	
   and	
  

ensheath	
  the	
  germ	
  cells	
  through	
  the	
  length	
  of	
  the	
  ‘super-­‐elongated’	
  gonad.	
  	
  

Given	
   these	
   findings,	
   I	
  wanted	
   to	
   test	
   for	
  a	
   functional	
   relationship	
  between	
  

lola	
   and	
  mid	
   by	
   testing	
   for	
   a	
   single	
   copy	
   genetic	
   interaction	
   between	
   the	
  mutant	
  

alleles	
  (Fig.	
  2.36).	
  As	
  shown	
  in	
  previous	
  quantifications,	
   lola[C28]	
  shows	
  only	
  10%	
  

mutant	
  gonads	
  when	
  heterozygous,	
  while	
  in	
  heterozygous	
  mid[B23],	
  approximately	
  

30%	
  of	
  the	
  gonads	
  are	
  mutant.	
  However,	
  on	
  testing	
  embryos	
  transheterozygous	
  for	
  

the	
   two	
   mutants,	
   there	
   was	
   a	
   marked	
   increase	
   in	
   mutant	
   gonad	
   phenotypes	
  

compared	
   to	
   the	
   single	
   mutant	
   heterozygous	
   situation.	
   On	
   crossing	
   lola[C28]	
  

females	
  with	
  mid[B23]	
  males,	
   the	
   resulting	
  embryos	
  showed	
  a	
  40%	
  penetrance	
   in	
  

mutant	
  phenotype	
  was	
  observed	
  compared	
  to	
  10%	
  in	
   lola[C28]/+	
  embryos.	
   In	
   the	
  

embryos	
   from	
   the	
   reciprocal	
   cross,	
   using	
   mid[23]	
   females,	
   an	
   even	
   higher	
  

penetrance	
   of	
   70%	
   mutant	
   gonads	
   was	
   observed	
   in	
   comparison	
   to	
   the	
  mid[23]	
  

females	
  crossed	
  to	
  wild	
  type	
  males	
  (mid[B23]/+).	
  



Results	
  

	
   89	
  

To	
  test	
  if	
  the	
  interaction	
  seen	
  with	
  mid[B23]	
  is	
  specific	
  to	
  the	
  lola	
  locus,	
  or	
  if	
  

its	
  due	
   to	
  some	
  other	
  mutation	
   in	
   the	
   lola[C28]	
  background,	
  mid[B23]	
  was	
   further	
  

tested	
  for	
  interaction	
  using	
  the	
  lola	
  deficiency	
  Df(2R)BSC595	
  and	
  the	
  lola	
  null	
  allele	
  

lola[22.05].	
   In	
   both	
   scenarios,	
   a	
   50-­‐60%	
   penetrance	
   of	
  mutant	
   gonad	
   phenotypes	
  

could	
  be	
  observed	
  (Fig.	
  2.36),	
  implying	
  a	
  lola-­‐specific	
  interaction.	
  

	
  

	
  
Figure	
  2.35:	
  ‘Super-­‐elongated’	
  gonads	
  in	
  UASmid	
  ‘rescued’	
  lola[C28]	
  mutants.	
  While	
  overexpression	
  

of	
   UASmid	
   in	
   the	
   mesoderm	
   of	
   lola	
   heterozygous	
   embryos	
   (A,	
   A’)	
   leads	
   to	
   wild	
   type	
   gonad	
  

morphology	
   and	
   Tj	
   expression	
   (red),	
   such	
   overexpression	
   in	
   lola	
   mutants	
   (B,	
   B’)	
   leads	
   to	
   the	
  

formation	
  of	
  abnormal	
  ‘super-­‐elongated’	
  stage	
  15	
  gonads.	
  Such	
  a	
  gonad	
  typical	
  spans	
  more	
  that	
  one	
  

parasegment,	
  and	
  displays	
  a	
  greater	
  number	
  of	
  germ	
  cells	
  and	
  SGPs.	
  Vasa-­‐labeled	
  germ	
  cells	
  are	
  seen	
  

in	
  green.	
  Scale	
  bar:	
  10µm	
  

	
  

The	
   strong	
   genetic	
   interaction	
   observed	
   between	
   the	
   two	
   mutant	
   alleles	
  

when	
  one	
   functional	
   copy	
  of	
   each	
   gene	
   is	
   still	
   available	
   appears	
   to	
   be	
   synergistic,	
  

and	
   indicates	
   that	
   the	
   two	
   genes,	
  midline	
   and	
   lola,	
   interact	
   mechanistically	
   at	
   an	
  

unknown	
   level.	
   However,	
   expression	
   of	
   Lola-­‐R	
   does	
   not	
   rescue	
  mid[B23]	
   mutant	
  

gonad	
   phenotype	
   (data	
   not	
   shown).	
   Additionally,	
   Mid	
   over-­‐expression	
   in	
   lola	
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mutants	
   leads	
   to	
   the	
   formation	
   of	
   the	
   ‘super-­‐elongated’	
   gonads.	
   Therefore,	
   the	
  

possibility	
  of	
  the	
  two	
  transcription	
  factors	
  acting	
  in	
  parallel	
  pathways,	
  with	
  one	
  or	
  

more	
   overlapping	
   targets	
   could	
   explain	
   the	
   observed	
   interactions.	
   Studying	
   these	
  

pathways	
  and	
  their	
  regulation	
  could	
  reveal	
  many	
  novel	
  mechanisms	
  involved	
  in	
  SGP	
  

behavior	
  and	
  the	
  process	
  of	
  gonad	
  morphogenesis.	
  

	
  

	
  
Figure	
  2.36:	
  Quantification	
  of	
  the	
  genetic	
  interaction	
  bet	
  midline	
  and	
   lola.	
  The	
  graph	
  quantifies	
  the	
  

phenotype	
   using	
   the	
   indicated	
   categories	
   (for	
   explanation	
   of	
   the	
   categorization,	
   please	
   see	
   text,	
  

section	
   2.2.6).	
   The	
   bottom	
   two	
   bars	
   show	
   the	
   penetrance	
   in	
   heterozygous	
   lola[C28]	
   and	
  mid[B23]	
  

mutants,	
  while	
  the	
  next	
  two	
  bars	
  display	
  the	
  penetrance	
  in	
  homozygous	
  mutants.	
  The	
  two	
  bars	
  above	
  

display	
   the	
   single	
   copy	
   genetic	
   interaction	
   between	
   the	
   two	
   mutants	
   resulting	
   from	
   reciprocal	
  

crosses.	
   Following	
   this,	
   the	
   interaction	
   of	
  mid[B23]	
   with	
   the	
   lola	
   deficiency	
  BSC595	
   (compared	
   to	
  

lola[C28]/BSC595	
   non-­‐complementation),	
   	
   and	
   lola	
   null	
   allele	
   lola[22.05],	
   showing	
   approximately	
  

60%	
  and	
  50%	
  interaction	
  is	
  displayed.	
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3.1	
  Requirement	
  of	
  cell	
  surface	
  activity	
  of	
  Wun2	
  for	
  germ	
  

cell	
  migration	
  and	
  survival	
  

	
  

In	
   this	
   study,	
   I	
   focused	
   on	
   addressing	
   one	
   of	
   the	
   crucial	
   assumptions	
   on	
  

which	
  the	
  model	
  of	
  Wunen’s	
  role	
  in	
  germ	
  cell	
  migration	
  and	
  survival	
  is	
  based.	
  I	
  used	
  

two	
  approaches	
  to	
  ascertain	
  the	
  site	
  of	
  Wun2	
  activity	
  in	
  germ	
  cells.	
  

In	
  the	
  first	
  approach,	
  I	
  overexpressed	
  tagged	
  and	
  untagged	
  versions	
  of	
  Wun2	
  

in	
  the	
  germ	
  cells.	
  The	
  untagged	
  and	
  GFP	
  tagged	
  versions	
  localized	
  primarily	
  to	
  the	
  

plasma	
   membrane	
   whilst	
   the	
   Myc	
   tagged	
   version	
   was	
   more	
   intracellular.	
   All	
   3	
  

versions	
  showed	
  identical	
   functionality	
   in	
  rescue	
  experiments.	
   	
   I	
  conclude	
  that	
  the	
  

GFP	
   version	
  more	
   accurately	
   reflects	
   the	
   native	
   protein	
   and	
   that	
   the	
   cell	
   surface	
  

represents	
  the	
  site	
  of	
  accumulation	
  of	
  Wun2	
  in	
  germ	
  cells.	
  

In	
  a	
  parallel	
  approach,	
  I	
  synthesized	
  a	
  cleavable	
  form	
  of	
  Wun2	
  by	
  inserting	
  a	
  

TEV	
  protease	
  cleavage	
  site	
  (tev-­‐site)	
  in	
  the	
  third	
  loop	
  of	
  Wun2	
  between	
  the	
  first	
  two	
  

catalytic	
   domains.	
   Cleavage	
   at	
   this	
   site,	
   by	
   extracellular	
   TEV	
   protease,	
   would	
  

separate	
   the	
   catalytic	
   domains,	
   and	
   presumably	
   render	
   the	
   enzyme	
   inactive.	
  	
  

Expression	
  of	
  the	
  secretable	
  TEV	
  protease	
  in	
  the	
  surrounding	
  tissues	
  had	
  no	
  effect	
  

on	
   control	
   Wun2	
   without	
   a	
   tev-­‐site	
   to	
   rescue	
   germ	
   cell	
   loss	
   in	
   wun	
   wun2	
   M-­‐	
  

embryos,	
   but	
   significantly	
   reduced	
   the	
   ability	
   of	
   Wun2tev	
   to	
   do	
   so.	
   This	
   was	
  

confirmed	
   by	
   using	
   several	
   insertion	
   lines	
   of	
   both	
  Wun2con	
   and	
  Wun2tev,	
   all	
   of	
  

which	
   showed	
   the	
   same	
   pattern	
   of	
   germ	
   cell	
   survival	
   with/without	
   protease	
  

expression.	
  	
  

These	
  results	
   strongly	
   implicate	
   that	
  Wun2	
  acts	
  on	
   the	
  surface	
  of	
   the	
  germ	
  

cells,	
   where	
   it	
   dephosphorylates	
   extracellular	
   lipid	
   phosphates,	
   to	
   aid	
   germ	
   cell	
  

migration	
  and	
  survival.	
  

	
  

3.1.1	
  Differential	
  localization	
  of	
  the	
  tagged-­versions	
  of	
  Wun2	
  

Wunen	
  localization	
  has	
  been	
  studied	
  previously	
  in	
  somatic	
  cells.	
  Localization	
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of	
   the	
   tagged	
   forms	
   of	
   Wun,	
   WunGFP	
   and	
   Wunmyc,	
   is	
   reported	
   on	
   the	
   plasma	
  

membrane	
   of	
   both	
   S2	
   cells	
   (using	
   electron	
  microscopy	
   and	
   anti-­‐GFP	
   or	
   anti-­‐myc	
  

antibodies	
   followed	
   by	
   detection	
   using	
   gold	
   particles)	
   (Burnett	
   et	
   al.,	
   2004)	
   and	
  

mesodermal	
   cells	
   (fluorescent	
   staining)	
   (Burnett	
   and	
   Howard,	
   2003).	
   Although	
  

similar	
   cell	
   surface	
   localization	
   of	
  Wun2myc	
   is	
   claimed	
   in	
   the	
   ectodermal	
   cells	
   of	
  

Drosophila	
   embryos	
   (Starz-­‐Gaiano	
   et	
   al.,	
   2001),	
   closer	
   inspection	
   of	
   their	
   figures	
  

indicate	
  more	
  intracellular	
  localization.	
  However,	
  the	
  localization	
  of	
  Wun	
  and	
  Wun2	
  

in	
  germ	
  cells	
  had	
  not	
  been	
  looked	
  into.	
  	
  

To	
  examine	
  where	
  Wunens	
  localize	
  in	
  migrating	
  germ	
  cells	
  I	
  used	
  two	
  tagged	
  

forms	
   of	
   Wun2,	
   and	
   compared	
   them	
   to	
   overexpressed	
   untagged	
   Wun2.	
  

Interestingly,	
  the	
  localization	
  of	
  overexpressed	
  untagged	
  Wun2	
  (visualized	
  by	
  using	
  

an	
  antibody	
  against	
  Wun2)	
  was	
  very	
   similar	
   to	
  Wun2-­‐GFP,	
  both	
  being	
   largely	
   cell	
  

surface,	
   but	
   highly	
   dissimilar	
   to	
   the	
   largely	
   cytoplasmic	
   presence	
   of	
   Wun2-­‐myc	
  

(both	
   visualized	
   by	
   using	
   an	
   antibody	
   against	
   the	
   tags).	
   	
   Although	
   these	
   results,	
  

suggest	
  that	
  Wun2	
  localizes	
  to	
  the	
  cell	
  surface,	
  several	
  observations	
  leave	
  open	
  the	
  

possibility	
   that	
  Wunens	
   act	
   inside	
   the	
   cell.	
   Firstly	
   intense	
   cytoplasmic	
   punctae	
   of	
  

Wun2	
   were	
   observed	
   when	
   untagged-­‐Wun2	
   was	
   overexpressed	
   in	
   germ	
   cells.	
  

Secondly,	
   from	
   live	
   imaging	
   work	
   performed	
   earlier	
   in	
   the	
   lab,	
   fast	
   moving	
  

cytoplasmic	
  ‘dots’	
  of	
  Wun-­‐GFP	
  were	
  seen	
  in	
  migrating	
  and	
  stationary	
  germ	
  cells	
  (J.	
  

Baumbach,	
   Diploma	
   thesis).	
   Finally,	
   in	
   spite	
   of	
   a	
   starkly	
   different	
   pattern	
   of	
  

localization,	
  Wun2-­‐myc	
  was	
  equally	
  capable	
  of	
  rescuing	
  germ	
  cell	
  loss,	
  as	
  Wun2GFP,	
  

in	
  maternal	
  wunen	
  lacking	
  embryos.	
  

One	
  line	
  of	
  reasoning	
  to	
  explain	
  the	
  above	
  observations	
  could	
  be	
  that	
  the	
  tag	
  

affects	
  the	
  localization	
  pattern	
  of	
  the	
  protein.	
  It	
  is	
  possible	
  that	
  the	
  GFP	
  tag	
  on	
  Wun2	
  

induces	
   and/or	
   stabilizes	
   the	
   localization	
  of	
   the	
  protein	
   at	
   the	
  plasma	
  membrane.	
  

Alternatively,	
   the	
   Myc	
   tag	
   could	
   hinder	
   its	
   proper	
   cell	
   surface	
   localization,	
   by	
  

causing	
  the	
  intracellular	
  trapping	
  of	
  the	
  protein.	
  This	
  hypothesis	
  is	
  supported	
  by	
  the	
  

observation	
   that	
  WunGFP	
   localized	
   to	
   the	
  cell	
   surface	
   in	
   insect	
  S2	
  cell	
   lines,	
  while	
  

Wun	
  with	
  a	
  3Xmyc	
  tag	
  was	
  observed	
  in	
  ‘sub-­‐cortical	
  vesicles’,	
  along	
  with	
  cell	
  surface	
  

localization	
  (Burnett	
  et	
  al.,	
  2004).	
  Lastly	
  it	
  also	
  possible,	
  that	
  the	
  C-­‐terminal	
  Myc	
  tag	
  

is	
   cleaved	
  off,	
   and	
  what	
  we	
  observe	
  by	
  Myc	
  antibody	
  staining	
   in	
   the	
   cytoplasm,	
   is	
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only	
  the	
  tag.	
  

Alternatively,	
   the	
   cytoplasmic	
   presence	
   of	
   Wun2	
   and	
   Wun2-­‐myc	
   could	
   be	
  

explained	
  by	
  the	
  inability	
  of	
  all	
  the	
  overexpressed	
  protein	
  to	
  localize	
  to	
  the	
  plasma	
  

membrane.	
   Furthermore,	
   the	
   cytoplasmic	
   punctae	
   could	
   be	
   explained	
   as	
   the	
  

recycling	
  or	
  the	
  transport	
  of	
  the	
  protein	
  between	
  the	
  interior	
  of	
  the	
  cell	
  and	
  the	
  cell	
  

surface.	
  	
  

Taken	
  together,	
  I	
  conclude	
  that	
  Wunens	
  localize	
  to	
  the	
  cell	
  surface,	
  however	
  I	
  

cannot	
  exclude	
  they	
  are	
  functionally	
  required	
  also	
  in	
  some	
  intracellular	
  site.	
  

	
  

3.1.2	
  Cleavage	
  of	
  Wun2	
  at	
  the	
  inserted	
  tev-­site	
  

The	
  insertion	
  of	
  tev-­‐sites	
  for	
  cleavage	
  of	
  intracellular	
  proteins	
  has	
  been	
  performed	
  

previously	
   in	
  Drosophila	
  cells	
  (Harder	
  et	
  al.,	
  2008;	
  Pauli	
  et	
  al.,	
  2008).	
  A	
  3x-­‐tev-­‐site	
  

was	
  inserted	
  in	
  the	
  Rad21	
  protein,	
  separating	
  the	
  N-­‐	
  and	
  C-­‐terminus,	
  to	
  investigate	
  

the	
  role	
  of	
  Cohesin	
   in	
  post-­‐mitotic	
  embryonic	
  cells.	
  The	
  cleavage	
  of	
  Rad21	
  on	
  heat	
  

shock-­‐induced	
   TEV	
   protease	
   expression	
   in	
   the	
   same	
   cells	
   could	
   be	
   observed	
   in	
   a	
  

Western	
   blot	
   (Pauli	
   et	
   al.,	
   2008).	
   In	
   a	
   similar	
   study,	
   co-­‐expression	
   of	
   the	
   TEV	
  

protease	
   with	
   a	
   cleavable	
   form	
   of	
   cytoplasmic	
   Tao	
   protein	
   led	
   to	
   the	
   nuclear	
  

accumulation	
   of	
   the	
   cleaved	
   C-­‐terminus.	
   However,	
   in	
   contrast	
   to	
   the	
   previously	
  

mentioned	
   study,	
   only	
  one	
   tev-­‐site	
  was	
   inserted	
   in	
   the	
  Tao	
  protein	
   (Harder	
   et	
   al.,	
  

2008).	
  

A	
   single	
   cleavage	
   site	
   was	
   used	
   in	
   Wun2	
   as	
   it	
   was	
   already	
   shown	
   to	
   be	
  

sufficient	
  for	
  recognition	
  by	
  the	
  TEV	
  protease,	
  and	
  additionally	
  to	
  avoid	
  altering	
  the	
  

protein	
   structure	
   more	
   than	
   necessary.	
   	
   Moreover,	
   unlike	
   the	
   earlier	
   works,	
   this	
  

study	
  expressed	
  the	
  TEV	
  protease	
  and	
  the	
  cleavable	
  Wun2tev	
  substrate	
  in	
  separate	
  

cell	
  types,	
  increasing	
  the	
  complexity	
  of	
  the	
  experiment.	
  

In	
  spite	
  of	
  using	
  several	
  experimental	
  set	
  ups,	
   I	
  was	
  unable	
   to	
  demonstrate	
  

the	
  cleavage	
  of	
  Wun2tev	
  in	
  vitro	
  by	
  the	
  TEV	
  protease.	
  I	
  used	
  Schneider2	
  (S2)	
  insect	
  

cell	
   lines,	
   to	
   express	
   Wun2con	
   and	
  Wun2tev,	
   and	
   attempted	
   TEV	
   cleavage	
   using	
  

exogenous	
   addition	
   of	
   TEV	
   protease	
   to	
   intact	
   cells	
   and	
   total	
   protein	
   extracts.	
  

However,	
  several	
  bands	
  were	
  detected	
  on	
  Western	
  blots	
  using	
  an	
  anti-­‐Myc	
  antibody	
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even	
  without	
  protease	
  addition,	
   occluding	
   the	
  predicted	
   cleavage	
  band.	
  This	
   large	
  

number	
   of	
   observed	
   bands	
   likely	
   represents	
   several	
   degradation	
   products	
   of	
   the	
  

overexpressed	
  Wun2tev	
  protein	
  in	
  the	
  S2	
  cells.	
  	
  

However,	
   the	
   experiment	
   in	
   this	
   study	
   demonstrating	
   the	
   significant	
  

reduction	
   in	
   the	
  ability	
  of	
  Wun2tev	
  to	
  rescue	
  germ	
  cell	
   loss	
   in	
   the	
  presence	
  of	
   the	
  

protease	
  can	
  only	
  be	
  explained	
  by	
  recognition	
  of	
  the	
  tev-­‐site	
  by	
  the	
  protease.	
  	
  

	
  

3.1.3	
  Implication	
  of	
  cell	
  surface	
  Wun2	
  activity	
  in	
  germ	
  cells	
  

Wild	
  type	
  germ	
  cells	
  can	
  sense	
  a	
  lipid	
  phosphate	
  gradient	
  up	
  to	
  a	
  distance	
  of	
  

33µm	
   (Mukherjee,	
   Neher	
   et	
   al.	
   unpublished	
   data).	
   However,	
   it	
   is	
   not	
   known	
   how	
  

germ	
  cells	
  sense	
  this	
  extracellular	
  lipid	
  phosphate	
  gradient	
  and	
  whether	
  the	
  sensing	
  

is	
   directly	
   or	
   indirectly	
   performed	
   by	
   the	
   expression	
   of	
   Wunens	
   in	
   germ	
   cells.	
  

Furthermore,	
  overexpressing	
  Wunens	
  in	
  insect	
  cell	
  lines	
  results	
  in	
  the	
  accumulation	
  

of	
  fluorescent	
  lipid	
  analogs	
  within	
  the	
  cell	
  (Renault	
  et	
  al.,	
  2004a)	
  but	
  the	
  mechanism	
  

of	
  entry	
  of	
  the	
  lipid	
  is	
  still	
  unknown.	
  	
  

It	
   is	
   possible	
   that	
   the	
   extracellular	
   lipid	
   phosphates	
   are	
   received	
   by	
   a	
   cell	
  

surface	
   receptor	
   (possibly	
   the	
   G-­‐protein	
   coupled	
   receptor	
   Tre-­‐1),	
   which	
   is	
  

internalized	
   and	
   the	
   substrates	
   are	
   subsequently	
   dephosphorylated	
   by	
   Wunens,	
  

hence	
  leading	
  to	
  indirect	
  sensing.	
  However,	
  to	
  date,	
  no	
  lipid-­‐specific	
  receptors	
  have	
  

been	
  found	
  in	
  Drosophila,	
  which	
  makes	
  the	
  direct	
  sensing	
  by	
  Wunen	
  expression	
  in	
  

germ	
  cells	
  the	
  more	
  favorable	
  model	
  of	
  Wunen	
  activity	
  (Renault	
  et	
  al.,	
  2004a).	
  For	
  

this	
   it	
   is	
   important	
   that	
   Wunen	
   can	
   act	
   as	
   an	
   ‘ecto-­‐enzyme’	
   in	
   order	
   to	
   directly	
  

dephosphorylate	
   the	
   extracellular	
   lipid	
   phosphates	
   and	
   cause	
   their	
   subsequent	
  

uptake.	
  	
  

This	
  work	
  strongly	
  suggests	
  the	
  role	
  of	
  Wun2	
  as	
  an	
  ‘ecto-­‐enzyme’	
  in	
  the	
  germ	
  

cells,	
  hence	
  supporting	
  the	
  model	
  of	
  Wunens	
  in	
  germ	
  cells	
  acting	
  as	
  a	
  direct	
  sensor	
  

of	
   the	
   extracellular	
   lipid	
   cue.	
   Germ	
   cells	
   could	
   possibly	
   sense	
   the	
   rate	
   of	
  Wunen	
  

activity	
  by	
  detecting	
  the	
  rate	
  of	
  accumulation	
  of	
  the	
  dephosphorylated	
  form	
  of	
  the	
  

lipid	
  inside	
  the	
  cell.	
  Hence	
  germ	
  cells	
  close	
  to	
  an	
  area	
  of	
  somatic	
  wunen	
  expressing	
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cells,	
   where	
   lipid	
   phosphate	
   levels	
   are	
   lower,	
   would	
   migrate	
   away	
   from	
   these	
  

regions	
  because	
  of	
  decreased	
  internalization	
  of	
  the	
  lipid.	
  	
  

The	
   redundancy	
   of	
  Wun	
   and	
  Wun2	
   in	
   germ	
   cell	
   migration	
   and	
   survival	
   is	
  

known	
   (Starz-­‐Gaiano	
   et	
   al.,	
   2001).	
   Wunens	
   are	
   also	
   required	
   in	
   other	
  

morphogenetic	
  processes	
  like	
  tracheal	
  formation	
  and	
  heart	
  formation.	
  Interestingly,	
  

defects	
  in	
  trachea	
  can	
  occur	
  by	
  the	
  loss	
  of	
  only	
  Wun,	
  however,	
  both	
  Wun2myc	
  and	
  

Wun2GFP	
   can	
   rescue	
   these	
   defects	
   (Kispert	
   and	
   Herrmann,	
   1993).	
   Apart	
   from	
  

proving	
  a	
  redundancy	
  in	
  the	
  required	
  activity	
  of	
  Wun	
  and	
  Wun2,	
  it	
  also	
  suggests	
  a	
  

cell	
  surface	
  activity	
  of	
  Wun	
  similar	
  to	
  Wun2.	
  

	
  

	
  

3.2	
  Transcription	
  factors	
  regulating	
  several	
  steps	
  of	
  gonad	
  

morphogenesis	
  

	
  

In	
  this	
  study,	
  I	
  phenotypically	
  characterized	
  three	
  gonad	
  formation	
  mutants	
  

A44,	
  B23,	
   C28	
   obtained	
   from	
   an	
   EMS	
  mutagenesis	
   screen.	
   The	
  mutants	
   displayed	
  

normal	
   early	
   germ	
  cell	
  migration,	
  with	
   the	
  migration	
   through	
   the	
  midgut	
   into	
   the	
  

mesoderm	
  and	
  the	
  bilateral	
  sorting	
  of	
  the	
  germ	
  cells	
  being	
  unaffected.	
  Analyzing	
  the	
  

stage	
   13	
   and	
   stage	
   15	
   mutant	
   gonads	
   revealed	
   defects	
   in	
   several	
   steps	
   of	
   gonad	
  

formation,	
   including	
   SGP-­‐cluster	
   fusion,	
   germ	
   cell	
   ensheathment	
   by	
   the	
   SGPs,	
   and	
  

gonad	
  compaction.	
  

I	
   used	
   two	
   independent	
   approaches,	
   whole	
   genome	
   sequencing	
   and	
  

complementation	
  by	
  deficiencies,	
  to	
  clone	
  the	
  causative	
  mutations.	
  I	
  established	
  B23	
  

as	
   an	
   allele	
   of	
  midline	
   and	
  C28	
   as	
   an	
   allele	
   of	
   longitudinals	
   lacking.	
  The	
   observed	
  

gonadal	
  defects	
  could	
  be	
  rescued	
  by	
  expression	
  of	
  the	
  respective	
  transgenes	
  in	
  the	
  

mesoderm	
  of	
  mid[B23]	
  and	
  the	
  lola[C28]	
  mutant	
  embryos.	
  	
  

Both	
   mid	
   and	
   lola	
   encode	
   transcriptional	
   factors,	
   and	
   were	
   seen	
   to	
   be	
  

expressed	
  in	
  the	
  SGPs.	
  The	
  missense	
  mutation	
  in	
  lola[C28]	
  affects	
  only	
  one	
  isoform	
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of	
   lola,	
   lola-­‐R.	
  Another	
   isoform	
  of	
   lola,	
   lola-­‐BC,	
  could	
  not	
  be	
  detected	
   in	
  the	
  gonad,	
  

nor	
  could	
  expression	
  of	
  this	
  isoform	
  rescue	
  the	
  lola[C28]	
  mutant	
  gonadal	
  phenotype.	
  

Expression	
  of	
  the	
  adhesion	
  proteins	
  DE-­‐cadherin	
  and	
  Armadillo,	
  and	
  the	
  cell	
  

surface	
   receptor	
   Robo	
   was	
   not	
   affected	
   in	
   the	
   mutants.	
   However,	
   expression	
   of	
  

another	
  transcription	
  factor	
  Traffic	
  Jam,	
  was	
  lost	
  in	
  stage	
  13	
  and	
  patchy	
  in	
  stage	
  15	
  

mid[B23]	
   mutant	
   SGPs.	
   Moreover,	
   Tj	
   levels	
   were	
   normal	
   in	
   the	
   other	
   two	
   gonad	
  

formation	
   mutants,	
   A44	
   and	
   lola[C28].	
   Additionally,	
   I	
   found	
   that	
   Tinman,	
   earlier	
  

thought	
   to	
  be	
   required	
  only	
   for	
  SGP	
  specification,	
   is	
   also	
  expressed	
   in	
   the	
  SGPs	
  at	
  

later	
  stages.	
  This	
  expression	
  was	
  however,	
  unperturbed	
  in	
  mid[B23]	
  mutants.	
  

Lastly,	
   I	
   observed	
  and	
  quantified	
  a	
   single	
   copy	
  genetic	
   interaction	
  between	
  

mid[B23],	
   lola[C28]	
  and	
  other	
   lola	
  deficiencies	
  and	
  null	
  alleles.	
  The	
  presence	
  of	
  an	
  

interaction	
   between	
   the	
   two	
   genes	
   was	
   further	
   demonstrated	
   by	
   the	
   observed	
  

‘super-­‐elongated’	
   gonad	
   phenotype	
   on	
   expression	
   of	
   Midline	
   in	
   the	
  mesoderm	
   of	
  

lola[C28]	
  mutants.	
  	
  

	
  

Therefore,	
  this	
  study	
  has	
  revealed	
  two	
  new	
  factors	
  essential	
  to	
  the	
  process	
  of	
  

gonad	
   morphogenesis	
   and	
   required	
   in	
   several	
   stages	
   of	
   this	
   process.	
   The	
   two	
  

implicated	
   genes	
   mid	
   and	
   lola,	
   both	
   encode	
   for	
   transcription	
   factors	
   that	
   could	
  

regulate	
  gonadal	
  expression	
  of	
  overlapping	
  or	
  unique	
  sets	
  of	
  effector	
  genes.	
  

	
  

3.2.1	
  Normal	
  mesodermal	
  patterning	
  and	
  SGP	
  defects	
  in	
  mutants	
  

The	
  specification	
  of	
  SGPs	
  occurs	
  in	
  the	
  dorsolateral	
  mesoderm	
  (Brookman	
  et	
  

al.,	
  1992b).	
  Therefore,	
  normal	
  mesoderm	
  specification	
  and	
  its	
  proper	
  patterning	
  is	
  a	
  

prerequisite	
   for	
   normal	
   SGP	
   formation.	
   In	
   the	
   gonad	
   formation	
   mutants	
  

characterized	
   in	
   this	
   study,	
   three	
   lines	
   of	
   evidence	
   pointed	
   towards	
   a	
   correctly	
  

patterned	
   mesoderm:	
   i)	
   Normal	
   germ	
   cell	
   migration,	
   which	
   requires	
   normal	
  

mesodermal	
  patterning	
  (Warrior,	
  1994),	
  was	
  observed.	
   ii)	
  Expression	
  of	
  early	
  SGP	
  

markers	
  such	
  as	
  the	
  412	
  retrotransposon,	
  and	
  the	
  transcription	
  factor	
  Eyes	
  absent	
  

(Eya),	
   could	
   be	
   detected.	
   Additionally,	
   these	
   markers	
   also	
   established	
   that	
   the	
  

specified	
   SGPs	
   were	
   capable	
   of	
   initiating	
   contact	
   formation	
   with	
   germ	
   cells.	
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iii)	
   Lastly,	
   another	
  marker	
  FasIII,	
   labeling	
   the	
   visceral	
  mesoderm,	
  demonstrated	
   a	
  

normal	
   fused	
   and	
   contiguous	
  mesodermally	
   derived	
   tissue	
   in	
   the	
  mutants.	
   These	
  

lines	
  of	
  evidence	
  show	
  that	
  the	
  compromised	
  SGP	
  cluster	
  fusion	
  occurring	
  in	
  stage	
  

13	
   mutants	
   is	
   specifically	
   due	
   to	
   SGP-­‐related	
   defects	
   and	
   not	
   faulty	
   mesoderm	
  

patterning.	
  	
  	
  

	
   Apart	
   from	
   unfused	
   and	
   separate	
   SGP-­‐germ	
   cell	
   clusters,	
   germ	
   cell	
  

ensheathment	
   by	
   the	
   cytoplasmic	
   processes	
   extended	
   from	
   the	
   SGPs	
   in	
   stage	
   13	
  

mutants	
   was	
   lacking.	
   This	
   loss	
   of	
   ensheathment	
   was	
   more	
   penetrant	
   in	
   A44	
   and	
  

mid[B23]	
   compared	
   to	
   lola[C28],	
   where	
   the	
   larger	
   SGP-­‐germ	
   cell	
   cluster	
   often	
  

appeared	
  ensheathed.	
  	
  

The	
  few	
  gonads	
  that	
  succeeded	
  in	
  SGP-­‐cluster	
  fusion,	
  however,	
   failed	
  in	
  the	
  

following	
   steps	
   of	
   gonadal	
   compaction.	
   These	
   uncompacted/elongated	
   gonads	
  

appeared	
  similar	
   to	
  wild	
   type	
  stage	
  13	
  gonads.	
  Along	
  with	
   the	
  compromised	
  SGP-­‐

cluster	
  fusion	
  and	
  germ	
  cell	
  ensheathment,	
  several	
  germ	
  cells	
  in	
  the	
  mutants	
  were	
  

also	
   found	
  scattered	
  at	
   the	
  posterior	
  of	
   the	
  embryo.	
  Such	
  a	
  scattering	
  could	
  result	
  

from	
  the	
  loss	
  of	
  the	
  initially	
  established	
  SGP-­‐germ	
  cell	
  contact,	
  possibly	
  also	
  due	
  to	
  

lack	
  of	
  ensheathment	
  of	
  the	
  germ	
  cells.	
  Live	
  imaging	
  of	
  the	
  behavior	
  of	
  the	
  two	
  cell-­‐

types	
   with	
   respect	
   to	
   each	
   other	
   could	
   tell	
   us	
   more	
   about	
   the	
   dynamics	
   of	
   their	
  

interaction	
  in	
  the	
  mutant	
  situation.	
  

	
  

3.2.2	
  Severity	
  of	
  the	
  EMS	
  induced	
  mutation	
  in	
  mid[B23]	
  and	
  lola[C28]	
  

The	
   conserved	
   nature	
   of	
   the	
   affected	
   locus	
   in	
   the	
   two	
   mutants	
   was	
  

demonstrated	
  by	
  the	
  performed	
  multiple	
  sequence	
  alignment	
  using	
  homologues	
  in	
  

other	
  species.	
  Due	
  to	
  a	
  mutation	
  in	
  the	
  splice	
  site	
  acceptor	
  residue,	
  The	
  Mid	
  protein	
  

in	
  the	
  mid[B23]	
  mutants	
  lacks	
  10	
  amino	
  acids	
  in	
  the	
  conserved	
  T-­‐box	
  domain.	
  Using	
  

an	
  antibody	
  synthesized	
  against	
  C-­‐terminus	
  of	
  the	
  protein,	
  Mid	
  expression	
  could	
  be	
  

observed	
   in	
   nucleus	
   of	
   the	
   heart	
   cells	
   in	
   mid[B23]	
   mutants	
   (data	
   not	
   shown),	
  

indicating	
   normal	
   translation	
   and	
   localization	
   of	
   the	
   mutant	
   protein.	
   The	
   axonal	
  

tracts,	
  however,	
  demonstrated	
  a	
  non-­‐functional	
  Mid	
  protein	
  in	
  mid[B23]	
  where	
  the	
  

observed	
   VNC	
   phenotype	
  was	
   similar	
   in	
   severity	
   to	
   that	
   of	
   the	
   published	
   protein	
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null	
  mid	
   allele,	
  mid[1]	
   (Liu	
  et	
  al.,	
  2009).	
  Furthermore,	
  as	
   reported	
  with	
   the	
  mid[1]	
  

allele,	
   the	
   hearts	
   of	
   the	
  mid[B23]	
  mutants	
   showed	
   abnormal	
   Tin	
   expression	
   (data	
  

not	
  shown).	
  These	
  data	
  together	
  demonstrate	
  that	
  mid[B23]	
  is	
  also	
  a	
  functional	
  null	
  

allele.	
  

	
  

The	
   Asn835Ile	
   mutation	
   in	
   lola[C28]	
   on	
   the	
   other	
   hand,	
   unlike	
   the	
   null	
  

lola[22.05]	
  allele,	
  did	
  not	
  lead	
  to	
  an	
  axonal	
  tract	
  phenotype.	
  The	
  study	
  of	
  the	
  crystal	
  

structure	
   of	
   Tramtrack	
   protein,	
   which	
   is	
   one	
   of	
   the	
   founding	
   members	
   of	
   BTB	
  

domain	
  containing	
  proteins,	
  provides	
  evidence	
  of	
  the	
  possible	
  effect	
  of	
  the	
  missense	
  

mutation	
   in	
   lola[C28].	
   It	
   demonstrated	
   the	
   importance	
   of	
   the	
   Asn	
   residue	
   in	
  

question,	
  to	
  aid	
  the	
  Zn-­‐fingers	
  in	
  making	
  contact	
  with	
  the	
  target	
  DNA	
  (Fairall	
  et	
  al.,	
  

1993).	
   Therefore,	
   the	
   Asn835Ile	
   mutation,	
   affecting	
   the	
   lola-­‐R	
   isoform,	
   could	
  

potentially	
  prevent	
  its	
  binding	
  to	
  the	
  target	
  DNA	
  in	
  the	
  gonad.	
  	
  Therefore	
  it	
  is	
  likely	
  

that	
  lola[C28]	
  would	
  result	
  in	
  a	
  non-­‐functional	
  lola-­‐R	
  isoform.	
  Furthermore,	
  the	
  lack	
  

of	
  VNC	
  phenotype	
  in	
  this	
  mutant	
  could	
  be	
  explained	
  by	
  the	
  expression	
  of	
  the	
  other	
  

Lola	
  isoforms	
  in	
  this	
  tissue.	
  

	
  

3.2.3	
  Severity	
  of	
  phenotype	
  in	
  lola[C28]	
  homozygote	
  versus	
  transheterozygote	
  

The	
   quantification	
   of	
   the	
   phenotypes	
   in	
   lola[C28]	
   transheterozygous	
   with	
  

lola	
   null	
   alleles	
   always	
   indicated	
   a	
   decrease	
   in	
   the	
   severity	
   of	
   the	
   gonad	
   defects	
  

compared	
  to	
  the	
  lola[C28]	
  homozygous	
  embryos,	
  as	
  determined	
  by	
  germ	
  cell-­‐based	
  

scoring.	
  	
  

Hence	
   the	
   possibility	
   of	
   a	
   second	
   locus	
   contribution	
   to	
   the	
   lola[C28]	
  

phenotype	
  was	
  looked	
  into.	
  Several	
  deficiency	
  lines	
  uncovering	
  the	
  SNPs	
  identified	
  

on	
   chromosome	
   2R	
  were	
   tested,	
   but	
   none	
   of	
   them	
   showed	
   non-­‐complementation	
  

with	
   lola[C28]	
   by	
   phenotype.	
   However,	
   the	
   EMS	
   mutagenesis	
   induced	
   possible	
  

second	
   locus	
   could	
   potentially	
   lie	
   on	
   the	
   2L	
   arm,	
   or	
   affect	
   a	
   non-­‐coding	
   region	
  

anywhere	
  in	
  the	
  second	
  chromosome.	
  	
  

Therefore,	
  to	
  establish	
  if	
  the	
  mutated	
  lola-­‐R	
  locus	
  is	
  singly	
  responsible	
  for	
  the	
  

gonad	
   phenotype	
   observed	
   in	
   lola[C28]	
   and	
   to	
   allow	
   the	
   rescue	
   of	
   the	
   ‘severe’	
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phenotype	
  of	
  lola[C28]	
  with	
  Lola-­‐R	
  isoform,	
  recombinants	
  were	
  made	
  between	
  the	
  

FRT	
   (42B)	
   containing	
   lola[C28]	
   (47A)	
   chromosome	
   and	
   the	
   twiGal4	
   (55D)	
  

chromosome.	
  The	
  lines	
  were	
  defined	
  as	
  recombinant	
  if	
  they	
  contained	
  either	
  i)	
  both	
  

the	
  mutant	
  lola	
  locus	
  and	
  the	
  twiGal4	
  insertion,	
  or	
  ii)	
  the	
  FRT	
  locus	
  and	
  the	
  twiGal4	
  

insertion,	
  or	
  lastly	
  iii)	
  none	
  of	
  the	
  markers.	
  Of	
  the	
  21	
  were	
  recombinants	
  isolated,	
  8	
  

were	
  lethal	
  with	
   lola[22.05],	
  hence	
  containing	
  the	
  mutant	
   lola	
   locus,	
  and	
  were	
  also	
  

positive	
  for	
  the	
  twiGal4	
  driver.	
  All	
  of	
  the	
  8	
  lola	
  twiGal4	
  recombinant	
  lines	
  showed	
  a	
  

phenotype	
  with	
  lola[C28],	
  while	
  the	
  remaining	
  13	
  recombinants	
  that	
  were	
  not	
  lethal	
  

with	
  lola[22.05],	
  did	
  not.	
  Two	
  lines	
  lola[C28]	
  twiGal4	
  #14	
  and	
  lola[C28]	
  twiGal4	
  #39	
  

were	
   further	
   quantified	
   both	
   for	
   severity	
   and	
   rescue.	
   Both	
   recombinant	
   lines	
   in	
  

trans	
   with	
   the	
   original	
   lola[C28]	
   chromosome,	
   when	
   compared	
   to	
   the	
   lola	
   null	
  

alleles,	
  showed	
  an	
  increased	
  penetrance	
  in	
  the	
  more	
  severe	
  categories	
  of	
   ‘≥2	
  germ	
  

cell	
   clusters/gonad’	
   and	
   ‘no	
   real	
   gonad’.	
   The	
   observed	
   penetrance	
   in	
   the	
  

transheterozygotes	
  was	
  very	
  similar	
  to	
  the	
   lola[C28]	
  homozygotes	
  and	
  higher	
  than	
  

the	
   lola[C28]/lola[null]	
   embryos.	
  Moreover,	
   expression	
   of	
   Lola-­‐R	
   isoform	
   in	
   these	
  

transheterozygotes,	
  fully	
  rescued	
  all	
  the	
  mutant	
  phenotypes.	
  	
  

These	
   recombinants	
   demonstrate	
   that	
   the	
   region	
   between	
   the	
   FRT	
   and	
  

twiGal4	
  insertion,	
  namely,	
  42B-­‐55D,	
  does	
  not	
  contain	
  a	
  second	
  locus	
  responsible	
  for	
  

the	
  lola[C28]	
  phenotype.	
  Although	
  the	
  2L	
  chromosome	
  did	
  not	
  contain	
  any	
  markers	
  

for	
   recombination,	
   it	
   is	
   quite	
   likely	
   that	
   in	
   the	
   recombinants	
   that	
   did	
   not	
   show	
   a	
  

phenotype,	
   some	
   recombination	
   events	
   would	
   have	
   occurred	
   on	
   the	
   left	
   arm.	
  

Therefore,	
   a	
   contribution	
   from	
   the	
   left	
   arm	
   is	
   unlikely.	
   Putting	
   all	
   these	
   lines	
   of	
  

evidence	
  together,	
  strongly	
  indicates	
  that	
  the	
  severity	
  of	
  gonad	
  defects	
  observed	
  in	
  

the	
  lola[C28]	
  can	
  be	
  attributed	
  solely	
  to	
  the	
  mutation	
  at	
  the	
  lola-­‐R	
  locus.	
  

	
  

3.2.4	
  Identification	
  of	
  an	
  isoform	
  specific	
  role	
  for	
  Lola	
  

Recent	
   work	
   has	
   implicated	
   the	
   role	
   of	
   different	
   Lola	
   isoforms	
   in	
   the	
  

germline	
  of	
  both	
  male	
  and	
  female	
  flies.	
  Lola-­‐I	
  (aka	
  Lola-­‐K)	
  is	
  required	
  in	
  the	
  ovaries	
  

for	
   the	
   program	
   cell	
   death	
   (PCD)	
   of	
   late	
   stage	
   nurse	
   cells.	
   Germ	
   line	
   clones	
   of	
  

lola[629],	
   containing	
   a	
   lesion	
   in	
   the	
   I-­‐specific	
   exon,	
   exhibit	
   defective	
   nuclear	
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organization,	
  chromatin	
  condensation	
  and	
  DNA	
  fragmentation	
  required	
   for	
  PCD	
   in	
  

the	
   nurse	
   cells	
   (Paige	
   Bass	
   et	
   al.,	
   2007).	
   Furthermore,	
   using	
   available	
   isoform-­‐

specific	
  mutants	
  and	
  inducible	
  RNAi	
  in	
  the	
  adult	
  testis,	
  isoforms	
  Lola-­‐I	
  and	
  Lola-­‐BC	
  

(Lola-­‐L)	
  were	
  implicated	
  in	
  cell	
  autonomous	
  germline	
  stem	
  cell	
  (GSC)	
  maintenance	
  

and	
  survival	
   (Davies	
  et	
  al.,	
  2013).	
  Lack	
  of	
  either	
   isoform	
   led	
   to	
  differentiation	
  and	
  

subsequent	
   loss	
  of	
  GSC	
  fate.	
  Also,	
  as	
  mentioned	
  before,	
   lola[22.05],	
  a	
  null	
  allele	
   for	
  

all	
   lola	
   isoforms,	
  was	
   identified	
   in	
   a	
   screen,	
   along	
  with	
   several	
   other	
   genes,	
   to	
   be	
  

responsible	
  for	
  gonadal	
  defects	
  (Weyers	
  et	
  al.,	
  2011).	
  

This	
  study	
  adds	
  to	
  the	
  limited	
  knowledge	
  of	
  the	
  isoform	
  specific	
  functions	
  of	
  

Lola	
   in	
   embryogenesis.	
   Here	
   another	
   isoform-­‐specific	
   allele	
   of	
   Lola,	
   Lola-­‐R	
   (Lola-­‐

T/Lola-­‐4.7)	
  is	
   isolated,	
  and	
  its	
  role	
  in	
  a	
  stage	
  prior	
  to	
  germ	
  cell	
  differentiation,	
   i.e.,	
  

gonad	
  formation,	
  and	
  in	
  the	
  somatic	
  cells	
  of	
  the	
  gonad,	
  is	
  described.	
  	
  

	
  

3.2.4	
  Stage	
  specific	
  loss	
  of	
  Traffic	
  Jam	
  expression	
  in	
  mid[B23]	
  mutant	
  gonad	
  

Expression	
  of	
  Traffic	
  Jam,	
  which	
  is	
  a	
  MAF	
  family	
  transcription	
  factor,	
  is	
  first	
  

seen	
  in	
  late	
  stage	
  12	
  or	
  early	
  stage	
  13	
  SGPs.	
  Mutants	
  of	
  tj	
  show	
  defective	
  germ	
  cell	
  

ensheathment,	
  where	
  the	
  SGPs	
  peripherally	
  surround	
  the	
  germ	
  cells,	
  but	
  fail	
  to	
  send	
  

out	
   cytoplasmic	
   projects	
   to	
   individualize	
   them	
   (Li	
   et	
   al.,	
   2003).	
   In	
  mid[B23],	
   the	
  

larger	
  SGP-­‐germ	
  cell	
  clusters	
  appear	
  very	
  similar	
  to	
  the	
  tj	
  mutant	
  gonads,	
  consistent	
  

with	
  the	
  observed	
  lack	
  of	
  stage	
  13	
  SGP	
  Tj	
  expression.	
  Interestingly,	
  although	
  a	
  few	
  

SGPs	
  regain	
  the	
  ability	
  of	
  Tj	
  expression	
  in	
  later	
  stages,	
  ensheathment	
  defects	
  are	
  not	
  

restored	
   in	
   the	
   mutants.	
   Therefore,	
   it	
   appears	
   that	
   firstly	
   Tj	
   is	
   required	
   in	
   early	
  

stages	
  for	
  correct	
  ensheathment,	
  and	
  secondly	
  there	
  is	
  a	
  Mid-­‐dependant	
  regulation	
  

of	
   Tj	
   expression	
   at	
   stage	
  13,	
   but	
   other	
   factors	
   also	
   contribute	
   to	
   its	
   expression	
   at	
  

later	
  stages.	
   It	
  would	
  be	
   interesting	
  to	
  study	
  if	
  Mid	
  directly	
  binds	
  the	
  Tj	
  promoter,	
  

and	
  what	
  other	
  transcription	
  factors	
  regulate	
  Tj	
  expression	
  during	
  development.	
  

	
  



Discussion	
  

	
   102	
  

3.2.5	
  Interaction	
  between	
  midline	
  and	
  lola	
  

Since	
  Lola	
  and	
  Midline	
  are	
  both	
  transcription	
  factors,	
  they	
  could	
  potentially	
  

regulate	
   the	
   same	
  downstream	
   targets.	
   The	
   attempted	
   rescue	
  of	
  mid[B23]	
  mutant	
  

phenotype	
  with	
  expression	
  of	
  lola-­‐R-­‐GFP	
  did	
  not	
  function	
  to	
  improve	
  or	
  worsen	
  the	
  

condition	
  of	
  the	
  gonads	
  (data	
  not	
  shown).	
  This	
  indicates	
  that	
  lola	
  is	
  not	
  downstream	
  

of	
  mid	
   in	
   the	
   gonad.	
   However,	
   the	
   appearance	
   of	
   a	
   neomorphic	
   phenotype	
   in	
   the	
  

reciprocal	
   rescue	
  attempt	
  argues	
   for	
  a	
  genetic	
   interaction	
  between	
   the	
   two	
  genes.	
  

Overexpression	
  of	
  Mid	
  in	
  a	
  wild	
  type	
  embryo,	
  however,	
  does	
  not	
  affect	
  the	
  gonads.	
  

This	
   could	
  be	
  due	
   to	
  presence	
  of	
  a	
   functional	
  Lola	
  protein	
   in	
   the	
  wild	
   type,	
  which	
  

downregulates	
  Mid	
  activity.	
  	
  

Interestingly,	
   a	
   similar	
   ‘super-­‐elongated’	
   gonad	
   phenotype	
   has	
   been	
  

observed	
   on	
   overexpression	
   of	
   abdominal	
   A	
   (abdA),	
   under	
   the	
   heat	
   shock	
   (hs)	
  

promoter,	
  during	
  early	
  embryonic	
  expression	
  (Boyle	
  and	
  DiNardo,	
  1995).	
  Although	
  

abdA	
   is	
   required	
   for	
   SGP	
   specification,	
   while	
  mid	
   and	
   lola	
   are	
   not,	
   it	
   would	
   be	
  

intriguing	
  to	
  see	
  if	
   the	
  three	
  genes	
  interact	
  to	
  cause	
  such	
  an	
  unusual	
  phenotype	
  in	
  

later	
  stages.	
  	
  

Furthermore,	
   the	
   synergistic	
   interaction	
   observed	
  with	
   the	
   loss	
   of	
   just	
   one	
  

copy	
  of	
  both	
  genes	
  also	
   indicates	
  a	
   functional	
  relationship	
  between	
  the	
  two	
  genes.	
  

This	
   observed	
   synergy,	
   could	
   also	
   indicate	
   the	
   convergence	
   of	
   the	
   two	
   separate	
  

pathways	
  involving	
  Lola	
  and	
  Mid	
  at	
  a	
  node.	
  Double	
  mutants	
  of	
  mid	
  and	
  lola	
  could	
  be	
  

investigated	
   in	
   the	
   future	
   to	
   check	
   for	
   increased	
   penetrance	
   and/or	
   severity	
   of	
  

mutant	
  gonad	
  phenotypes.	
  

	
  

3.2.6	
  Genes	
  unaffected	
  in	
  gonads	
  of	
  mid[B23]	
  and	
  lola[C28]	
  

The	
   levels	
   of	
   three	
   proteins	
   with	
   roles	
   in	
   gonad	
   formation,	
   DE-­‐cad,	
   Arm,	
   and	
  

Robo,	
   were	
   tested	
   in	
   mid[B23]	
   and	
   lola[C28],	
   using	
   the	
   appropriate	
   antibodies.	
  

Furthermore,	
  other	
  genes	
  implicated	
  to	
  function	
  downstream	
  of	
  either	
  lola	
  or	
  mid	
  in	
  

other	
  tissues,	
  were	
  also	
  tested	
  for	
  expression/interaction.	
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 Adhesion	
  proteins	
  

Mutation	
  in	
  several	
  genes,	
  including	
  raw,	
  enabled	
  and	
  fear	
  of	
  intimacy,	
  that	
  show	
  

defects	
   in	
   gonad	
   formation	
   similar	
   to	
   that	
   seen	
   in	
   lola	
   and	
  mid	
   mutants,	
   display	
  

defective	
   expression	
   or	
   localization	
   of	
   adhesion	
   proteins	
   (Van	
   Doren	
   et	
   al.,	
   2003;	
  

Mathews	
   et	
   al.,	
   2006;	
   Sano	
   et	
   al.,	
   2012).	
   However,	
   unlike	
   in	
   these	
   mutants,	
  

expression	
  of	
  the	
  adhesion	
  proteins,	
  DE-­‐cad	
  and	
  Arm,	
  could	
  be	
  detected	
  in	
  mid[B23]	
  

and	
   lola[C28],	
   and	
   moreover,	
   they	
   localized	
   properly	
   to	
   the	
   cell	
   junctions	
   in	
   the	
  

mutant	
   gonads.	
   The	
   fact	
   that	
  mid[B23]	
   and	
   lola[C28]	
   do	
   display	
   gonadal	
   defects	
  

without	
   detectable	
   changes	
   in	
   DE-­‐cad	
   or	
   Arm	
   levels/localization	
   suggests	
   that	
  

disruption	
  in	
  other	
  downstream	
  targets	
  can	
  lead	
  to	
  similar	
  gonad	
  phenotypes.	
  	
  

 Robo	
  

Similar	
  to	
  the	
  adhesion	
  proteins,	
  the	
  expression	
  of	
  Robo,	
  a	
  cell	
  surface	
  receptor,	
  

also	
   appeared	
   to	
   be	
   normal	
   in	
   the	
  mutant	
   gonads.	
   Previous	
   reports	
   stated	
   that	
   a	
  

reduction	
  of	
  Robo	
  levels	
  was	
  observed	
  in	
  the	
  CNS	
  of	
  mid	
  mutants	
  (Liu	
  et	
  al.,	
  2009).	
  

They	
   also	
   identified	
   a	
   consensus	
   binding	
   site	
   of	
   the	
  Mid	
   transcription	
   factor,	
   and	
  

demonstrated	
  Mid	
   binding	
   in	
   the	
   promoter	
   region	
   of	
   Robo.	
   However,	
   I	
   found	
   no	
  

observable	
  differences	
  in	
  CNS	
  Robo	
  levels	
  in	
  mid[B23]	
  or	
  mid[1]	
  mutants	
  (data	
  not	
  

shown).	
   Moreover,	
   a	
   recently	
   published	
   study	
   demonstrated	
   the	
   previously	
  

reported	
  binding	
  site	
  to	
  be	
  incorrect	
  and	
  showed	
  a	
  novel	
  consensus	
  site	
  (Najand	
  et	
  

al.,	
   2012).	
   This	
   puts	
   into	
   question	
   the	
   published	
   effect	
   of	
   Mid	
   on	
   Robo	
   levels,	
  

although	
   it	
   remains	
   clear	
   that	
   although	
  Robo	
   is	
   required	
   for	
   gonad	
   formation,	
   the	
  

gonads	
  of	
  the	
  mid[B23]	
  and	
  lola[C28]	
  mutants	
  have	
  normal	
  gonad	
  Robo	
  expression.	
  

 Frazzled	
  

Another	
   receptor,	
   Frazzled	
   (Fra),	
   is	
   reported	
   to	
   be	
   governed	
   downstream	
   of	
  

both	
   Lola	
   (Gates	
   et	
   al.,	
   2011)	
   and	
  Mid	
   (Liu	
   et	
   al.,	
   2009)	
   in	
   the	
   CNS.	
   Although	
   Fra	
  

expression	
  has	
  never	
  been	
  reported	
  in	
  the	
  gonads,	
  I	
  performed	
  several	
  experiments	
  

to	
  investigate	
  a	
  possible	
  connection	
  between	
  fra	
  and	
  the	
  two	
  transcription	
  factors	
  in	
  

the	
  gonad.	
  Firstly,	
  embryos	
  lacking	
  fra	
  were	
  analyzed	
  for	
  a	
  gonad	
  phenotype.	
  Vasa-­‐

labeled	
  germ	
  cells	
   in	
  homozygous	
   fra	
  mutants	
  displayed	
  a	
  slight	
  dispersed	
  and/or	
  

clumping	
   phenotype,	
   however,	
   with	
   a	
   low	
   penetrance	
   (data	
   not	
   shown).	
   Further,	
  

attempting	
  a	
  single	
  copy	
  genetic	
   interaction	
  with	
  both	
   lola	
  and	
  mid	
  did	
  not	
  yield	
  a	
  



Discussion	
  

	
   104	
  

significant	
  difference	
  in	
  perturbance	
  of	
  gonad	
  formation.	
  However,	
  an	
  effect	
  would	
  

be	
   expected	
   only	
   if	
   the	
   levels	
   of	
   available	
   protein	
   were	
   crucial.	
   	
   Lastly,	
   a	
  UASfra	
  

transgene.	
   driven	
   by	
   the	
   twiGal4	
   driver	
   was	
   unable	
   rescue	
   the	
   mid[B23]	
   and	
  

lola[C28]	
   gonad	
  phenotypes.	
  However,	
   the	
   lack	
  of	
   rescue	
  by	
   the	
  UASfra	
   transgene	
  

could	
   also	
   be	
   explained	
   by	
   the	
   requirement	
   of	
   expression	
   of	
   other	
   genes	
   in	
   the	
  

gonad	
  of	
   these	
  mutants.	
  Therefore,	
  although	
  these	
  experiments	
   failed	
  to	
  provide	
  a	
  

link,	
   the	
   possibility	
   that	
   fra	
   is	
   downstream	
   of	
   either	
  mid	
   and/or	
   lola	
   can	
   not	
   be	
  

completely	
  ruled	
  out.	
  	
  

 Spire	
  

Lola	
  negatively	
  regulates	
  spir,	
  which	
  encodes	
  an	
  actin	
  nucleation	
  factor,	
  required	
  

for	
   proper	
   axon	
   guidance	
   (Gates	
   et	
   al.,	
   2011).	
   To	
   test	
   for	
   a	
   role	
   of	
   Spire	
   in	
   gonad	
  

formation,	
  both	
  spir	
  mutants	
  as	
  well	
  as	
  spir	
  overexpression	
  embryos	
  were	
  analyzed.	
  

However,	
   neither	
   the	
   lack	
   nor	
   the	
   overexpression	
   of	
   spir,	
   affected	
   gonad	
  

morphology	
  (data	
  not	
  shown).	
  

 Tinman	
  

In	
   spite	
   of	
   the	
   earlier	
   belief	
   that	
   Tinman	
   expression	
   is	
   required	
   only	
   in	
   the	
  

mesoderm	
   for	
   SGP	
   specification,	
   and	
   not	
   expressed	
   by	
   the	
   SGPs	
   themselves	
  

(Azpiazu	
  and	
  Frasch,	
  1993),	
  this	
  work	
  shows	
  that	
  late	
  stage	
  SGPs	
  do	
  express	
  Tin.	
  Its	
  

expression	
  becomes	
  restricted	
  to	
  the	
  anterior	
  SGPs	
  upon	
  gonadal	
  coalescence	
  (Fig.	
  

2.34).	
  This	
  scenario	
  is	
  similar	
  to	
  the	
  heart,	
  where,	
  early	
  Tin	
  expression	
  is	
  required	
  

for	
   cardioblast	
   specification,	
   but	
   late	
   stage	
   Tin	
   expression	
   is	
   observed	
   only	
   in	
   a	
  

subset	
   of	
   the	
   cardioblasts	
   (Bodmer,	
   1993).	
   This	
   late	
   stage	
   and	
   restrictive	
  

maintenance	
  of	
  Tin	
  expression	
  is	
  performed	
  by	
  Mid	
  protein	
  in	
  the	
  heart	
  cells	
  (Brook	
  

and	
  Cohen,	
   1996;	
  Reim	
  et	
   al.,	
   2005).	
   In	
  mid	
  mutants,	
  Tin	
   expression	
   is	
   lost	
   in	
   the	
  

cardioblasts,	
  and	
  the	
  expression	
  domain	
  of	
  another	
  transcription	
  factor,	
  Drosocross,	
  

is	
   expanded	
   (Reim	
  et	
   al.,	
   2005).	
  However,	
   the	
   unaffected	
   expression	
   of	
   Tin	
   in	
   the	
  

SGPs	
   of	
   mid[B23]	
   and	
   mid[1]	
   (data	
   not	
   shown),	
   indicates	
   a	
   Mid–independent	
  

mechanism	
  of	
  maintenance	
  of	
  Tin	
  expression.	
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3.2.7	
  Other	
  possible	
  players	
  in	
  the	
  gonad	
  acting	
  downstream	
  of	
  Mid	
  and	
  Lola	
  	
  

Besides	
  the	
  genes	
  mentioned	
  so	
  far,	
  only	
  a	
  few	
  other	
  pathways	
  are	
  known	
  to	
  

interact	
  with	
  Midline	
  and/or	
  Lola.	
  One	
  such	
  interactor	
  is	
  the	
  Notch	
  (N)	
  receptor	
  and	
  

its	
   ligand	
  Delta	
   (Dl).	
  N-­‐Dl	
   signaling	
   is	
   required	
   to	
   restrict	
   early	
  Mid	
   expression	
   to	
  

two	
   cardioblasts	
   per	
   hemisegment	
   during	
   heart	
   development	
   (Brook	
   and	
   Cohen,	
  

1996).	
   In	
   the	
  eye,	
  Lola	
   functions	
   to	
  attenuate	
   the	
  N-­‐Dl	
   induced	
  gene	
  expression	
   in	
  

some	
   photoreceptors	
   to	
   allow	
   one	
   developmental	
   fate	
   over	
   the	
   other	
   (Zheng	
   and	
  

Carthew,	
   2008).	
   Moreover,	
   Notch	
   signaling	
   in	
   the	
   SGPs	
   is	
   shown	
   to	
   induce	
   the	
  

formation	
   of	
   hub	
   cells	
   after	
   gonadal	
   coalescence	
   in	
   the	
   male	
   embryonic	
   gonads.	
  

Therefore,	
  a	
  similar	
  hierarchical	
  interplay	
  between	
  N-­‐Dl,	
  Lola,	
  and	
  Mid	
  is	
  a	
  plausible	
  

mechanism	
   of	
   regulating	
   expression	
   of	
   the	
   two	
   transcription	
   factors	
   and/or	
   their	
  

target	
  genes	
  in	
  the	
  process	
  of	
  gonad	
  formation.	
  

Another	
   pathway	
   that	
   could	
   be	
   involved	
   is	
   JNK	
   (Jun	
   amino	
   (N)-­‐terminal	
  

Kinase)	
  signaling.	
  Raw	
  negatively	
  regulates	
  JNK	
  signaling	
  in	
  the	
  gonad	
  (Jemc	
  et	
  al.,	
  

2012).	
  raw	
  mutants	
  display	
  a	
  germ	
  cell	
  ensheathment	
  defect	
  also	
  observed	
   in	
  mid	
  

and	
  lola	
  mutants.	
  It	
  is	
  therefore	
  possible	
  that	
  JNK	
  signaling	
  is	
  required	
  downstream	
  

of	
  the	
  transcription	
  factors	
  to	
  regulate	
  germ	
  cell	
  ensheathment	
  or	
  other	
  phenotypes	
  

observed	
  in	
  the	
  mutants.	
  An	
  enhancer	
  trap	
  reporter,	
  puckered-­‐lacZ,	
  could	
  be	
  used	
  to	
  

investigate	
  if	
  the	
  levels	
  of	
  JNK	
  signaling	
  in	
  the	
  mid	
  and	
   lola	
  mutant	
  backgrounds	
  is	
  

affected.	
  

Recently	
   published	
   data,	
   implicates	
   an	
   actin	
   regulator,	
   Enabled	
   (Ena),	
   in	
  

gonad	
  formation.	
  ena	
  mutants	
  display	
  several	
  phenotypes	
  similar	
  to	
  that	
  observed	
  

in	
  the	
  mid[B23]	
  and	
   lola[C28],	
   including	
  unfused	
  SGP	
  clusters,	
   	
  elongated	
  and	
  split	
  

gonads	
  (Sano	
  et	
  al.,	
  2012).	
  Therefore,	
  a	
  commercially	
  available	
  Ena	
  antibody	
  could	
  

be	
  used	
  to	
  check	
  if	
  Ena	
  is	
  downstream	
  of	
  either	
  Mid	
  or	
  Lola.	
  

	
  

In	
   order	
   to	
   get	
   a	
  more	
   global	
   picture	
   of	
   the	
   genes	
  downstream	
  of	
  Mid	
   and	
  

lola,	
  and	
  to	
  find	
  novel	
  gonad	
  specific	
  targets,	
  transcriptional	
  profiling	
  of	
  the	
  SGPs	
  in	
  

the	
  two	
  mutants	
  could	
  prove	
  fruitful.	
  This	
  could	
  be	
  performed	
  by	
  FACS	
  (fluorescent	
  

activated	
   cell	
   sorting)	
   mediated	
   isolation	
   of	
   labeled	
   SGPs	
   and	
   the	
   subsequent	
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sequencing	
  of	
   their	
   isolated	
  RNAs.	
  The	
  difficulty	
  of	
   this	
  approach	
   is	
   the	
   lack	
  of	
  an	
  

available	
  driver	
  that	
  expresses	
  exclusively	
   in	
  the	
  SGPs.	
  Dsix4Gal4,	
  often	
  used	
  as	
  an	
  

SGP	
  driver,	
  also	
  expresses	
  early	
  on	
   in	
  several	
  other	
  tissues	
   in	
  the	
  mesoderm.	
  Only	
  

by	
  late	
  stages	
  of	
  embryogenesis,	
  are	
  the	
  highest	
  expression	
  levels	
  seen	
  in	
  the	
  SGPs.	
  

While	
   it	
   is	
   possible	
   to	
   use	
   this	
   driver	
   for	
   the	
   FACS	
   of	
   SGPs	
   of	
   late	
   stages,	
   i)	
   the	
  

presence	
   of	
   non-­‐SGP	
   cells	
   would	
   be	
   difficult	
   to	
   exclude,	
   and	
   ii)	
   transcriptional	
  

profiling	
   of	
   late	
   stage	
   SGPs	
   might	
   not	
   be	
   ideal	
   because	
   the	
   phenotypes	
   manifest	
  

earlier	
  in	
  development.	
  

An	
   approach	
   to	
   circumvent	
   these	
   challenges	
   could	
   be	
   to	
   perform	
  

transcriptional	
   profiling	
   of	
   FACS	
   isolated	
   gonads	
   (Shigenobu	
   et	
   al.,	
   2006),	
   using	
  

labeled	
  germ	
  cells	
  with	
  reduced	
  trypsinization	
  and	
  homogenization,	
  enabling	
  whole	
  

gonad	
   isolation.	
   Although	
   this	
   would	
   cause	
   the	
   merging	
   of	
   germ	
   cell	
   and	
   SGP	
  

profiles,	
  comparison	
  to	
  germ	
  cell	
  only	
  datasets	
  could	
  aid	
  their	
  dissection.	
  Obtaining	
  

the	
  mutant	
  gonads,	
  however,	
   could	
   to	
  be	
  a	
   challenge	
  due	
   to	
  gonad	
   fragmentation,	
  

but	
  could	
  be	
  circumvented	
  by	
  scaling	
  up	
  the	
  collections	
  compared	
  to	
  wild	
  type.	
  

Alternatively,	
   an	
   enhancer/suppressor	
   EMS	
   or	
   deficiency	
   screen	
   in	
   the	
  

mutant	
  backgrounds	
  could	
  be	
  undertaken	
  to	
  look	
  for	
  possible	
  interactors.	
  Although	
  

the	
   severity	
   mid[B23]	
   gonad	
   phenotype	
   might	
   be	
   too	
   high	
   for	
   screening	
   for	
  

enhancers,	
   looking	
  for	
  suppressors	
   in	
  this	
  background	
  could	
  still	
  be	
  plausible.	
  The	
  

lola[C28]	
  phenotype	
  on	
  the	
  hand	
  would	
  be	
  equally	
  amenable	
  for	
  screening	
  of	
  both	
  

enhancement	
  and	
  suppression.	
  	
  

	
  

3.2.8	
  Implication	
  on	
  vertebrate	
  gonad	
  morphogenesis	
  

Homologues	
   of	
   Mid	
   and	
   Lola	
   in	
   other	
   organisms	
   are	
   required	
   in	
   several	
  

important	
   developmental	
   processes.	
   The	
   Mid	
   homologues,	
   hrT	
   in	
   zebrafish	
   and	
  

Tbx20	
  in	
  mouse,	
  are	
  implicated	
  in	
  heart	
  formation	
  (Griffin	
  et	
  al.,	
  2000;	
  Stennard	
  et	
  

al.,	
  2003).	
  Furthermore,	
  other	
  T-­‐box	
  proteins	
  are	
  also	
  known	
  for	
  their	
  involvement	
  

in	
  mesodermal	
  specification,	
  differentiation	
  and	
  migration	
  in	
  zebrafish,	
  mouse,	
  and	
  

frogs	
   (Brook	
   et	
   al.,	
   1996;	
   Brookes	
   et	
   al.,	
   1996;	
   Russ	
   et	
   al.,	
   2000).	
  Moreover,	
   BTB	
  

containing	
   Zn-­‐finger	
   transcription	
   factors,	
   similar	
   to	
   Lola,	
   are	
   implicated	
   in	
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vertebrate	
   embryonic	
   development	
   and	
   hematopoiesis	
   (Lecuit	
   et	
   al.,	
   1996;	
  

Shaknovich	
  et	
  al.,	
  1998).	
  	
  

	
  

Studies	
  on	
  the	
  process	
  of	
  gonad	
  formation	
  in	
  other	
  model	
  organisms	
  are	
  very	
  

limited.	
  SGP	
  expression	
  of	
  homing	
  ligands,	
  like	
  SDF1A	
  in	
  zebrafish	
  (Bernstein	
  et	
  al.,	
  

1996;	
  Knaut	
  et	
  al.,	
  2003)	
  and	
  SDF1	
  in	
  mouse	
  (Ara	
  et	
  al.,	
  2003),	
  is	
  required	
  to	
  direct	
  

germ	
  cell	
  migration.	
  Additionally,	
  the	
  vertebrate	
  Hox	
  gene,	
  Hox8,	
  homologue	
  of	
  abdA	
  

and	
   abdB	
   Drosophila	
   hox	
   genes,	
   are	
   known	
   to	
   express	
   in	
   the	
   gonads	
   of	
   humans	
  

(Redline	
  et	
  al.,	
  1992).	
  	
  

Hmgcr,	
  the	
  rate-­‐limiting	
  enzyme	
  of	
  cholesterol	
  biosynthesis,	
  was	
  first	
  shown	
  

to	
  be	
  required	
  in	
  the	
  Drosophila	
  SGPs	
  to	
  attract	
  germ	
  cells	
  (Van	
  Doren	
  et	
  al.,	
  1998a).	
  

Following	
  this,	
  studies	
  using	
   inhibitors	
  of	
  HMGCR	
  have	
  also	
  shown	
  the	
  role	
  of	
   this	
  

enzyme	
   in	
   primordial	
   germ	
   cell	
   migration	
   in	
   zebrafish	
   (Thorpe	
   et	
   al.,	
   2004).	
  

Deficient	
  prenylation	
  of	
  the	
  Gγ	
  subunit	
  of	
  many	
  G-­‐proteins	
   lead	
  to	
  disrupted	
  GPCR	
  

signaling,	
  causing	
  the	
  zebrafish	
  germ	
  cells	
  to	
  mismigrate.	
  Some	
  of	
  these	
  Gγ	
  subunits	
  

(Gγ2	
  and	
  Gγ3)	
  are	
  expressed	
  in	
  tissues	
  where	
  the	
  germ	
  cells	
  migrate	
  (Mulligan	
  et	
  al.,	
  

2010).	
  Furthermore,	
  migration	
  of	
  germ	
  cells	
  in	
  mouse	
  is	
  also	
  dependent	
  on	
  HMGCR	
  

expression.	
  Recent	
  studies	
  have	
  shown	
  that	
  the	
  genital	
  ridges	
  (developing	
  gonads),	
  

which	
   are	
   populated	
   by	
   the	
   germ	
   cells,	
   have	
   accumulated	
   cholesterol.	
   Reducing	
  

cholesterol	
  levels	
  by	
  inhibiting	
  Hmgcr	
  leads	
  to	
  germ	
  cell	
  migration	
  defects	
  (Ding	
  et	
  

al.,	
  2008).	
  

These	
  studies	
  taken	
  together	
  demonstrate	
  that	
  genes	
  shown	
  to	
  play	
  a	
  role	
  in	
  

Drosophila	
   gonad	
   formation	
   can	
   be	
   extrapolated	
   to	
   other	
   vertebrate	
   systems.	
  	
  

Furthermore,	
  this	
  process,	
  involving	
  only	
  two	
  cell	
  types,	
  proves	
  to	
  be	
  a	
  good	
  model	
  

system	
  for	
  studying	
  changes	
  in	
  cellular	
  behaviors	
  and	
  cell-­‐cell	
  interactions,	
  required	
  

for	
  organogenesis.	
  Therefore,	
  investigating	
  the	
  role	
  Midline	
  and	
  Lola	
  could	
  provide	
  

useful	
   insights	
   into	
   the	
   various	
   mechanisms	
   that	
   govern	
   Drosophila	
   gonad	
  

development.	
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4.1	
  Materials	
  

	
  

4.1.1	
  Fly	
  husbandry	
  	
  

Flies	
   were	
   cultured	
   in	
   vials	
   filled	
   with	
   approximately	
   10	
   ml	
   standard	
   cornmeal	
  

medium.	
  Large-­‐	
   scale	
  breeding	
   can	
  be	
  performed	
   in	
  mid-­‐size	
  and	
   large	
  vials	
   filled	
  

with	
   approximately	
   25	
   ml	
   and	
   50	
   ml	
   medium,	
   respectively.	
   Stocks	
   were	
   kept	
   at	
  

room	
  temperature	
  (RT).	
  Crosses	
  were	
  performed	
  at	
  25°C.	
  For	
  collection	
  of	
  embryos	
  

30	
  to	
  40	
  flies	
  were	
  put	
  into	
  a	
  laying	
  cage	
  covered	
  with	
  a	
  yeasted	
  apple	
  juice	
  plate	
  at	
  

25°C	
  overnight.	
  

	
  

4.1.2	
  Apple	
  juice	
  plate	
  recipe	
  	
  

4	
  g	
  agar	
  was	
  added	
  to	
  740	
  ml	
  bidest	
  water	
  and	
  autoclaved.	
  Subsequently	
  25	
  g	
  

sucrose	
  diluted	
  in	
  250	
  ml	
  apple	
  juice	
  and	
  10	
  ml	
  Nipagin	
  were	
  added.	
  

	
  

4.1.3	
  Drosophila	
  strains	
  	
  

The	
   fly	
   lines	
   used	
   in	
   this	
   study	
   are	
   listed	
   below.	
   The	
   mutants	
   which	
   were	
  

homozygous	
   lethal,	
  were	
  maintained	
  over	
   the	
  Cyo	
  P{ry+	
   ftz>lacZ}	
  or	
  TM3	
  Sb	
  p{ry+	
  

ftz>lacZ}	
   second	
   and	
   third	
   balancer	
   chromosomes,	
   respectively.	
   These	
   balancers	
  

expressed	
  the	
  ß-­‐galactosidase	
  (lacZ)	
  in	
  a	
  7	
  ectodermal	
  stipes	
  under	
  the	
  fushitarazu	
  

(ftz)	
  promoter.	
  The	
  homozygous	
  null	
  embryos	
  could	
  then	
  be	
  recognized	
  as	
   lacking	
  

the	
  lacZ	
  stripes.	
  	
  

white	
  (w)	
  flies	
  are	
  used	
  as	
  a	
  wild	
  type	
  control	
  in	
  this	
  study.	
  

Germ	
  line	
  clones	
  of	
  wun	
  wun2	
  (to	
  generate	
  wun	
  wun2	
  M-­‐	
  embryos)	
  were	
  made	
  using	
  

the	
   FRT42B	
   wun[49]	
   wun2[EP2650ex34]	
   chromosome	
   and	
   the	
   ovoD	
   dominant	
  

female	
   sterile	
   technique	
   (Chou	
  and	
  Perrimon,	
  1996).	
  For	
  germ	
  cell	
   specific	
   rescue	
  

experiments	
  with	
  the	
  germ	
  line	
  clones,	
  the	
  females	
  also	
  contained	
  a	
  nosGal4	
  driver.	
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Table	
  4.1:	
  	
  List	
  of	
  the	
  mutants	
  or	
  deficiencies	
  used	
  in	
  this	
  study,	
  and	
  their	
  source/reference.	
  	
  The	
  BL	
  

number	
  indicates	
  the	
  Bloomington	
  stock	
  number.	
  

Genotype	
   Source/Reference	
  

white-­‐	
   Bloomington	
  stock	
  center	
  

wun2[∆]	
   (Hanyu-­‐Nakamura	
  et	
  al.,	
  
2004)	
  

w	
  ;	
  FRTw+42B	
  wun[49]	
  
wun2[EP2650ex34]	
  	
  
	
  

(Renault	
  et	
  al.,	
  2004a)	
  

w	
  P{w+	
  faf>lacZ}	
  ;	
  FRTw+42B	
  
A44	
  	
  
	
  

(Leal	
  et	
  al.,	
  2009)	
  

w	
  P{w+	
  faf>lacZ}	
  ;	
  FRTw+42B	
  
B23	
  
	
  

(Leal	
  et	
  al.,	
  2009)	
  

w	
  P{w+	
  faf>lacZ}	
  ;	
  FRTw+42B	
  
C28	
  
	
  

(Leal	
  et	
  al.,	
  2009)	
  

Df(2R)ED2098	
   BL	
  9277	
  

Df(2R)BSC336	
   BL	
  24360	
  

w[*];	
  lola[e76]	
   BL	
  28283/(Madden	
  et	
  al.,	
  
1999)	
  

mid[1]	
  cn[1]	
  bw[1]	
  sp[1]	
   BL	
  3086/(Nuesslein-­‐Volhard	
  
et	
  al.,	
  1984;	
  Liu	
  et	
  al.,	
  2009)	
  

mid[2]	
  cn[1]	
  bw[1]	
  sp[1]	
   BL	
  18/(Nuesslein-­‐Volhard	
  et	
  
al.,	
  1984;	
  Liu	
  et	
  al.,	
  2009)	
  

w;	
  al	
  lola[22.05]	
  68-­77	
  sp	
   Gift	
  of	
  Mark	
  
VanDoren/(Weyers	
  et	
  al.,	
  
2011)	
  

w[1118];	
  PBac{	
  lola.GR-­‐
GFP.FLAG}VK00033	
  

BL	
  38661	
  

P{FRT(w[hs])G13	
  fra[3]	
   BL	
  8813/(Kolodziej	
  et	
  al.,	
  
1996)	
  

spir[1]	
  cn[1]	
  bw[1]	
   BL	
  5113/(Kitadate	
  and	
  
Kobayashi,	
  2010)	
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Table	
  4.2:	
  	
  List	
  of	
  transgenic	
  lines	
  used	
  for	
  expression	
  in	
  the	
  embryos,	
  and	
  their	
  source/reference.	
  

The	
  BL	
  number	
  indicates	
  the	
  Bloomington	
  stock	
  number.	
  

Genotype	
   Source/Reference	
  

nosGal4	
   (Crowner	
  et	
  al.,	
  2002)	
  

twiGal4	
   Bloomington	
  stock	
  center	
  

UASGFP	
   Bloomington	
  stock	
  center	
  

UASwun2myc	
   (Starz-­‐Gaiano	
  et	
  al.,	
  2001)	
  

wun2[EP2650]	
   (Yin	
  et	
  al.,	
  1997)	
  

UASwun2GFP	
   Made	
  in	
  this	
  study	
  

UASwgmcherryTEV	
   Gift	
  of	
  Reinhard	
  Schuh	
  

UASwun2conmyc	
   Made	
  in	
  this	
  study	
  

UASwun2tevmyc	
   Made	
  in	
  this	
  study	
  

nos>wun2conmyc	
   Made	
  in	
  this	
  study	
  

nos>wun2tevmyc	
   Made	
  in	
  this	
  study	
  

UASlacZ	
  
	
  

(Reim	
  and	
  Frasch,	
  2005)	
  

UASmcherrymoesin	
   Gift	
  of	
  Tom	
  Millard	
  

UASlola-­R-­GFP	
   Made	
  in	
  this	
  study	
  

UASmid	
   Gift	
  of	
  William	
  Brook	
  

UASlola-­BC	
   BL	
  28829/(Spletter	
  et	
  al.,	
  
2007)	
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4.1.4	
  Antibodies	
  

Primary	
  antibodies	
  used	
  in	
  this	
  work	
  are	
  listed	
  in	
  table	
  4.3.	
  For	
  visualization	
  of	
  the	
  

primary	
   antibody-­‐staining	
   pattern,	
   secondary	
   antibodies	
   conjugated	
   to	
   the	
  

fluorophore	
  Alexa488	
  (Invitrogen),	
  Cy3,	
  Cy5	
  and	
  Biotin	
  (Jackson	
  ImmunoResearch)	
  

were	
  used	
  at	
  1:500.	
  DAPI	
  was	
  used	
  as	
  a	
  nuclear	
  stain	
  at	
  1:1000.	
  

	
  
Table	
  4.3:	
  Showing	
  the	
  primary	
  and	
  secondary	
  antibodies	
  with	
  the	
  dilution	
  used. 
	
  
Primary	
  Antibody	
   Dilution	
  used	
   Reference	
  

anti-­‐Vasa	
  (rabbit)	
   1/10,000	
   Gift	
  from	
  Ruth	
  Lehmann	
  

anti-­‐Vasa	
  (chicken)	
   1/10,000	
   Gift	
  from	
  Ruth	
  Lehmann	
  

anti-­‐ß-­‐galactoside	
  
(rabbit)	
  

1/10,000	
   Cappel	
  
	
  

anti-­‐ß-­‐galactoside	
  
(mouse)	
  

1/1000	
   Promega	
  Z378a	
  
	
  

anti-­‐Wun2	
  (rabbit)	
   1/200	
   Gift	
  from	
  Andrew	
  Renault	
  

anti-­‐Myc	
  (rabbit)	
   1/1000	
   Abcam	
  ab9106	
  
	
  

anti-­‐dsRED/mCherry	
  
(rabbit)	
  

1/500	
   Clontech	
  
	
  

anti-­‐GFP	
  (rabbit)	
   1/1000	
   Abcam	
  ab290	
  
	
  

anti-­‐GFP	
  (mouse)	
   1/1000	
   Clotech	
  JL-­‐8	
  
	
  

anti-­‐GFP	
  (chicken)	
   1/1000	
   Abcam	
  ab13970	
  
	
  

anti-­‐Digoxigenin	
  
conjugated	
  to	
  POD	
  
(sheep)	
  

1/250	
   Roche	
  

anti-­‐Digoxigenin	
  
conjugated	
  to	
  AP	
  
(sheep)	
  

1/2000	
   Roche	
  
	
  

anti-­‐BP102	
  (mouse)	
   1/1000	
   Abcam	
  ab12455	
  
	
  

anti-­‐Nmr2	
  (rabbit)	
   1/1000	
   Gift	
  from	
  Sandra	
  Leal	
  

anti-­‐Lola	
  (rabbit)	
   1/50	
   Gift	
  from	
  Edward	
  Giniger	
  

anti-­‐Traffic	
  jam	
  (guinea	
  
pig)	
  

1/10,000	
   Gift	
  from	
  Dorothea	
  Godt	
  

anti-­‐Tinman	
  (rabbit)	
   1/1000	
   Gift	
  from	
  Manfred	
  Frasch	
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anti-­‐Spectrin	
  (mouse)	
   1/10	
   DSHB	
  3A9	
  	
  

anti-­‐Armadillo	
  (mouse)	
  
	
  

1/50	
   DSHB	
  N27A1	
  	
  

anti-­‐DE-­‐cadherin	
  
(mouse)	
  

1/25	
   DSHB	
  DCAD2	
  

anti-­‐Eyes	
  Absent	
  
(mouse)	
  

1/12	
   DSHB	
  10H6	
  	
  

anti-­‐FasciclinIII	
  (mouse)	
  
	
  

1/50	
   DSHB	
  7G10	
  

anti-­‐Robo	
  (mouse)	
   1/10	
   DSHB	
  13C9	
  	
  

	
  

	
  

	
  

4.1.5	
  Oligonucleotides	
  	
  

Several	
   oligonucleotides	
  have	
  been	
  used	
   in	
   this	
   study	
   for	
   cloning,	
   sequencing	
   and	
  

riboprobe	
  manufacture.	
  

	
  
Table	
  4.4:	
  List	
  of	
  oligonucleotides,	
  their	
  sequences	
  and	
  usage.	
  

Primer	
  name	
   5’-­3’	
  sequence	
   Annealing	
  
temperature	
  

Used	
  for	
  

wun2tev	
  FP	
  
	
  
wun2tev(2)	
  RP	
  
	
  
	
  
wun2tev(2)	
  FP	
  
	
  
	
  
wun2tev	
  RP	
  

CACCATGAGCACCCTGCGACCCGT	
  
	
  
GCCCTGAAAATACAGGTTCTCCGC	
  
CGCACAGGTGAACTCCTC	
  
	
  
GAGAACCTGTATTTTCAGGGCGTG	
  
GACATTACATCGAAGCAG	
  
	
  
TTAGGTGAGGTCGCCCAAGCTCTC	
  

58°C	
  
	
  

Overlap-­‐
extension	
  pcr	
  
for	
  wun2tev	
  

	
  

wun2tev	
  FP	
  
	
  
wun2-­‐nostop	
  
RP	
  

CACCATGAGCACCCTGCGACCCGT	
  
	
  
CATAGCTTTAAATCGATGGGATCTCC	
  

55°C	
   Cloning	
  of	
  
wun2GFP	
  

lola-­‐ex5begin 
 
 
lola-­‐ex5end	
  

ATTTGAGCAGGAAGGAGAACACCG 
 
 
TTATTTGGTTTCAAGCTCTCCCTTCC	
  

55°C	
   Sanger	
  
sequencing	
  of	
  
C28	
  mutation,	
  
Synthesis	
  of	
  
lola-­‐R	
  

riboprobe	
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mid	
  int3-­‐4	
  
genomic	
  FP	
  
	
  
mid-­‐cds1713	
  
RP	
  	
  

AAGCACTTTCCTAATTCCCAGCTATG	
  
	
  
	
  
CGGGGCTGCGTGAGGCGTTTAC	
  

58°C	
   Sanger	
  
sequencing	
  of	
  
B23	
  mutation	
  

mid	
  cds-­‐begin 
 
mid	
  cds-­‐end	
  

ATGCTGGTTGGATCTCATCCG 
 
GTGGGCGGGGCTGCG	
  

58°C	
   Sequencing	
  of	
  
midline	
  cds	
  

lola	
  common 
FP 
 
lola	
  common 
RP	
  

ATGGATGACGATCAGCAGTTTTG 
 
 
CTTGGGGATCCCGTTGCTG	
  

55°C	
   Synthesis	
  of	
  
lola-­‐c	
  

riboprobe	
  

lola-­‐exonBC	
  FP	
  
	
  
	
  
lola-­‐exonBC	
  RP	
  

CTGAGTATTACGCGTATAGCGGGACTC	
  
	
  
	
  
CGAGAAGTGGGGATGCAACTCC	
  

58°C	
   Synthesis	
  of	
  
lola-­‐BC	
  
riboprobe	
  

lola-­‐R	
  cds	
  FP	
  
 
lola-­‐R	
  cds 
nostop	
  RP	
  

CACCATGGATGACGATCAGCAGTTTTG
TTTG	
  
TTTGGTTTCAAGCTCTCCCTTCCC	
  

55°C	
   Cloning	
  of	
  	
  
lola-­R	
  

T7	
  FP	
  
	
  
T3	
  RP	
  

TAATACGACTCACTATAGGG	
  
	
  
AATTAACCCTCACTAAAGGG	
  

55°C	
   Synthesis	
  of	
  
412	
  riboprobe	
  

Sp6	
  
	
  

CATTTAGGTGACACTATA	
  
	
  

-­‐	
   Synthesis	
  of	
  
riboprobes	
  

GW1	
   GTTGCAACAAATTGATGAGCAATGC	
   -­‐	
   Sequencing	
  
forward	
  primer	
  

GW2	
   GTTGCAACAAATTGATGAGCAATTA	
   -­‐	
   Sequencing	
  
reverse	
  primer	
  

M13	
  Forward	
   GTAAAACGACGGCCAG	
   -­‐	
   Sequencing	
  
forward	
  primer	
  

M13	
  Reverse	
   CAGGAAACAGCTATGAC	
   -­‐	
   Sequencing	
  
reverse	
  primer	
  

HSPf	
   TATAAATAGAGGCGCTTCGT	
   -­‐	
   Sequencing	
  
forward	
  primer	
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4.2	
  Methods	
  in	
  molecular	
  biology	
  

	
  

4.2.1	
  Polymerase	
  chain	
  reaction	
  

The	
  following	
  protocol	
  was	
  used:	
  	
  

10X	
  Pfx	
  buffer	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  2.5μl	
  
Pfx	
  enzyme	
  (2.5	
  units/μl)	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  0.25μl	
  
50mM	
  MgSO4	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  0.5μl	
  
10mM	
  dNTPs	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  0.5μl	
  
DNA	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  2-­‐10ng	
  
Forward	
  primer	
  (100pmol/μl)	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  0.5μl	
  
Reverse	
  primer	
  (100pmol/	
  μl)	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  0.5μl	
  
MilliQ	
  water	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  q.s.	
  
Total	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  25µl	
  

The	
  PCR	
  was	
  performed	
  in	
  a	
  DNA	
  Engine	
  thermal	
  cycler	
  (Biorad)	
  with	
  the	
  following	
  

program.	
   The	
   annealing	
   temperature	
   (Table	
   4.	
   )	
   was	
   specific	
   to	
   the	
   melting	
  

temperature	
  (Tm)	
  of	
  the	
  primers.	
  

1.	
  Denature	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  94°C	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  5	
  min	
  

2.	
  Denature	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  94°C	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  30	
  sec	
  

3.	
  Anneal	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Tm-­‐5°C	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  1	
  min	
  

4.	
  Elongate	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  72°C	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  2	
  mins	
  

5.	
  Repeat	
  steps	
  2	
  to	
  4,	
  29	
  times	
  

6.	
  Final	
  extension	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  72°C	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  10	
  min	
  

7.	
  Halt	
  reaction	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  4°C	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  forever	
  

PCR	
  products	
  were	
  visualized	
  on	
  a	
  1%	
  Agarose-­‐Gel	
  stained	
  with	
  SYBRSafe	
  DNA	
  gel	
  

stain.	
  

	
  

4.2.2	
  TOPO®	
  cloning	
  

DNA	
   was	
   cloned	
   into	
   entry	
   vectors	
   for	
   the	
   Gateway®	
   System	
   including	
   the	
  

pCR®8/GW/TOPO®	
   TA	
   and	
   pENTRTM/D-­‐TOPO®,	
   and	
   into	
   dual	
   promoter	
   vectors	
  

including	
  pCR™II-­‐TOPO®.	
  (see	
  appendix	
  for	
  the	
  pCR8	
  vector	
  map).	
  

The	
  following	
  modified	
  TOPO	
  reaction	
  was	
  used:	
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DNA	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  5-­‐10ng	
  
Vector	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  1µl	
  
Salt	
  solution	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  1µl	
  
Water	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  q.s.	
  
Total	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  6µl	
  

This	
   reaction	
   was	
   kept	
   at	
   RT	
   for	
   30	
   minutes.	
   3µl	
   of	
   the	
   reaction	
   was	
   used	
   for	
  

transforming	
  competent	
  E.	
  coli	
  cells.	
  

	
  

4.2.3	
  Transformation	
  of	
  chemically	
  competent	
  cells	
  

Transformation	
   was	
   performed	
   using	
   50µl	
   of	
   One	
   Shot®	
   TOP10	
   Chemically	
  

Competent	
  E.	
  coli	
  cells	
  (Invitrogen).	
  The	
  cells	
  were	
  thawed	
  on	
  ice	
  and	
  the	
  required	
  

plasmid	
  was	
  added	
  and	
  left	
  on	
  ice	
  for	
  30	
  minutes.	
  Then	
  the	
  cells	
  were	
  incubated	
  in	
  a	
  

waterbath	
  at	
  42°C	
  for	
  one	
  minute,	
  and	
  immediately	
  put	
  back	
  on	
  ice.	
  The	
  cells	
  were	
  

then	
  allowed	
  to	
  recover	
  in	
  1ml	
  of	
  LB	
  medium	
  for	
  one	
  hour	
  at	
  37°C	
  and	
  then	
  plated	
  

on	
   agar	
   plates	
   containing	
   the	
   appropriate	
   antibiotic	
   selection.	
   Positive	
   colonies	
  

could	
   also	
   be	
   selected	
   for	
   plasmids	
   containing	
   the	
   beta-­‐galactosidase	
   gene	
   at	
   the	
  

cloning	
   site.	
   For	
   this	
   40µl	
   X-­‐Gal	
   (5-­‐bromo-­‐4-­‐chloro-­‐3-­‐indolyl	
   b-­‐D-­‐

galactopyranoside)	
  was	
  plated	
  on	
  the	
  LB-­‐agar	
  plate,	
  30	
  minutes	
  prior	
  to	
  cell	
  plating.	
  

The	
  next	
  day,	
  blue-­‐white-­‐screening	
  could	
  then	
  identify	
  colonies	
  carrying	
  the	
  vector	
  

with	
  the	
  insert.	
  	
  

For	
  plasmid	
   isolation	
  2ml	
   liquid	
  LB-­‐medium	
  containing	
   the	
   appropriate	
   antibiotic	
  

was	
   inoculated	
   with	
   a	
   single	
   colony	
   and	
   grown	
   overnight	
   at	
   37°C.	
   The	
   next	
   day	
  

plasmid	
  mini	
  preparations	
  were	
  done	
  using	
  the	
  Qaigen	
  QIAprep	
  Spin	
  Miniprep	
  Kit	
  

following	
  the	
  recommended	
  protocol.	
  

	
  

4.2.4	
  Sequencing	
  

Sequencing	
  was	
  carried	
  out	
  by	
  mixing	
  0.5μl	
  of	
  BDT	
  RRMix,	
  1.9μl	
  of	
  5x	
  Buffer,	
  150	
  –	
  

300ng	
  of	
  Template	
  DNA,	
  4pmol	
  of	
  primer	
  and	
  bidest	
  water	
  was	
  added	
  to	
  make	
  up	
  

the	
  volume	
  to	
  10µl.	
  Thermal	
  cycling	
  was	
  performed	
  with	
  the	
  following	
  programme.	
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1.	
  Denaturation	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  96°C	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  2	
  min	
  

2.	
  Denaturation	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  96°C	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  20	
  sec	
  

3.	
  Annealing	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  50°C	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  10	
  sec	
  

4.	
  Elongation	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  60°C	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  4	
  min	
  

5.	
  Repeat	
  2.	
  to	
  4.	
  29	
  times	
  

6.	
  Halt	
  reaction	
  8°C	
  forever	
  

Sequencing	
  was	
  performed	
   in	
   the	
  Max	
  Planck	
   Institute	
   for	
  Developmental	
  Biology	
  

by	
   the	
   in	
   house	
   sequencing	
   service	
   unit	
   on	
   a	
   Abi3730XL	
   (Applied	
   Biosystems)	
  

sequencer.	
  

	
  

4.2.5	
  Gateway	
  reaction	
  

The	
   Gateway®	
   System	
   allows	
   the	
   cloning,	
   combining	
   and	
   transferring	
   of	
   DNA	
  

fragments	
   from	
  one	
  vector	
   to	
  another.	
  This	
   is	
  done	
  by	
   site-­‐specific	
   recombination	
  

mediated	
   at	
   the	
   complementary	
   att-­‐sites	
   present	
   on	
   the	
   donor	
   and	
   the	
   recipient	
  

vector,	
  so	
  as	
  to	
  preserve	
  the	
  orientation	
  and	
  reading	
  frame	
  of	
  the	
  insert	
  during	
  the	
  

transfer	
   (Fig.	
   4.1).	
   One	
   can	
   choose	
   a	
   range	
   of	
   recipient	
   vectors	
   with	
   different	
  

promoters,	
  5’	
  and	
  3’	
  tags.	
  

	
  
Figure	
   4.1:	
   Schematic	
  

representation	
   of	
   the	
   Gateway	
  

reaction.	
  It	
  depicts	
  the	
  transfer	
  of	
  

the	
   insert	
   (red)	
   from	
   the	
   entry	
  

clone	
   (purple)	
   into	
   the	
  

destination	
   vector	
   (orange),	
  

catalyzed	
   by	
   the	
   LR	
   clonase	
  

enzyme.	
   The	
   ccdB	
   gene	
   (shown	
  

in	
  black)	
  encodes	
  for	
  a	
  toxin	
  that	
  

prevents	
   recovery	
   of	
   the	
   donor	
  

vector.	
   (Adapted	
   from	
   the	
  

Invitrogen	
  Gateway®	
  manual)	
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The	
  gateway	
  reaction	
  was	
  carried	
  out	
  as	
  follows:	
  	
  

Entry	
  clone	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  50-­‐100ng	
  
Destination	
  vector	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  150ng	
  
TE	
  Buffer	
  (pH	
  8.0)	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  5µl	
  
LR	
  clonase	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  2µl	
  
Total	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  10µl	
  

The	
  reaction	
  was	
  incubated	
  at	
  RT	
  for	
  1-­‐2	
  hours,	
  after	
  which	
  1µl	
  of	
  Proteinase	
  K	
  was	
  

added	
  and	
  kept	
  at	
  37°C	
  for	
  10	
  minutes	
  to	
  stop	
  the	
  reaction.	
  1µl	
  of	
  the	
  reaction	
  was	
  

then	
  used	
  to	
  transform	
  One	
  Shot®	
  TOP10	
  Chemically	
  Competent	
  E.	
  coli	
  cells.	
  

	
  

	
  

4.3	
  Methods	
  using	
  Drosophila	
  embryos	
  

	
  

4.3.1	
  Methanol	
  fixation	
  

Embryos	
   were	
   dechorionated	
   by	
   incubating	
   them	
   with	
   50%	
   bleach	
   for	
   three	
  

minutes.	
  Afterwards	
  the	
  embryos	
  were	
  washed	
  in	
  a	
  sieve,	
  and	
  then	
  transferred	
  into	
  

a	
   scintillation	
   vial	
   containing	
   1.75	
   ml	
   PBS,	
   8	
   ml	
   heptane	
   and	
   0.25	
   37%	
  

formaldehyde.	
   The	
   embryos	
   stayed	
   at	
   the	
   heptane/PBS	
   interface	
   in	
   the	
   vial.	
   They	
  

were	
  shaken	
  on	
  an	
  orbital	
  shaker	
  at	
  200	
  rpm	
  for	
  20	
  min.	
  Fixation	
  was	
  stopped	
  by	
  

removing	
  the	
  PBS	
  phase	
  and	
  adding	
  7	
  ml	
  methanol	
  and	
  shaken	
  vigorously	
   for	
  one	
  

minute	
   to	
   remove	
   the	
   vitelline	
   membrane.	
   Properly	
   fixed	
   embryos	
   sank	
   into	
   the	
  

lower	
  methanol	
  phase.	
  The	
  embryos	
  were	
   transferred	
   into	
  an	
  eppendorf	
   tube	
  and	
  

washed	
  with	
  methanol	
  several	
  times.	
  Fixed	
  embryos	
  were	
  stored	
  in	
  100%	
  methanol	
  

at	
  -­‐20°C.	
  For	
  staining	
  using	
  the	
  DCAD2	
  (DHSB)	
  antibody,	
  the	
  fixation	
  was	
  performed	
  

adding	
   2µl	
   of	
   1M	
   CaCl2	
   in	
   the	
   fixing	
   solution,	
   and	
   the	
  methanol	
   was	
   replaced	
   by	
  

ethanol	
   at	
   all	
   steps.	
   These	
   embryos	
   however,	
   were	
   not	
   stored,	
   but	
   instead	
   used	
  

immediately	
  for	
  antibody	
  staining.	
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4.3.2	
  Antibody	
  staining	
  of	
  Drosophila	
  embryos	
  

Antibody	
  staining	
  was	
  carried	
  out	
  using	
  fixed	
  embryos	
  from	
  over-­‐night	
  laying	
  cages,	
  

including	
   embryos	
   of	
   all	
   stages.	
   After	
   fixation	
   the	
   embryos	
   were	
   rehydrated	
   by	
  

washing	
  them	
  in	
  PBST.	
  Afterwards	
  they	
  were	
  incubated	
  with	
  0.1%	
  BSA	
  in	
  PBST	
  for	
  

one	
   hour	
   on	
   a	
   nutator	
   in	
   order	
   to	
   reduce	
   unspecific	
   binding	
   of	
   the	
   antibody.	
   The	
  

embryos	
   were	
   incubated	
   over	
   night	
   with	
   the	
   primary	
   antibodies	
   of	
   appropriate	
  

dilutions	
  in	
  0.1	
  %	
  BSA	
  in	
  PBST.	
  The	
  next	
  morning	
  embryos	
  were	
  rinsed	
  with	
  0.1%	
  

BSA	
   in	
   PBST	
   four	
   times,	
   for	
   one	
   minute,	
   5	
   min,	
   15	
   min	
   and	
   30	
   minutes	
   (for	
  

fluorescent	
   antibody	
   staining,	
  DAPI	
  was	
   added	
   in	
   a	
  1:1000	
  dilution	
  during	
   the	
  15	
  

min	
  wash).	
  Following	
  the	
  washes,	
  the	
  secondary	
  antibodies	
  were	
  added	
  in	
  a	
  1:500	
  

dilution	
  in	
  0.1%	
  BSA	
  in	
  PBST.	
  After	
  2	
  hours	
  of	
  incubation	
  the	
  embryos	
  were	
  rinsed	
  

four	
  times	
  with	
  PBST	
  for	
  one	
  minute,	
  5	
  min,	
  15	
  min	
  and	
  30	
  minutes.	
  For	
  fluorescent	
  

imaging,	
  the	
  embryos	
  were	
  mounted	
  in	
  Aquamount	
  (Polyscience Inc.).	
  	
  

For	
   the	
   detection	
   of	
   biotin	
   conjugated	
   secondary	
   antibodies,	
   during	
   the	
   last	
  wash	
  

vectastain	
   solution	
   (VECTOR	
   laboratories)	
   was	
   prepared	
   and	
   then	
   added	
   for	
   30	
  

minutes.	
   Afterwards	
   the	
   embryos	
  were	
  washed	
   four	
   times	
   and	
   then	
   stained	
  with	
  

DAB	
   solution	
   (1μl	
   H2O2	
   and	
   10μl	
   DAB	
   (20mg/ml)	
   per	
   ml	
   of	
   PBST).	
   Staining	
   was	
  

completed	
  after	
  approximately	
  five	
  to	
  ten	
  minutes,	
  then	
  DAB	
  was	
  removed	
  and	
  the	
  

embryos	
  were	
  washed	
  with	
  PBST.	
  The	
  embryos	
  were	
  either	
  directly	
  mounted	
  in	
  70	
  

%	
   glycerol	
   in	
   PBS	
   or	
   dehydrated	
   by	
  washing	
   them	
   in	
   30%,	
   50%,	
   70%	
   and	
   100%	
  

ethanol,	
   then	
   100%	
   acetone	
   and	
   then	
   mounted	
   in	
   epon	
   resin	
   which	
   was	
  

polymerized	
  by	
  baking	
  overnight	
  at	
  65°	
  C.	
  

	
  

4.3.3	
  Genomic	
  DNA	
  isolation	
  for	
  PCR	
  

Embryos	
  were	
  dechorionated	
  as	
  in	
  section	
  4.3.1.	
  	
  50-­‐100	
  wild	
  type	
  or	
  homozygous	
  

mutant	
   embryos	
   (sorted	
   by	
   lack	
   of	
   fluorescent	
   balancer)	
   were	
   collected	
   in	
   an	
  

eppendorf	
   tube	
   and	
   frozen	
   at	
   -­‐80°C.	
   The	
   embryos	
   were	
   homogenized	
   in	
   60µl	
   of	
  

Buffer	
  A	
   (100mM	
  Tris-­‐HCl	
  pH	
  7.5,	
   100mM	
  EDTA,	
  100mM	
  NaCl,	
   0.5%	
  SDS)	
  with	
   a	
  

disposable	
   tissue	
   homogenizer.	
   An	
   additional	
   60µl	
   of	
   Buffer	
   A	
   was	
   added	
   with	
  

continued	
  homogenization	
  until	
  only	
  the	
  cuticles	
  remained.	
  The	
  tube	
  was	
  incubated	
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at	
   65°C	
   for	
   30	
  minutes	
   to	
   aid	
   lysis.	
   240µl	
   of	
   LiCl/KAc	
   (1x	
   5M	
  KAc:	
   2.5x	
   6M	
   LiCl)	
  

solution	
   was	
   added,	
   the	
   mixture	
   incubated	
   on	
   ice	
   for	
   at	
   least	
   10	
   minutes,	
   and	
  

centrifuged	
  for	
  15	
  minutes	
  at	
  RT.	
  1	
  ml	
  of	
  the	
  supernatant	
  was	
  transferred	
  into	
  a	
  new	
  

tube,	
  and	
  180µl	
  isopropanol	
  added,	
  mixed,	
  and	
  centrifuged	
  again	
  for	
  15	
  minutes	
  at	
  

RT.	
  The	
  obtained	
  pellet	
  was	
  washed	
  with	
  70%	
  ethanol,	
   dried,	
   resuspended	
   in	
  20-­‐

30µl	
  Tris-­‐EDTA	
  and	
  stored	
  at	
  -­‐20°C.	
  

	
  

4.3.4	
  RNA	
  Isolation	
  

An	
  overnight	
  collection,	
  consisting	
  of	
  embryos	
  of	
  all	
  stages,	
  was	
  dechorionated	
  as	
  in	
  

section	
   4.3.1.	
   To	
   the	
   collected	
   embryos,	
   500µl	
   of	
   Trizol®	
   was	
   added	
   and	
  

homogenized	
  using	
  an	
  eppendorf	
  pestle.	
  Following	
   incubation	
  of	
   the	
  homogenized	
  

embryos	
  for	
  15	
  minutes	
  at	
  RT,	
  100µl	
  of	
  chloroform	
  was	
  added,	
  the	
  mixture	
  vortexed	
  

and	
  kept	
  at	
  RT	
  again	
  for	
  15	
  minutes.	
  The	
  tube	
  was	
  then	
  centrifuged	
  for	
  15	
  mins	
  at	
  

13,000rpm.	
  The	
  upper	
  phase	
  of	
   the	
  mixture	
  was	
   then	
   transferred	
   into	
  a	
  new	
  tube	
  

and	
  250µl	
   of	
   isopropanol	
  was	
   added	
   and	
  briefly	
   vortexed.	
  This	
   solution	
  was	
   then	
  

left	
   at	
   RT	
   for	
   5-­‐10	
   minutes	
   and	
   centrifuged	
   again	
   at	
   4°C	
   to	
   pellet	
   the	
   RNA.	
   The	
  

obtained	
  pellet	
  was	
  washed	
  by	
  centrifuging	
  for	
  5	
  minutes	
  at	
  4°C	
  with	
  70%	
  ethanol.	
  

The	
   pellet	
   was	
   dried	
   at	
   65°C	
   for	
   30	
   seconds,	
   resuspended	
   with	
   50µl	
   of	
   double	
  

distilled	
  water	
  and	
  stored	
  at	
  -­‐80°C	
  until	
  further	
  use.	
  	
  

	
  

4.3.5	
  cDNA	
  synthesis	
  

1-­‐5µg	
   of	
   the	
   isolated	
   RNA	
   was	
   used	
   for	
   making	
   cDNA,	
   using	
   AMV	
   Reverse	
  

transcriptase.	
  The	
  following	
  components	
  were	
  added:	
  

RNA	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  1-­‐5µg	
  
dNTP	
  (Roche)	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  1μl	
  
Oligo	
  dT	
  primers	
  (Promega)	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  1μl	
  
MiliQ	
  water	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  q.s.	
  
Total	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  14	
  μl	
  

The	
   mixture	
   was	
   heated	
   to	
   65°C	
   and	
   snap-­‐chilled	
   in	
   ice.	
   To	
   this	
   the	
   following	
  

components	
  were	
  added:	
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Buffer	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  4µl	
  
0.1M	
  DTT	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  1µl	
  
RNase	
  Inhibitor	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  1µl	
  
AMV	
  Reverse	
  transcriptase	
  (Invitrogen)	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  1µl	
  

The	
  tube	
  with	
  all	
  the	
  components	
  was	
  kept	
  at	
  45°C	
  for	
  1	
  hour	
  for	
  cDNA	
  synthesis.	
  

The	
  reaction	
  was	
  stopped	
  by	
  heat	
  inactivation	
  for	
  20	
  minutes	
  at	
  80°C,	
  and	
  the	
  cDNA	
  

immediately	
  stored	
  at	
  -­‐20°C	
  until	
  further	
  use.	
  

	
  

4.3.6	
  Synthesis	
  of	
  riboprobes	
  	
  

In	
   this	
   study,	
   riboprobes	
   against	
   the	
   412	
   reterotransposon,	
   lola-­‐common	
   region,	
  

lola-­‐R	
  specific	
  exon	
  and	
  lola-­BC	
  specific	
  exon	
  were	
  synthesized.	
  	
  

 PCR	
  amplification	
  from	
  cDNA	
  

The	
  412	
  reterotransposon	
  was	
  already	
  available	
  cloned	
  into	
  the	
  pBluescript	
  vector	
  

(gift	
  from	
  Akira	
  Nakamura).	
  To	
  clone	
  the	
  other	
  three	
  sequences,	
  PCR	
  amplification	
  

was	
  performed	
  from	
  wild	
  type	
  cDNA,	
  using	
  the	
  JumpStartTM	
  REDTaq®	
  ReadyMixTM	
  

RaectionMix	
   (Sigma-­‐Aldrich,	
   including	
   buffer,	
   Taq	
   polymerase,	
   dNTPs,	
   loading	
  

buffer	
  for	
  the	
  agarose	
  gel)	
  

 
JumpStartTM	
  REDTaq®	
  ReadyMixTM	
  RaectionMix	
  	
  	
  	
  	
  	
  	
  	
  7.5µL	
  	
   	
   	
  
cDNA	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  1µL	
  	
   	
   	
  
Forward	
  primer	
  (100	
  pmol/µL)	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  1µL	
  	
   	
   	
  
Reverse	
  primer	
  (100	
  pmol/µL)	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  1µL	
  	
   	
   	
  
MiliQ	
  water	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  4.5µL	
  	
   	
   	
  
Total	
  volume	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  15µL	
  	
   	
   	
  

The	
  amplification	
  was	
  performed	
  according	
  to	
  the	
  parameters	
  mentioned	
  in	
  section	
  	
  

using	
  a	
  primer	
  specific	
  annealing	
  temperature	
  (section	
  ).	
  

 Cloning	
  into	
  dual-­‐promoter	
  vector	
  

The	
   PCR	
   product	
  was	
   then	
   cloned	
   into	
   a	
   dual	
   promoter	
   vector	
   using	
   the	
   pCR™II-­‐

TOPO®	
  Cloning®	
   Kit	
   (see	
   appendix	
   for	
   the	
   pCR8	
   vector	
  map).	
   The	
   pCR™II-­TOPO®	
  

vector	
  consists	
  of	
   the	
  SP6	
   and	
   the	
  T7	
  promoter	
  sequences	
  5’	
  and	
  3’	
  of	
   the	
  cloning	
  

site,	
  respectively.	
  The	
  TOPO	
  reaction	
  was	
  setup	
  according	
  to	
  the	
  protocol	
  mentioned	
  

in	
   section	
   4.2.2,	
   and	
   was	
   subsequently	
   transformed	
   into	
   the	
   One	
   Shot®	
   TOP10	
  

Chemically	
  Competent	
  E.	
  coli	
  cells	
  (section	
  4.2.3).	
  The	
  positives	
  clones	
  were	
  selected	
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by	
   blue	
   white	
   screening,	
   and	
   tested	
   for	
   presence	
   of	
   insert	
   by	
   restriction	
   enzyme	
  

digestion.	
   The	
   clones	
   containing	
   the	
   insert	
   were	
   then	
   sequenced	
   using	
   the	
   M13	
  

forward	
  and	
  reverse	
  primers,	
  to	
  ascertain	
  the	
  orientation	
  of	
  insertion	
  and	
  hence	
  the	
  

promoter	
  to	
  use	
  for	
  antisense	
  probe	
  transcription.	
  

 PCR	
  amplification	
  from	
  clones	
  

Once	
   the	
  direction	
  of	
   insertion	
  was	
  determined,	
   the	
   insert	
  was	
  amplified	
   from	
  the	
  

plasmid	
  using	
  a	
  primer	
  binding	
  the	
  promoter	
  closest	
  to	
  the	
  3’	
  end	
  of	
  the	
  insert,	
  and	
  

a	
   primer	
   binding	
   to	
   the	
   other	
   end	
   of	
   the	
   insert.	
   The	
   PCR	
   was	
   performed	
   as	
  

mentioned	
  in	
  section	
  4.2.1	
  with	
  annealing	
  temperature	
  of	
  55°C.	
  

 In	
  vitro	
  transcription	
  	
  

The	
   following	
   components	
   from	
   the	
   SP6/T7	
   Dig	
   RNA	
   labeling	
   kit	
   (Roche)	
   were	
  

added:	
  

Nuclease	
  free	
  water	
  	
  	
  	
  	
  7µl	
  
PCR	
  product	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  6µl	
  
DIG	
  labeled	
  NTPs	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  2µl	
  
Transcription	
  Buffer	
  	
  	
  	
  2µl	
  
RNase	
  inhibitor	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  1µl	
  
Sp6	
  Polymerase	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  2µl	
  
Total	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  20µl	
  

The	
  mixture	
  was	
  incubated	
  in	
  a	
  37°C	
  water	
  bath	
  for	
  2	
  hours	
  for	
  transcription.	
  The	
  

reaction	
  was	
  stopped	
  by	
  adding	
  1µl	
  0.5M	
  EDTA,	
  and	
  run	
  on	
  a	
  1%	
  agarose	
  gel	
  stained	
  

with	
  SYBRSafe	
  DNA	
  gel	
  stain	
  (Invitrogen)	
  in	
  order	
  to	
  check	
  whether	
  riboprobes	
  of	
  

the	
  expected	
  size	
  had	
  been	
  successfully	
  synthesized.	
  	
  

 Carbonating	
  the	
  riboprobes	
  

Afterwards	
  the	
  riboprobes	
  were	
  carbonate	
  chopped	
  by	
  adding	
  40	
  µL	
  water	
  and	
  50	
  

µL	
  2x	
  carbonate	
  buffer	
  (120	
  mM	
  Na2CO3,	
  80	
  mM	
  NaHCO3,	
  set	
  pH	
  to	
  10.2).	
  After	
  an	
  

incubation	
  at	
  60°C	
  for	
  40	
  minutes,	
  the	
  reaction	
  was	
  stopped	
  by	
  adding	
  10	
  µL	
  0.2	
  M	
  

Na-­‐Acetate	
  (0.41	
  g	
  Na-­‐Acetate,	
  25	
  mL	
  H2Odd,	
  45	
  uL	
  HCl	
  [5M],	
  pH	
  6,	
  RNAse	
  free).	
  

 Precipitation	
  of	
  riboprobes	
  

The	
  riboprobes	
  were	
  precipitated	
  by	
  adding	
  20	
  µL	
  4	
  M	
  LiCl,	
  10	
  µL	
  20	
  mg/mL	
  tRNA	
  

and	
  600	
  µL	
  ethanol	
  (RNAse	
  free)	
  and	
  incubating	
  at	
  -­‐20°C	
  for	
  a	
  few	
  hours	
  or	
  at	
  -­‐80°C	
  

for	
  10	
  minutes.	
  Afterwards	
   the	
  sample	
  was	
  centrifuged	
  at	
  4°C	
   for	
  15	
  minutes	
  and	
  

the	
  supernatant	
  was	
  discarded.	
  The	
  obtained	
  pellet	
  was	
  washed	
  with	
  70%	
  ethanol,	
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dried	
   and	
   resuspended	
   in	
   100-­‐150µL	
   hybridisation	
   solution	
   [50mM]	
   (50%	
  

Formamide,	
  5x	
  SSC	
  	
  (SSC	
  20x:	
  175	
  g	
  NaCl	
  [1M],	
  88	
  g	
  Na3Citrate,	
  1000	
  mL	
  H2Odd,	
  set	
  

pH	
  to	
  7	
  with	
  HCl),	
  100µg/mL	
  tRNA,	
  50µg/ml	
  Heparin,	
  0.1%Tween)	
  and	
  incubated	
  at	
  

room	
  temperature	
  for	
  15	
  minutes.	
  The	
  riboprobes	
  were	
  stored	
  at	
  -­‐20°C.	
  

	
  

4.3.7	
  In-­situ	
  hybridisation	
  in	
  Drosophila	
  embryos	
  

The	
  fixed	
  embryos	
  were	
  rinsed	
  in	
  methanol	
  (-­‐20°C).	
  Then	
  they	
  were	
  incubated	
  for	
  

25	
   minutes	
   in	
   1:1	
   methanol:	
   5%	
   formaldehyde	
   in	
   PBST	
   solution	
   for	
   5	
   minutes	
  

followed	
   by	
   25	
   minutes	
   in	
   PBST	
   +	
   5%	
   formaldehyde.	
   After	
   5	
   rinses	
   with	
   PBST,	
  

Proteinase	
  K	
  (4	
  mg/mL	
  in	
  PBST)	
  was	
  added	
  for	
  exactly	
  3	
  minutes.	
  Afterwards	
  the	
  

embryos	
   were	
   rinsed	
   three	
   times	
   in	
   PBST	
   and	
   then	
   postfixed	
   in	
   PBST	
   +	
   5%	
  

formaldehyde	
  for	
  25	
  minutes	
  on	
  the	
  nutator.	
  The	
  embryos	
  were	
  washed	
  5	
  times	
  in	
  

PBST	
   and	
   then	
   incubated	
   5	
   minutes	
   in	
   1:1	
   PBST:hybridisation	
   solution.	
   The	
  

embryos	
  were	
  rinsed	
  in	
  hybridisation	
  solution	
  and	
  prehybridisated	
  in	
  hybridisation	
  

solution	
  at	
  55°C.	
  After	
  1	
  -­‐	
  2	
  hours	
  incubation	
  time	
  the	
  solution	
  was	
  replaced	
  with	
  90	
  

–	
  100	
  µL	
  hybridisation	
  solution	
  +	
  1	
  –	
  10	
  µL	
  probe	
  and	
  the	
  embryos	
  were	
  incubated	
  

at	
  55°C	
  over	
  night.	
  Following	
  hybridization	
  the	
  probe	
  was	
  removed	
  and	
  stored	
  at	
  -­‐

20°C	
   for	
   reuse	
   (up	
   to	
   3	
   times).	
   The	
   embryos	
   were	
   washed	
   several	
   times	
   with	
  

prewarmed	
  hybridisation	
  solution	
  at	
  55°C.	
  Afterwards	
  the	
  embryos	
  were	
  incubated	
  

for	
  20	
  minutes	
  in	
  1:1	
  PBST:hybridisation	
  solution	
  while	
  shaking	
  and	
  then	
  washed	
  4	
  

times,	
  15	
  minutes	
  each	
  wash,	
  in	
  PBST.	
  

 For	
  chemical	
  staining	
  using	
  Alkaline	
  Phosphatase	
  

Following	
   the	
   washes,	
   anti-­‐Dig	
   conjugated	
   to	
   Alkaline	
   Phosphatase	
   (1:2000	
   in	
  

PBST)	
  was	
  added	
  to	
  the	
  embryos.	
  After	
   incubation	
  of	
  1	
  hour	
  at	
  RT	
  (or	
  at	
  4°C	
  over	
  

night),	
   the	
   embryos	
   were	
   washed	
   thrice	
   in	
   PBST	
   for	
   20	
   minutes	
   each.	
   Then	
   the	
  

embryos	
  were	
  rinsed	
  in	
  AP	
  staining	
  buffer	
  (100mM	
  NaCl,	
  50mM	
  MgCl2,	
  100mM	
  Tris	
  

pH	
  9.5,	
   0.1%Tween),	
   following	
  which	
   9	
   µL	
  NBT	
   (100	
  mg/mL)	
   and	
  7	
   µL	
  BCIP	
   (50	
  

mg/mL)	
  in	
  1	
  mL	
  AP	
  staining	
  buffer	
  was	
  added.	
  The	
  embryos	
  were	
  transferred	
  to	
  a	
  

glass-­‐staining	
  dish	
  to	
  monitor	
  the	
  staining.	
  Once	
  a	
  visible	
  patterning	
  was	
  observed,	
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replacing	
  the	
  staining	
  buffer	
  with	
  PBST	
  stopped	
  the	
  reaction.	
  The	
  stained	
  embryos	
  

were	
  washed	
  in	
  PBST	
  and	
  mounted	
  in	
  75%	
  glycerol.	
  The	
  slides	
  were	
  stored	
  at	
  4°C.	
  

	
  

 	
  For	
  fluorescent	
  staining	
  using	
  Tyramide	
  labeling	
  

After	
  the	
  PBST	
  washes,	
  the	
  embryos	
  were	
  incubated	
  in	
  a	
  1%	
  BSA	
  blocking	
  solution	
  

(1%	
  BSA	
  in	
  PBST).	
  Following	
  this	
  a	
  1:250	
  dilution	
  of	
  anti-­‐Dig-­‐Peroxidase	
  in	
  blocking	
  

solution	
  was	
  added	
  to	
  the	
  embryos	
  and	
  kept	
  for	
  4	
  hours	
  at	
  RT	
  or	
  overnight	
  at	
  4°C	
  

(for	
  combining	
  in	
  situ	
  hybridization	
  with	
  antibody	
  staining,	
  a	
  primary	
  antibody	
  was	
  

added	
   here).	
   Next,	
   the	
   embryos	
  were	
  washed	
   4	
   times	
   for	
   15	
  minutes	
   each	
   using	
  

0.1%	
  BSA	
   in	
  PBST.	
  The	
   amplification	
  buffer/H2O2	
   stock	
   solution	
  was	
  prepared	
  by	
  

adding	
  1	
  μL	
  of	
  H2O2	
   to	
  200μL	
   amplification	
  buffer	
   (Invitrogen	
  Molecular	
  Probes™	
  

Tyramide	
  Signal	
  Amplification	
  Kit).	
  Next,	
  a	
  working	
  solution	
  was	
  made	
  by	
  adding	
  3	
  

μL	
   of	
   the	
   stock	
   solution	
   to	
   297	
   μL	
   of	
   the	
   amplification	
   buffer.	
   The	
   300	
   μL	
   of	
  

amplification	
  buffer	
  working	
  solution	
  was	
  then	
  supplemented	
  with	
  3	
  μL	
  of	
   labeled	
  

Tyramide	
   solution	
   and	
   added	
   it	
   to	
   the	
   embryos	
   for	
   60–90	
  minutes	
  with	
   constant	
  

rocking	
   in	
   the	
  dark.	
  Then	
   the	
  embryos	
  were	
  washed	
  3	
   times	
  with	
  PBST	
   for	
  2mins	
  

each	
   and	
   unless	
   an	
   antibody	
   staining	
   was	
   being	
   performed	
   the	
   embryos	
   were	
  

mounted	
  in	
  Aquamount.	
  If	
  an	
  antibody	
  staining	
  was	
  also	
  performed,	
  then	
  a	
  further	
  

blocking	
   for	
   1	
   hour	
   was	
   required.	
   Then	
   the	
   appropriate	
   secondary	
   antibody	
  was	
  

added,	
  and	
  incubated	
  for	
  two	
  hours	
  at	
  RT.	
  Lastly,	
  the	
  embryos	
  were	
  washed	
  4	
  times	
  

(10	
  minutes	
  each)	
  and	
  mounted	
  in	
  Aquamount.	
  

	
  

4.3.8	
  Making	
  Transgenic	
  Flies	
  

For	
  making	
  transgenic	
  lines	
  containing	
  UASwun2GFP,	
  and	
  UASlola-­‐R-­‐GFP,	
  wun2	
  and	
  

lola-­R	
   were	
   cloned	
   into	
   the	
   vector	
   pUASt-­‐attB-­‐WG	
   (PhD	
   thesis	
   Khalid	
   Al-­‐Jubran).	
  

using	
  the	
  Gateway®	
  reaction.	
  The	
  UAS/Gal4	
  system	
  is	
  often	
  used	
  in	
  Drosophila	
  for	
  

expression	
  of	
  trangenes	
  in	
  a	
  tissue	
  specific	
  manner.	
  In	
  addition	
  this	
  vector	
  encodes	
  

GFP	
  3'	
  to	
  the	
  cloning	
  site	
  to	
  generate	
  C-­‐terminal	
  GFP	
  fusion	
  proteins.	
  	
  	
  

	
   The	
   bacteriophage	
   PhiC31	
   integrase	
   (Bischof et al., 2007) catalyses	
   the	
  

recombination	
   of	
   a	
   specific	
   attB	
   sequence	
   (present	
   on	
   the	
   plasmid)	
   with	
   an	
   attP	
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sequence	
  (in	
  the	
  fly	
  genome).	
  Therefore,	
  several	
  fly	
  lines	
  with	
  attP	
  sites	
  integrated	
  

at	
  different	
  but	
  known	
  chromosomal	
  positions	
   (available	
   from	
  the	
  Basler	
   lab)	
  and	
  

germline	
  expressed	
  integrase	
  can	
  be	
  used	
  to	
  a	
  make	
  site-­‐specific	
  transgenic	
  lines.	
  	
  

DNA	
  for	
  injection	
  was	
  prepared	
  from	
  50ml	
  of	
  LB	
  culture	
  using	
  the	
  Qaigen	
  QIAprep	
  

Spin	
   Midiprep	
   Kit,	
   according	
   to	
   the	
   instructor’s	
   manual.	
   The	
   eluted	
   plasmid	
   was	
  

precipitated	
  again	
  using	
  isopropanol,	
  and	
  dissolved	
  in	
  15-­‐20µl	
  of	
  MilliQ	
  water.	
  For	
  

injection	
  the	
  plasmid	
  concentration	
  was	
  diluted	
  down	
  to	
  500ng-­‐1µg/µl.	
  

Flies	
  containing	
  the	
  PhiC31	
  attP	
  site	
  on	
  the	
  third	
  chomosome	
  (lines	
  VK00020)	
  were	
  

placed	
  into	
  laying	
  cages	
  at	
  RT.	
  Egg	
  laying	
  was	
  synchronized	
  by	
  repeated	
  changing	
  of	
  

apple	
   juice	
   agar-­‐plates	
   every	
   two	
   hours	
   for	
   6-­‐7	
   hours.	
   After	
   synchronization,	
   the	
  

eggs	
   laid	
  were	
  dechorionated	
  and	
   lined	
  on	
  an	
  agar-­‐piece	
  with	
   the	
  posterior	
  of	
   the	
  

egg	
  placed	
  towards	
  the	
  edge.	
  The	
  eggs	
  were	
  then	
  transferred	
  onto	
  a	
  coverslip	
  and	
  

dried	
  for	
  10-­‐12	
  minutes.	
  Immediately	
  10S	
  halocarbon	
  oil	
  was	
  applied	
  onto	
  the	
  eggs	
  

to	
   prevent	
   further	
   drying.	
   Embryos	
   were	
   injected	
   with	
   DNA	
   into	
   their	
   posterior	
  

using	
  a	
  FemtoJet	
  injector	
  (Eppendorf).	
  

Post	
   injection,	
   the	
  embryos	
  were	
  allowed	
   to	
  recover,	
  and	
   the	
  hatched	
   larvae	
  were	
  

collected	
  after	
  2-­‐3	
  days,	
  and	
  transferred	
  to	
  a	
  food	
  vial	
  kept	
  at	
  25°C.	
  The	
  hatched	
  flies	
  

were	
  then	
  crossed	
  to	
  white-­	
  flies	
  to	
  screen	
  for	
  transgenic	
  lines	
  expressing	
  the	
  mini-­‐

white	
  gene	
  in	
  the	
  eyes	
  of	
  the	
  next	
  generation.	
  

	
  

	
  

4.4	
  Insertion	
  of	
  tev-­site	
  in	
  wun2	
  gene	
  

	
  

To	
  determine	
  the	
  site	
  of	
  requirement	
  of	
  the	
  Wun2	
  lipid	
  dephosphorylation	
  activity,	
  

a	
  cleavage	
  site	
  recognized	
  by	
  the	
  TEV	
  (tomato	
  etch	
  virus)	
  protease	
  was	
  introduced	
  

in	
  the	
  gene.	
  The	
  tev-­‐site	
  was	
  introduced	
  in	
  the	
  3rd	
  loop	
  of	
  Wun2,	
  separating	
  the	
  two	
  

catalytic	
  domains	
  in	
  the	
  same	
  loop.	
  In	
  order	
  to	
  achieve,	
  this	
  several	
  steps	
  of	
  PCR	
  and	
  

cloning	
  were	
  undertaken.	
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 Overlap-­Extension	
  PCR	
  

This	
  technique	
  provides	
  a	
  means	
  of	
  introducing	
  mutations	
  in	
  the	
  middle	
  of	
  the	
  PCR	
  

fragment.	
   Here	
   I	
   have	
   used	
   this	
   technique	
   to	
   introduce	
   a	
   21-­‐nucleotide	
   (ntd)	
  

protease	
  cleavage	
  site	
  (Fig.	
  4.2).	
  

	
  
Figure	
  4.2:	
  Schematic	
  representation	
  highlighting	
  the	
  steps	
  of	
  overlap-­‐extension	
  PCR.	
  The	
  wun2myc	
  

gene	
   was	
   first	
   divided	
   into	
   two	
   fragments	
   using	
   2	
   separate	
   pairs	
   of	
   primers,	
   where	
   the	
   internal	
  

primers	
   contained	
   a	
   tev-­‐site.	
   The	
   two	
   fragments,	
   now	
  overlapping	
   at	
   the	
   tev-­‐site,	
  were	
   then	
   fused	
  

back	
  together	
  and	
  amplified	
  with	
  the	
  two	
  external	
  forward	
  and	
  reverse	
  primers,	
  producing	
  wun2-­tev-­

myc.	
  	
  

	
  

In	
  this	
  technique	
  the	
  gene	
  is	
  divided	
  into	
  two	
  fragments	
  using	
  two	
  different	
  pairs	
  of	
  

primers	
   (Fig.	
   4.2).	
   The	
   first	
   primer	
   pair	
   consists	
   one	
   flanking	
   forward	
   primer	
  

(wun2tev	
   FP)	
   starting	
   at	
   the	
   5’	
   end	
   of	
   the	
   gene,	
   and	
   a	
   reverse	
   internal	
   primer	
  

[wun2tev(2)	
   RP].	
   Similarly,	
   for	
   the	
   second	
   primer	
   pair	
   the	
   forward	
   primer	
   is	
   an	
  

internal	
  primer	
  [wun2tev(2)	
  FP]	
  and	
  the	
  reverse	
  primer	
  (wun2tev	
  RP)	
  is	
  a	
  flanking	
  

primer	
  ending	
  at	
  the	
  3’	
  end	
  of	
  the	
  gene.	
  The	
  two	
  internal	
  primers	
  however	
  have	
  an	
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overlapping	
  complementary	
  sequence,	
  the	
  21ntd	
  tev-­‐site.	
  

The	
  two	
  sets	
  of	
  primers	
  were	
  used	
  in	
  two	
  different	
  PCR	
  reactions,	
  resulting	
  in	
  two	
  

fragments	
  of	
  the	
  gene,	
  with	
  a	
  small	
  region	
  of	
  complementarity	
  corresponding	
  to	
  the	
  

tev-­‐site.	
  	
  The	
  PCR	
  protocol	
  mentioned	
  in	
  section	
  was	
  used	
  for	
  amplification	
  from	
  the	
  

pBS-­‐wun2myc	
   vector	
   in	
   a	
   DNA	
   Engine	
   thermal	
   cycler	
   from	
   Biorad,	
   with	
   the	
  

annealing	
  temperature	
  of	
  58°C.	
  	
  

This	
  protocol	
  was	
  also	
  used	
  to	
  make	
  wun2-­con-­myc	
  construct,	
  without	
  the	
  tev-­‐site,	
  

using	
  the	
  two	
  flanking	
  wun2tev	
  FP	
  and	
  wun2tev	
  RP	
  primers.	
  

	
  

 Touchdown	
  PCR	
  

This	
  technique	
  is	
  used	
  to	
  enhance	
  sensitivity	
  and	
  product	
  specificity.	
  Here	
  instead	
  of	
  

one	
   annealing	
   temperature,	
   a	
   range	
   of	
   annealing	
   temperatures	
   is	
   employed	
   in	
   a	
  

single	
   PCR	
   reaction.	
   The	
   initial	
   temperature	
   is	
   above	
   the	
   calculated	
   Tm	
   of	
   the	
  

primers,	
  and	
  with	
  each	
  progressing	
  cycle	
  the	
  temperature	
  falls	
  down	
  by	
  1°C	
  till	
  the	
  

lowest	
  specified	
  temperature.	
  

The	
  overlap-­‐extension	
  PCR	
  produced	
  two	
  large	
  fragments	
  of	
  the	
  first	
  and	
  the	
  second	
  

half	
  of	
  wun2	
  each	
  containing	
  the	
  tev-­‐site	
  at	
  the	
  3’	
  and	
  the	
  5’	
  end,	
  respectively.	
  In	
  this	
  

study,	
   touchdown	
  PCR	
  method	
  was	
  adopted	
  to	
   find	
  a	
  suitable	
   temperature	
   for	
   the	
  

annealing	
  of	
  the,	
  produced	
  from	
  previous	
  PCR	
  reaction.	
  In	
  addition,	
  touchdown	
  PCR	
  

also	
  provided	
  suitable	
  temperature	
  for	
  annealing	
  of	
  the	
  flanking	
  primers,	
  to	
  produce	
  

large	
  number	
  of	
  copies	
  of	
  the	
  final	
  product	
  with	
  the	
  inserted	
  tev	
  site.	
  

The	
  following	
  protocol	
  was	
  used:	
  

	
  1.	
  Denature	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  94°C	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  5	
  mins	
  

2.	
  Denature	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  94°C	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  30	
  sec	
  

3.	
  Anneal	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  60-­‐50°C	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  1	
  min	
  

4.	
  Elongate	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  72°C	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  2	
  mins	
  

This	
  was	
  repeated	
  for	
  10	
  cycles	
  (decreasing	
  the	
  annealing	
  temp	
  by	
  1°C	
  each	
  cycle)	
  

5.	
  Denature	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  94°C	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  30	
  sec	
  

6.	
  Anneal	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  50°C	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  30	
  sec	
  	
  

7.	
  Elongate	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  72°C	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  2	
  mins	
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This	
  was	
  repeated	
  for	
  30	
  cycles	
  to	
  give	
  the	
  product.	
  

8.	
  Final	
  Extension	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  72°C	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  10	
  mins	
  	
  

9.	
  Halt	
  reaction	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  4°C	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  forever	
  

PCR	
  products	
  were	
  visualized	
  on	
  a	
  1%	
  Agarose	
  gel	
  stained	
  with	
  SYBRSafe	
  DNA	
  gel	
  

stain	
   and	
   bands	
   of	
   the	
   correct	
   size	
   were	
   cut	
   out	
   and	
   eluted	
   using	
   the	
   Quaigen	
  

QIAquick	
  Gel	
  Extraction	
  Kit,	
  using	
  the	
  recommended	
  protocol.	
  

	
  

 TOPO-­cloning	
  into	
  the	
  entry	
  vector	
  

The	
  eluted	
  DNA	
  was	
  then	
  cloned	
  into	
  an	
  entry	
  vector	
  for	
  the	
  Gateway®	
  System	
  using	
  

the	
   pCR®8/GW/TOPO®	
   TA	
   Cloning®	
   Kit.	
   Plasmids	
   were	
   screened	
   for	
   insertions	
  

using	
  EcoRI	
  digestion.	
  The	
  positive	
  clones	
  were	
  then	
  sequenced	
  (section	
  4.2.4)	
  using	
  

the	
  GW1	
  and	
  GW2	
  sequencing	
  primers,	
  to	
  verify	
  the	
  presence	
  of	
  desired	
  tev	
  site.	
  

	
  

 	
  Gateway	
  reaction	
  

The	
   2	
   inserts	
   of	
   interest,	
  wun2-­con-­myc	
   and	
  wun2-­tev-­myc,	
   cloned	
   into	
   the	
   entry	
  

vector	
   pCR8,	
   (containing	
   att-­‐sites	
   for	
   recombination),	
   could	
   now	
   be	
   cloned	
   into	
  

different	
  expression	
  vectors	
  from	
  the	
  Gateway®	
  System.	
  

The	
   expression	
   vector	
  pTW	
   (The	
  Drosophila	
  Gateway™	
  Vector	
  Collection,	
  Murphy	
  

lab)	
  has	
  a	
  UAS	
  promoter	
  sequence	
  upstream	
  of	
  the	
  insertion	
  site,	
  and	
  no	
  tags	
  at	
  the	
  

5’	
  or	
  3’	
  ends	
  (a	
  tag	
  was	
  not	
  required	
  as	
  the	
  insert	
  already	
  contained	
  a	
  3'	
  myc-­‐tag).	
  

This	
  vector	
  was	
  suitable	
  to	
  check	
  the	
  functionality	
  of	
  the	
  wun2-­‐tev-­‐myc	
  construct	
  by	
  

expression	
  in	
  wunen	
  maternal	
  mutants,	
  using	
  a	
  Gal4	
  driver.	
  

In	
   addition,	
   the	
   two	
   constructs	
   were	
   also	
   cloned	
   into	
   the	
   pNOS	
   vector	
   (gift	
   from	
  

Matt	
   DeGenero)	
   using	
   the	
   gateway	
   reaction.	
   This	
   vector	
   contains	
   the	
   nanos	
  

promoter,	
  and	
  the	
  nanos	
  3’UTR.	
  This	
  would	
  allow	
  localization	
  and	
  expression	
  of	
  the	
  

constructs	
  specifically	
  in	
  the	
  germ	
  cells,	
  at	
  physiological	
  levels.	
  The	
  vector	
  contains	
  

P-­‐element	
  inverted	
  repeat	
  ends	
  for	
  transposase	
  mediated	
  transformation	
  which	
  was	
  

carried	
  out	
  by	
  Best	
  Gene.	
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4.5	
  Whole	
  genome	
  sequencing	
  	
  

	
  

To	
  identify	
  the	
  causative	
  mutations	
  in	
  the	
  A44,	
  B23,	
  and	
  C28	
  mutants,	
  whole	
  genome	
  

sequencing	
  was	
  performed	
   in	
   collaboration	
  with	
   the	
   in	
  house	
  genome	
  sequencing	
  

facility	
   in	
   Max	
   Planck	
   Institute	
   of	
   Developmental	
   Biology,	
   with	
   the	
   Illumina	
  

sequencing	
  method	
  and	
  using	
  the	
  Genome	
  Analyzer	
  II.	
  

	
  

4.5.1	
  Genomic	
  DNA	
  isolation	
  from	
  mutants	
  

In	
  order	
  to	
  prepare	
  3µg	
  high	
  quality	
  genomic	
  DNA	
  for	
  the	
  purpose	
  of	
  whole	
  genome	
  

sequencing	
   of	
   the	
   three	
   EMS	
   mutants	
   displaying	
   gonad	
   formation	
   defects,	
   high	
  

quality	
   DNA	
   was	
   prepared.	
   Minimally	
   200	
   homozygous	
   mutant	
   embryos	
   were	
  

homogenized	
  in	
  120-­‐150µl	
  Buffer	
  A.	
  The	
  homogenized	
  embryos	
  were	
  then	
  treated	
  

with	
   6µl	
   of	
   RNases	
   A/T1	
   mix	
   (Fermentas)	
   for	
   50-­‐10	
   minutes	
   at	
   RT.	
   Following	
  

treatment	
  with	
  RNase,	
  6µl	
  of	
  4mg/ml	
  Proteinase	
  K	
  was	
  used	
  and	
  incubated	
  for	
  30-­‐

45	
  minutes	
  at	
  65°C.	
  Next,	
  16µl	
  of	
  7.5M	
  Ammonium	
  acetate	
  was	
  added	
  to	
  the	
  mixture	
  

and	
  kept	
  on	
  ice	
  for	
  10	
  minutes.	
  The	
  solution	
  was	
  then	
  treated	
  as	
  in	
  the	
  genomic	
  DNA	
  

isolation	
  described	
  earlier	
  (section	
  4.3.3),	
  with	
  centrifugation	
  at	
  RT	
  for	
  15	
  minutes.	
  

The	
   supernatant	
  was	
   transferred	
   into	
   another	
   tube,	
  where	
   the	
   genomic	
  DNA	
  was	
  

precipitated	
   using	
   isopropanol,	
   washed	
   with	
   70%	
   ethanol	
   and	
   resuspended	
   in	
  

sequencing	
  grade	
  water	
  for	
  further	
  processing.	
  
	
   

4.5.2	
  Library	
  Preparation 

The	
  genomic	
  DNA	
  was	
  used	
  to	
  prepare	
  a	
  library	
  for	
  100bp	
  pair-­‐end	
  sequencing	
  as	
  

follows:	
  

1. Fragmentation	
   of	
   DNA:	
   	
   The	
   isolated	
   3µg	
   of	
   genomic	
  DNA	
  was	
   sheared	
   into	
  

500bp	
   fragments	
   using	
   the	
   S2	
   Covaris	
   machine,	
   according	
   to	
   the	
  

manufacturer’s	
   instructions.	
   This	
   generates	
   dsDNA	
   fragments	
  with	
   3’	
   to	
   5’	
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overhangs.	
   The	
   sheared	
  DNA	
  was	
   purified	
   using	
   the	
   Qiagen	
  Qiaquick	
   PCR-­‐

purification	
  kit,	
  and	
  eluted	
  in	
  31µl	
  of	
  elution	
  buffer	
  (EB).	
  The	
  concentration	
  

of	
   the	
   DNA	
  was	
   then	
   quantified	
   and	
   1µg	
   of	
   DNA	
  was	
   used	
   for	
   subsequent	
  

steps.	
  

2. 	
  End	
  repairing	
  of	
  the	
  fragmented	
  DNA:	
  The	
  NEB	
  Next	
  End	
  Repair	
  Enzyme	
  Mix	
  

with	
  accompanying	
  buffer	
  was	
  added	
   to	
  1µg	
  of	
  DNA	
  and	
   incubated	
  at	
  20°C	
  

for	
   30	
  minutes	
   for	
   end	
   repairing.	
   This	
  was	
   done	
   to	
   convert	
   the	
   overhangs,	
  

resulting	
   from	
   the	
   fragmentation	
   process,	
   into	
   blunt	
   ends.	
   The	
   DNA	
   was	
  

purified	
  again	
  using	
   the	
  Qiagen	
  Qiaquick	
  PCR-­‐purification	
  kit,	
  and	
  eluted	
   in	
  

42µl	
  of	
  EB.	
  

3. 	
  dA-­‐Tailing:	
  The	
  3’	
  end	
  of	
  the	
  fragments	
  were	
  attached	
  with	
  extra	
  dA	
  residues	
  

to	
  allow	
  efficient	
  adaptor	
   ligation.	
  Further,	
   this	
  process	
  prevents	
   the	
  blunt-­‐

ended	
  fragments	
  from	
  ligating	
  to	
  one	
  another.	
  The	
  NEB	
  kit	
  containing	
  the	
  dA	
  

tailing	
  buffer	
  and	
  Klenow	
  exo,	
  were	
  used	
  at	
  37°C	
   for	
  30	
  minutes,	
   following	
  

which	
  the	
  tailed-­‐DNA	
  was	
  purified	
  and	
  eluted	
  in	
  10µl	
  EB.	
  

4. 	
  Adaptor	
  ligation:	
  This	
  process	
  is	
  required	
  to	
  allow	
  the	
  fragments	
  to	
  hybridize	
  

onto	
   the	
   flow	
  cell.	
  The	
  adaptor	
  also	
  provides	
   the	
   identity	
   to	
  a	
  DNA	
  sample,	
  

and	
  allows	
  multiplexing	
  of	
  samples.	
  2µl	
  of	
  custom-­‐made	
  adaptors	
  were	
  used	
  

per	
  µg	
  of	
  DNA.	
  The	
  adaptor	
  sequence	
   for	
   the	
  A44	
  DNA	
  was	
  ACGTAGCT,	
   for	
  

B23	
   DNA	
  was	
  TACGTCAG,	
   and	
   for	
  C28	
   DNA	
  was	
   CGTCGATA.	
   The	
   following	
  

reaction	
  was	
  set	
  up	
  for	
  adaptor	
  ligation:	
  

DNA	
  10µl	
  

Ligation	
  Buffer	
  5x	
  (NEB)	
  10µl	
  

Adaptor	
  DNA	
  2.5µl	
  

T4	
  DNA	
  ligase	
  (NEB)	
  5µl	
  

MilliQ	
  water	
  22.5	
  

Total	
  50µl	
  

The	
   reaction	
   was	
   incubated	
   for	
   at	
   30°C	
   for	
   10	
  minutes.	
   After	
   ligation,	
   the	
  

DNA	
  was	
  again	
  purified	
  and	
  eluted	
  in	
  30µl	
  EB.	
  

5. Size	
  selection:	
  The	
  eluted	
  DNA	
  was	
  then	
  run	
  on	
  2%	
  Agarose	
  gel	
  at	
  120V	
  for	
  90	
  

minutes.	
   A	
   scalpel	
   was	
   then	
   used	
   to	
   excise	
   selectively	
   the	
   DNA	
   band	
   of	
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approximately	
  450-­‐500bp	
  using	
  the	
  marker	
  as	
  a	
  guide.	
  The	
  excised	
  piece	
  of	
  

gel	
  was	
  then	
  purified	
  using	
  the	
  Qiagen	
  gel-­‐extraction	
  kit,	
  and	
  eluted	
  in	
  20µl	
  of	
  

EB.	
  This	
  purified	
  the	
  ligation	
  product	
  and	
  removed	
  the	
  unligated	
  adaptors.	
  

6. Enrichment	
   by	
   PCR:	
   The	
   eluted	
   DNA	
   was	
   then	
   PCR	
   amplified	
   to	
   selectively	
  

enrich	
   those	
   DNA	
   fragments	
   that	
   have	
   adaptor	
  molecules	
   on	
   both	
   ends.	
   It	
  

was	
   done	
   using	
   reagents	
   from	
   the	
   TruSeq	
   DNA	
   sample	
   prep	
   kit	
   with	
   the	
  

following	
  reaction	
  mix:	
  

DNA	
  20µl	
  

Primer	
  cocktail	
  (Ilumina)	
  5µl	
  

Mastermix	
  25µl	
  

Total	
  50µl	
  

The	
  reaction	
  mix	
  was	
  then	
  amplified	
  using	
  the	
  following	
  parameters:	
  

Denaturation	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  98°C	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  30	
  sec	
  

Denaturation	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  98°C	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  10	
  sec	
  

Annealing	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  60°C	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  30	
  sec	
  

Elongation	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  72°C	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  30	
  sec	
  

Repeat	
  2nd	
  to	
  4th	
  steps	
  12	
  times	
  

Elongation	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  72°C	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  5	
  min	
  

Halt	
  reaction	
  8°C	
  forever	
  

The	
  amplified	
  fragments	
  were	
  then	
  purified	
  and	
  eluted	
  with	
  50µl	
  of	
  EB.	
  

	
  

4.5.3	
  Validation	
  of	
  Library	
  

Before	
  continuing	
  with	
  the	
  library	
  for	
  Illumina	
  sequencing,	
  a	
  quality	
  control	
  analysis	
  

of	
   the	
   library	
   and	
   quantification	
   of	
   the	
   DNA	
   was	
   performed.	
   Validation	
   of	
   the	
  

libraries	
   was	
   performed	
   using	
   the	
   Agilent	
   Bioanalyzer	
   2100,	
   by	
   running	
   1	
   µl	
   of	
  

sample	
  on	
  a	
  DNA	
  1000	
  chip	
  (Agilent	
  Technologies,	
  Germany).	
  This	
  verified	
  the	
  size	
  

of	
  the	
  PCR	
  enriched	
  fragments	
  and	
  their	
  size	
  distribution.	
  

The	
  average	
  size	
  of	
  the	
  library	
  for	
  A44	
  was	
  449bp	
  at	
  a	
  concentration	
  of	
  11.39ng/µl,	
  

for	
   B23	
   was	
   448bp	
   at	
   a	
   concentration	
   of	
   7.51ng/µl	
   and	
   for	
   C28	
   was	
   457bp	
   at	
   a	
  

concentration	
  of	
  11.21ng/µl.	
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Using	
  the	
  data	
  obtained	
  from	
  the	
  Bioanalyzer,	
  the	
  DNA	
  was	
  then	
  diluted	
  and	
  stored	
  

at	
  -­‐20˚C	
  as	
  a	
  10	
  nM	
  stock	
  in	
  EB	
  buffer	
  (Qiagen)	
  supplemented	
  with	
  0.1%	
  Tween-­‐20,	
  

until	
  cluster	
  generation.	
  

	
  

Figure	
  4.3:	
  Electropherogram	
  produced	
  by	
  the	
  Bioanalyzer,	
  showing	
  the	
  size	
  distribution	
  of	
  the	
  DNA	
  

fragments	
   in	
   the	
   three	
   mutant	
   libraries.	
   The	
   x-­‐axis	
   [s]	
   depicts	
   the	
   sedimentation	
   coefficient,	
   a	
  

measure	
   of	
   size,	
   and	
   the	
   y-­‐axis	
   [FU]	
   depicts	
   the	
   fluorescence	
   unit,	
   a	
   measure	
   of	
   quantity.	
   The	
  

numbers	
  1	
  and	
  5,	
  show	
  the	
  markers	
  at	
  15bp	
  and	
  1,500bp	
  respectively.	
  The	
  number	
  2	
  and	
  3	
  in	
  each	
  

graph,	
  denote	
  the	
  base	
  and	
  the	
  height	
  of	
  the	
  peak	
  of	
  the	
  library,	
  in	
  order	
  to	
  calculate	
  the	
  area	
  under	
  

the	
  curve.	
  

	
  

4.5.4	
  Cluster	
  preparation	
  on	
  flowcell	
  and	
  SBS	
  Sequencing	
  by	
  Synthesis	
  

sequencing	
  

Cluster	
   generation	
  was	
   performed	
   on	
   a	
   Cluster	
   Station	
   (Illumina)	
  with	
   the	
   recipe	
  

“PE_Amplification_2P_R1prep_Linearization_combinedBlocking_Priimerhyb_v7.0”	
  

and	
   reagents	
   from	
   Cluster	
   Generation	
   Kits	
   (Illumina)	
   according	
   to	
   the	
  

manufacturer’s	
   instructions.	
  With	
   a	
   10	
   pM	
   solution	
   of	
   denatured	
  DNA,	
  ~575	
   000	
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raw	
   clusters	
   per	
  mm2	
  were	
   generated	
   on	
   the	
   flow-­‐cell	
   surface	
   as	
   assessed	
   at	
   the	
  

sequencing	
  step	
  (see	
  below).	
  Sequencing	
  was	
  performed	
  on	
  a	
  Genome	
  Analyzer	
  GAII	
  

(Illumina)	
  using	
  the	
  SBS	
  TruSEQTM	
  36-­‐cycle	
  Sequencing	
  Kits	
  (Illumina)	
  according	
  to	
  

the	
   manufacturer’s	
   instructions;	
   the	
   .xml	
   file	
   for	
   recipe	
   “GA2-­‐PEM2x-­‐

2x101cyclev8.3px.xml”	
  was	
  used	
  to	
  generate	
  101	
  bp	
  reads.	
  

	
  

4.5.5	
  SHORE	
  analysis	
  of	
  obtained	
  reads	
  

Image	
  analysis	
  of	
  the	
  output	
  from	
  Genome	
  Analyser	
  GAII	
  runs	
  was	
  performed	
  with	
  

GAPipeline	
   version	
  1.0,	
  with	
  default	
   parameters,	
   resulting	
   in	
   3.6×106	
   and	
  2.9×106	
  

and	
  4.7×106	
   read	
  pairs	
   for	
   the	
  A44,	
  B23	
   and	
  C28	
  mutants,	
   respectively.	
  Unfiltered	
  

reads	
  were	
   used	
   as	
   input	
   for	
   the	
   SHORE	
  pipeline	
   (Ossowski	
   et	
   al.,	
   2008),	
   version	
  

0.5beta	
   (http://1001genomes.org/downloads).	
   Reads	
   were	
   subjected	
   to	
   quality	
  

filtering,	
  trimming,	
  adaptor	
  clipping	
  and	
  demultiplexing,	
  leaving	
  reads	
  of	
  an	
  average	
  

length	
  of	
  97bp	
  for	
  each	
  mutant.	
  

	
  

4.5.6	
  Analysis	
  of	
  sequences	
  using	
  CLC	
  Genomic	
  workbench	
  

The	
   CLC	
   Genomic	
   Workbench	
   is	
   a	
   desktop	
   application	
   with	
   a	
   graphical	
   user-­‐

interface,	
  commonly	
  used	
  for	
  analyzing	
  and	
  visualizing	
  next	
  generation	
  sequencing	
  

data.	
  The	
  CLC	
  Genomics	
  Workbench	
  versions	
  4.7	
  -­‐	
  5.5	
  were	
  used	
  in	
  this	
  study,	
  and	
  

the	
  Genomic	
  Gateway	
  plugin	
  tool	
  (later	
  integrated	
  into	
  the	
  software	
  as	
  the	
  ‘NGScore	
  

tools’)	
  was	
  used	
  for	
  mapping	
  of	
  reads	
  onto	
  the	
  reference	
  genome.	
  	
  

	
  

 Importing	
  reads	
  

The	
   paired	
   reads	
   from	
   the	
   three	
  mutants,	
   in	
   a	
   FASTQ	
   format	
  were	
   first	
   imported	
  

into	
  the	
  CLC	
  genomic	
  software	
  version	
  4.7.2,	
  using	
  the	
  following	
  parameters:	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Discard	
  sequence	
  names	
  =	
  Yes	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Discard	
  quality	
  scores	
  =	
  No	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Paired	
  orientation	
  =	
  Paired	
  reads	
  (forward-­‐reverse)	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Minimum	
  distance	
  =	
  180	
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  Maximum	
  distance	
  =	
  250	
  

	
  

 Mapping	
  reads	
  

The	
  imported	
  reads	
  were	
  then	
  mapped	
  onto	
  the	
  chromosome	
  2L	
  complete	
  sequence	
  

(GenBank	
  NT_033779	
  Release	
  5.30)	
  as	
  well	
  as	
  chromosome	
  2R	
  complete	
  sequence	
  

(GenBank	
  NT_033778	
  Release	
   5.30).	
   The	
   following	
   parameters	
  were	
   used	
   for	
   the	
  

mapping	
  of	
  the	
  reads:	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Mismatch	
  cost	
  =	
  2	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Insertion	
  cost	
  =	
  3	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Deletion	
  cost	
  =	
  3	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Length	
  fraction	
  =	
  0.5	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Similarity	
  =	
  0.8	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Paired	
  reads	
  mode	
  =	
  Forward/Reverse	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Min	
  distance	
  =	
  180	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Max	
  distance	
  =	
  250	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Alignment	
  mode	
  =	
  Local	
  

This	
  achieved	
  an	
  average	
  genome	
  read	
  coverage	
  of	
  about	
  16x,	
  13x	
  and	
  19x	
  for	
  the	
  

A44,	
  B23	
  and	
  C28	
  mutants,	
  respectively.	
  

	
  

 SNP	
  calling	
  

The	
   aligned	
   reads	
   could	
   then	
   be	
   used	
   for	
   detecting	
   SNPs	
   when	
   compared	
   to	
   the	
  

reference	
   genome.	
   This	
   was	
   performed	
   using	
   the	
   SNP	
   detection	
   tool	
   with	
   the	
  

following	
  parameters:	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Window	
  length	
  =	
  11	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Maximum	
  gap	
  and	
  mismatch	
  count	
  =	
  2	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Minimum	
  central	
  quality	
  =	
  20	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Minimum	
  average	
  quality	
  =	
  15	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Minimum	
  coverage	
  =	
  3	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Minimum	
  variant	
  frequency	
  (%)	
  =	
  70.0	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Maximum	
  expected	
  variations	
  (ploidy)	
  =	
  2	
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 Overlap	
  filtering	
  

As	
  the	
  three	
  mutants	
  A44,	
  B23	
  and	
  C28,	
  originated	
  from	
  the	
  same	
  isogenized	
  genetic	
  

background,	
  the	
  SNPs	
  common	
  between	
  the	
  three	
  mutants	
  were	
  then	
  identified	
  and	
  

removed	
  from	
  the	
  SNP-­‐list	
  of	
  each	
  mutant.	
  For	
  example,	
  this	
  was	
  executed	
  for	
  A44	
  

by	
  using	
  an	
  ‘overlap	
  filter’	
  with	
  the	
  following	
  parameters:	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Refiner	
  =	
  Overlap	
  filter	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Track	
  parameter	
  =	
  reads	
  B23_1	
  (paired)	
  SNPs	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Keep	
  overlapping	
  =	
  No	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Refiner	
  =	
  Overlap	
  filter	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Track	
  parameter	
  =	
  reads	
  C28_1	
  (paired)	
  SNPs	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Keep	
  overlapping	
  =	
  No	
  

	
  

 Non-­‐synonymous	
  SNPs	
  

From	
  the	
  unique	
  SNP-­‐list	
   (Table	
  2.	
   ),	
  non-­‐synonymous	
  SNPs	
  were	
   identified	
  using	
  

the	
  ‘amino	
  acid	
  changes	
  filter’.	
  This	
  was	
  done	
  by	
  removing	
  SNPs	
  that	
  did	
  not	
  cause	
  a	
  

change	
   in	
   amino	
   acid	
   sequence	
   compared	
   to	
   the	
   reference.	
   The	
   following	
  

parameters	
  were	
  used:	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Refiner	
  =	
  Amino	
  acid	
  changes	
  annotation/filter	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Track	
  parameter	
  (CDS	
  track)	
  =	
  CDS	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Filter	
  synonymous	
  changes	
  =	
  Yes	
  

	
  

 Splice	
  site	
  SNPs	
  

In	
  addition,	
  the	
  SNPs	
  that	
  led	
  to	
  a	
  possible	
  change	
  in	
  the	
  splicing	
  of	
  the	
  mRNA	
  hence	
  

a	
  defective	
  protein,	
  were	
  also	
  identified.	
  The	
  filter	
  ‘splice	
  site	
  effect	
  prediction’	
  was	
  

used	
  with	
  the	
  following	
  parameters:	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Refiner	
  =	
  Splice	
  site	
  effect	
  prediction	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Track	
  parameter	
  (mRNA	
  track)	
  =	
  mRNA	
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4.5.7	
  Manual	
  curation	
  

Manual	
  verification	
  of	
  the	
  SNPs	
  called	
  by	
  the	
  software	
  was	
  performed	
  to	
  obtain	
  the	
  

final	
  working	
  SNP-­‐list	
  (Tables	
  2.3,	
  2.4,	
  2.5).	
  A	
  number	
  of	
  the	
  SNPs	
  identified	
  by	
  the	
  

software	
  were	
  not	
  true	
  SNPs.	
  This	
  means	
  that	
  although,	
  according	
  to	
  set	
  parameters,	
  

more	
   than	
   three	
   reads	
   contained	
   the	
   nucleotide	
   change,	
   the	
   minimum	
   variant	
  

frequency	
  of	
  70%	
  was	
  not	
  always	
  observed.	
  Moreover,	
  some	
  SNPs	
  showed	
  the	
  same	
  

base	
  change	
  in	
  the	
  other	
  two	
  mutants	
  at	
  that	
  location,	
  although	
  at	
  a	
  lower	
  frequency	
  

than	
  70%.	
  Therefore	
  manual	
  verification	
  significantly	
  reduced	
  the	
  number	
  of	
  SNPs	
  

to	
   approximately	
   20%	
  of	
   the	
   previous	
   list.	
   For	
  B23	
   and	
  C28	
  mutants,	
  where	
   non-­‐

complementing	
   deficiencies	
   had	
   already	
   been	
   identified	
   through	
   the	
   deficiency	
  

screen,	
  the	
  final	
  working	
  SNP-­‐list	
  contained	
  15	
  and	
  29	
  SNPs	
  respectively.	
  

In	
  case	
  of	
  the	
  A44	
  mutant,	
  since	
  no	
  non-­‐complementing	
  deficiency	
  could	
  be	
  found,	
  

further	
   curation	
   was	
   performed	
   on	
   the	
   verified	
   21	
   SNPs,	
   based	
   on	
   the	
   level	
   of	
  

conservation	
   of	
   the	
   mutated	
   amino	
   acid.	
   SNPs	
   causing	
   changes	
   to	
   similar	
   amino	
  

acids,	
   for	
   example	
   a	
   change	
   of	
   Ala	
   to	
   Val	
   in	
   CG6550	
   and	
   CG6424,	
   or	
   Val	
   to	
   Ile	
   in	
  

Cpr49Af,	
  were	
  not	
  considered	
  for	
  further	
  analysis.	
  Additionally,	
  two	
  separate	
  tools,	
  

BLAST	
  (Ohsako	
  et	
  al.,	
  2003)	
  and	
  ConSurf	
  (Ashkenazy	
  et	
  al.,	
  2010)	
  were	
  used	
  to	
  look	
  

at	
  the	
  conservation	
  of	
  the	
  affected	
  amino	
  acid	
  within	
  other	
  insect	
  species.	
  SNPs	
  were	
  

discarded	
  if	
  the	
  site	
  of	
  the	
  mutation	
  was	
  variable	
  in	
  other	
  insect	
  species.	
  As	
  a	
  result	
  

of	
   the	
   selection	
   based	
   on	
   conservation,	
   11	
   of	
   the	
   21	
   SNPs	
   found	
   on	
   the	
   2R	
  

chromosome	
  of	
  the	
  A44	
  mutant	
  were	
  then	
  tested	
  as	
  possible	
  causative	
  SNPs.	
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4.6	
  Microscopy	
  

	
  

4.6.1	
  Confocal	
  Microscopy	
  

Fixed	
  tissue	
  imaging	
  was	
  done	
  using	
  the	
  laser	
  scanning	
  Olympus	
  FluoView	
  FV1000	
  

confocal	
   microscope	
   with	
   FluoView	
   Software.	
   The	
   samples	
   were	
   prepared	
   as	
  

mentioned	
  in	
  section	
  2.5.2,	
  and	
  mounted	
  in	
  either	
  aquamount	
  or	
  1:2	
  benzylalcohol:	
  

benzylbenzoate	
  (this	
  mountant	
  dissolves	
  lipids	
  thereby	
  reducing	
  light	
  scattering).	
  	
  

An	
   overview	
   image	
   of	
   the	
   embryo	
   was	
   taken	
   using	
   the	
   20X	
   dry	
   objective	
  

(UPlanSApo	
  20x,	
  0.75NA).	
  To	
  visualize	
   the	
  cell	
  at	
  higher	
  resolution,	
   the	
  60X	
  water	
  

objective	
   (UPlanSApo	
   60x	
  W,	
   1.2NA)	
  was	
   used	
   along	
  with	
   a	
   4x	
   digital	
   zoom.	
   The	
  

lasers	
  were	
  used	
  at	
  wavelengths	
  of	
  405nm	
  (for	
  DAPI)	
  488nm	
  (for	
  AlexaFluor	
  488),	
  

559nm	
   (for	
   Cy3)	
   and	
   635nm	
   (for	
   Cy5).	
   In	
   all	
   cases,	
   sequential	
   scanning	
   was	
  

performed	
  to	
  avoid	
  bleed	
  through	
  and	
  Kalman	
  Filter	
  used	
  to	
  decrease	
  background	
  

noise.	
  The	
  images	
  were	
  analyzed	
  using	
  the	
  Imaris	
  6.1.5	
  software	
  (Bitplane)	
  and	
  an	
  

appropriate	
  slice	
  taken	
  for	
  presentation.	
  

	
  

4.6.2	
  Light	
  Microscopy	
  	
  

DAB	
  and	
  BCIP	
  stained	
  embryos	
  were	
  visualised	
  on	
  an	
  Imager	
  Z1	
  microscope	
  (Zeiss),	
  

using	
  a	
  20X	
  objective	
  (Plan-­‐Apochromat	
  20x,	
  0.8NA)	
  and	
  images	
  captured	
  using	
  an	
  

AxioCam	
  HRc	
  camera	
  and	
  AxioVision	
  4.6	
  software	
  (Zeiss).	
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Contributions	
  
	
  
	
  

The	
  work	
   described	
   in	
   this	
   thesis	
   was	
   performed	
   at	
   the	
  Max	
   Planck	
   Institute	
   for	
  

Developmental	
  Biology	
   in	
  Tübingen	
  under	
   the	
   supervision	
  of	
  Dr.	
  Andrew	
  Renault.	
  

The	
  mutants	
  A44,	
  B23,	
  and	
  C28	
  were	
  isolated	
  by	
  A.	
  Renault,	
  H.	
  Sano,	
  and	
  P.	
  Kunwar,	
  

in	
   the	
   lab	
  of	
  Prof.	
  Ruth	
  Lehmann	
   (Skirball	
   Institute	
  of	
  Biomolecular	
  Medicine	
   and	
  

Howard	
  Hughes	
  Medical	
  Institute,	
  New	
  York	
  University	
  Medical	
  Center).	
  The	
  library	
  

preparation,	
   library	
   validation,	
   and	
   cluster	
   preparation	
   on	
   flowcell	
   for	
   whole	
  

genome	
  sequencing	
  was	
  performed	
  by	
  Dr.	
  Christa	
  Lanz	
  in	
  the	
  sequencing	
  facility	
  of	
  

Max	
  Planck	
  Institute	
  for	
  Developmental	
  Biology.	
  The	
  obtained	
  raw	
  sequences	
  were	
  

demultiplexed	
   and	
   filtered	
   using	
   the	
   SHORE	
   pipeline	
   by	
   Jörg	
   Hagmann,	
   Detlef	
  

Weigel	
  department.	
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Appendix	
  A	
  
	
  
	
  

The	
  Bloomington	
  deficiency	
  kit	
  for	
  chromosomal	
  arm	
  2L	
  	
  

used	
  for	
  the	
  lethality	
  screening	
  of	
  the	
  gonad	
  formation	
  mutants.	
  
	
  

	
  
BL 

number Deficiency Cytological deletion 
coordinates Sequence deletion coordinates 

24626 Df(2L)ED50001 21A1;21B1 2L:-204333;72671 
9353 Df(2L)ED5878 21B1;21B3 2L:67365;161120 
8901 Df(2L)ED19 21B3;21B7 2L:159063;285763 
24958 Df(2L)BSC454 21B7;21B8 2L:271351;307085 
8672 Df(2L)BSC106 21B7;21C2 2L:291728--291846;417947 
3548 Df(2L)al 21B8--C1;21C8--D1  
8673 Df(2L)BSC107 21C2;21E2 2L:431096;574741 
3084 Df(2L)ast2 21D1--2;22B2--3  
24118 Df(2L)ED105 21E2;22A1 2L:852854;1420528 
8908 Df(2L)ED94 21E2;21E3 2L:568095;1036969 
7492 Df(2L)Exel6005 22A3;22B1 2L:1555098;1737249 
26540 Df(2L)BSC688 22B1;22D6 2L:1736964;2273384--2273572 
24959 Df(2L)BSC455 22D5;22E1 2L:2242285;2374023 
7783 Df(2L)Exel7011 22E1;22F3 2L:2362917;2492447 
90 Df(2L)C144 22F4;23C3 2L:2517598--2551864;2955279--2961962 
9176 Df(2L)ED136 22F4;23A3 2L:2492935;2753125 
7744 Df(2L)Exel6277 23A2;23B1 2L:2677694;2808100 
26544 Df(2L)BSC692 23B3;23B7 2L:2830265--2830267;2868633 
9610 Df(2L)BSC180 23B7;23C3 2L:2868633;2958118 
8904 Df(2L)ED4651 23B8;23F3 2L:2873954;3478331 
6507 Df(2L)drm-P2 23F3--4;24A1--2  
23677 Df(2L)BSC292 23F6;24A2 2L:3515462;3632008 
24123 Df(2L)ED247 24A2;24C3 2L:3632218;3771177 
5330 Df(2L)ed1 24A2;24D4  
7495 Df(2L)Exel6009 24C3;24C8 2L:3771368;3888977 
9600 Df(2L)BSC165 24D4;24D8 2L:4031318;4195308 
23680 Df(2L)BSC295 24D4;24F3 2L:4031318;4455780 
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744 Df(2L)M24F-B 24E1--2;24F6--7  
9270 Df(2L)ED250 24F4;25A7 2L:4477085;4821294 
24124 Df(2L)ED7853 25A3;25B10 2L:4701129;5000402 
1164 Df(2L)tkv3 25A4--5;25D5  
9605 Df(2L)BSC172 25B10;25C1 2L:5000838;5037253 
8835 Df(2L)BSC110 25C1;25C4 2L:5029595;5064620 
8674 Df(2L)BSC109 25C4;25C8 2L:5073453;5145500 
7497 Df(2L)Exel6011 25C8;25D5 2L:5147258;5305646 
7498 Df(2L)Exel6012 25D5;25E6 2L:5305646;5555049 
9560 Df(2L)BSC169 25E5;25F3 2L:5524375--5524385;5716224 
9343 Df(2L)ED334 25F2;26B2 2L:5658629;5999667 
9341 Df(2L)ED385 26B1;26D7 2L:5980272;6465772 
6338 Df(2L)BSC6 26D3--E1;26F4--7  
24378 Df(2L)BSC354 26D7;26E3 2L:6465706;6557463 
9615 Df(2L)BSC188 26F1;27A2 2L:6612189;6742726 
23676 Df(2L)BSC291 27D6;27F2 2L:7042642;7366119 
9708 Df(2L)BSC233 27F3;28D2 2L:7388188--7388190;7887564 
9502 Df(2L)BSC142 28C3;28D3 2L:7774037;8012787 
7807 Df(2L)Exel7034 28E1;28F1 2L:8071311;8205166 
9704 Df(2L)BSC227 28E8;29B1 2L:8155863;8346414 
8836 Df(2L)BSC111 28F5;29B1 2L:8240266;8362842 
24132 Df(2L)ED629 29B4;29E4 2L:8382851;8700124 
9631 Df(2L)BSC204 29D5;29F8 2L:8529124;9025734 
8906 Df(2L)ED678 29F5;30B12 2L:8958155;9581740 
24133 Df(2L)ED690 30B3;30E4 2L:9437469;9918174 
6478 Df(2L)BSC17 30C3--5;30F1  
9715 Df(2L)BSC240 30C7;30F2 2L:9744077;9960577--9960586 
8469 Df(2L)BSC50 30F4--5;31B1--4  
26541 Df(2L)BSC689 30F5;31B1 2L:9984563;10198946--10198992 
9503 Df(2L)BSC143 31B1;31D9 2L:10209408;10333704 
1469 Df(2L)J39 31C--D;32D--E  
9635 Df(2L)BSC208 31D7;31D11 2L:10321809;10381214 
9637 Df(2L)BSC209 31D7;31E1 2L:10321809;10421268 
24135 Df(2L)ED8142 31E1;32A4 2L:10413461;10684679 
9642 Df(2L)BSC214 31F5;32B4 2L:10516675;10913342 
9641 Df(2L)BSC213 32B1;32C1 2L:10809118;11001451 
9505 Df(2L)BSC145 32C1;32C1 2L:10967405;11001945--11001966 
9716 Df(2L)BSC241 32C1;32F2 2L:11006679;11445740 
9718 Df(2L)BSC244 32F2;33B6 2L:11445733;12002748 
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24109 Df(2L)ED761 33A2;33E5 2L:11808835;12436439 
8907 Df(2L)ED775 33B8;34A3 2L:12010010;12975028 
23662 Df(2L)BSC277 34A1;34B2 2L:12832803;13257491 
32256 Df(2L)BSC892 34A5;34B9 2L:13060152;13382714 
9594 Df(2L)BSC159 34B4;34C4 2L:13290762;13536086 
27383 Df(2L)BSC812 34B11;34E1 2L:13421556;13878659 
23152 Df(2L)BSC252 34D1;34F1 2L:13819589;14013641 
9061 Df(2L)ED793 34E4;35B4 2L:13934848;14689337 
6963 Df(2L)ED3 35B2;35D1 2L:14490575;15333760 
8946 Df(2L)ED1050 35B8;35D4 2L:14997553;15762784 
1491 Df(2L)r10 35D1;36A6--7  
26542 Df(2L)BSC690 35D4;35D4 2L:15745455;15821840 
7521 Df(2L)Exel6038 35D6;35E2 2L:15912343;16042754 
23663 Df(2L)BSC278 35E1;35F1 2L:16025369;16289284 
27353 Df(2L)BSC781 35F1;36A1 2L:16325113;16417726 
24113 Df(2L)ED1102 35F12;36A10 2L:16350236;16684883 
3180 Df(2L)H20 36A8--9;36E1--2  
24114 Df(2L)ED1161 36A10;36C9 2L:16685279;17473293 
9507 Df(2L)BSC148 36C8;36E3 2L:17428248;17965422 
7839 Df(2L)Exel7070 36E2;36E6 2L:17903087--17903187;18161791 
23156 Df(2L)BSC256 36E3;36F2 2L:18061946;18320008 
7840 Df(2L)Exel8038 36E5;36F5 2L:18123514;18455586 
9508 Df(2L)BSC149 36F5;36F10 2L:18444727;18673286 
8935 Df(2L)ED1203 36F7;37C5 2L:18617225;19158447 
24116 Df(2L)ED1272 37C5;38A2 2L:19158440;19753324 
8679 Df(2L)ED1303 37E5;38C6 2L:19517610;20382385 
9269 Df(2L)ED1315 38B4;38F5 2L:20085397;20917519 
9682 Df(2L)ED1378 38F1;39D2 2L:20823195;21397328 
9266 Df(2L)ED1473 39B4;40A5 2L:21250892;21828548 
9510 Df(2L)BSC151 40A5;40E5 2L:21828581;22139023 
26782 Df(2L)lt109 h35;h35 2L:22817519;22885080 
4959 Df(2L)C' h35;h38L  
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The	
  Bloomington	
  deficiency	
  kit	
  for	
  chromosomal	
  arm	
  2R	
  	
  

used	
  for	
  the	
  lethality	
  screening	
  of	
  the	
  gonad	
  formation	
  mutants.	
  
	
  
	
  

BL 
number Deficiency Cytological deletion 

coordinates 
Sequence deletion 

coordinates 
741 Df(2R)M41A10 41A;41A  
25705 Df(2R)BSC630 41D3;41F11 2R:1015322;1669918 

32253 Df(2R)BSC889 41F11;42A13 2R:1669744--
1669934;2069250 

9683 Df(2R)ED1484 42A2;42A14 2R:1781142;2132933 
8045 Df(2R)ED1612 42A13;42E6 2R:2108037;2937177 
9062 Df(2R)ED1673 42E1;43D3 2R:2873307;3421058 
8931 Df(2R)ED1715 43A4;43F1 2R:3214456;3804428 
8941 Df(2R)ED1725 43E4;44B5 2R:3501429;4043550 
24335 Df(2R)BSC267 44A4;44C4 2R:3970399;4281766 
9276 Df(2R)ED1742 44B8;44E3 2R:4061673;4611634 
9157 Df(2R)ED1770 44D5;45B4 2R:4543134;5095046 
9063 Df(2R)ED1791 44F7;45F1 2R:4810235;5440757 
23665 Df(2R)BSC280 45C4;45F4 2R:5180164;5466121 

9410 Df(2R)BSC132 45F6;46B4 2R:5482319--
5482429;5748332 

23682 Df(2R)BSC298 46B2;46C7 2R:5621779;5845625 
1702 Df(2R)X1 46C;47A1  
9539 Df(2R)BSC152 46C1;46D6 2R:5762817;5918044 
23686 Df(2R)BSC303 46E1;46F3 2R:5965798;6035409 
23666 Df(2R)BSC281 46F1;47A9 2R:6012734;6350379 
25428 Df(2R)BSC595 47A3;47F1 2R:6273472;7176083 
8910 Df(2R)ED2219 47D6;48B6 2R:7084917;7552896 
8912 Df(2R)ED2247 48A3;48D5 2R:7487611;7876225 
9626 Df(2R)BSC199 48C5;48E4 2R:7779605;8059989 
26551 Df(2R)BSC699 48D7;48E6 2R:7907386;8070095 
24929 Df(2R)BSC425 48F1;49A1 2R:8146790;8268309 
7543 Df(2R)Exel6061 48F1;49A6 2R:8149005;8324950 
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23688 Df(2R)BSC305 49A4;49A10 2R:8313105;8392638 

30585 Df(2R)BSC880 49A9;49E1 2R:8384335;8781611--
8781621 

24989 Df(2R)BSC485 49B10;49E6 2R:8520257;8868687 

442 Df(2R)CX1 49C1;50D3-5 2R:8587926--
8622457;9950134--9978645 

7544 Df(2R)Exel6062 49E6;49F1 2R:8868689;8922684 

7871 Df(2R)Exel8057 49F1;49F10 2R:8922352;9106852--
9106854 

23169 Df(2R)BSC273 49F4;50A13 2R:9047084;9389655 
23170 Df(2R)BSC274 50A7;50B4 2R:9317969;9480777 
23690 Df(2R)BSC307 50B6;50C18 2R:9510513;9849106 

24385 Df(2R)BSC361 50C3;50F1 2R:9648768--
9648817;10179666 

24407 Df(2R)BSC383 50C6;50D2 2R:9726984;9912384 
7875 Df(2R)Exel7130 50D4;50E4 2R:9960585;10100288 

7876 Df(2R)Exel7131 50E4;50F6 2R:10118170--
10118172;10247930 

8913 Df(2R)ED2354 50E6;51B1 2R:10146550;10462062 

7749 Df(2R)Exel6284 51B1;51C2 2R:10462255;10653073--
10653275 

24933 Df(2R)BSC429 51C2;51D1 2R:10657714;10761429 
25741 Df(2R)BSC651 51C5;51E2 2R:10740461;11022806 
9064 Df(2R)ED2426 51E2;52B1 2R:11016313;11498329 
8915 Df(2R)ED2457 52D11;52E7 2R:11887814;12017662 
29661 Df(2R)ED2487 52E6;53C4 2R:12012439;12273917 
25078 Df(2R)BSC550 53C1;53C6 2R:12224286;12382237 
7888 Df(2R)Exel7144 53C8;53D2 2R:12459438;12578579 
7546 Df(2R)Exel6064 53C11;53D11 2R:12499138;12716579 
9278 Df(2R)ED2747 53D11;53F8 2R:12716578;12984808 
24356 Df(2R)BSC331 53D14;54A1 2R:12756835;13027428 
7548 Df(2R)Exel6066 53F8;54B6 2R:12985074;13282147 
9596 Df(2R)BSC161 54B2;54B17 2R:13192288;13372333 
24379 Df(2R)BSC355 54B16;54C3 2R:13349852;13424178 
7890 Df(2R)Exel7149 54C10;54D5 2R:13469001;13579292 
24371 Df(2R)BSC347 54D2;54E9 2R:13522004;13680154 

6780 Df(2R)14H10W-
35 54E5--7;55B5--7  

9066 Df(2R)ED3610 54F1;55C8 2R:13738410;14299538 
8918 Df(2R)ED3683 55C2;56C4 2R:14176374;15116496 
7551 Df(2R)Exel6069 56B5;56C11 2R:15029454;15213128 
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9423 Df(2R)BSC135 56C11;56D5 2R:15215243;15311082 
27354 Df(2R)BSC782 56D8;56D14 2R:15338532;15389309 
9067 Df(2R)ED3728 56D10;56E2 2R:15349955;15614252 
30588 Df(2R)BSC883 56E1;56F11 2R:15519525;16130288 

7896 Df(2R)Exel7162 56F11;56F16 2R:16132691--
16132995;16201140 

6609 Df(2R)BSC19 56F12--14;57A4  
26553 Df(2R)BSC701 56F15;57A9 2R:16166339;16554778 
26554 Df(2R)BSC702 57A2;57B3 2R:16311622;16758360 
30590 Df(2R)BSC885 57D2;57D10 2R:17102728;17189303 
27582 Df(2R)BSC821 57D10;57E6 2R:17189303;17384714 
26516 Df(2R)BSC664 57D12;58A3 2R:17229152;17759533 
25430 Df(2R)BSC597 58A2;58F1 2R:17693855;18480501 
282 Df(2R)X58-12 58D1--2;59A  
25431 Df(2R)BSC598 58F3;59A1 2R:18529284;18566186 
27359 Df(2R)BSC787 58F4;59B1 2R:18549332;18685826 
29988 Df(2R)BSC865 59A4;59B7 2R:18652440;18828551 
25432 Df(2R)BSC599 59B1;59B3 2R:18685826;18741702 
27356 Df(2R)BSC784 59B4;59B6 2R:18774154;18824283 
26866 Df(2R)BSC769 59B7;59D9 2R:18828454;19272990 
26513 Df(2R)BSC661 59D8;59F5 2R:19241797;19546662 
9424 Df(2R)BSC136 59F5;60B6 2R:19554482;19944987 
24380 Df(2R)BSC356 60B8;60C4 2R:19955762;20145427 
27352 Df(2R)BSC780 60C2;60D14 2R:20090739;20572714 
25437 Df(2R)BSC604 60D4;60E11 2R:20419696;20855955 
2471 Df(2R)M60E 60E2--3;60E11--12  
25441 Df(2R)BSC608 60E11;60F2 2R:20864281;20939897 
4961 Df(2R)Kr10 60F1;60F5  
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 Fly	
  cross	
  schematic	
  for	
  rescue	
  of	
  wunen	
  loss	
  function	
  in	
  germ	
  cells	
  by	
  

nos>wun2con/tev	
  in	
  the	
  presence	
  of	
  the	
  TEV	
  protease	
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 Fly	
  cross	
  schematic	
  for	
  rescue	
  of	
  lola	
  mutant	
  gonad	
  phenotype	
  with	
  

Lola-­R-­GFP	
  expression	
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 Fly	
  cross	
  schematic	
  for	
  rescue	
  of	
  mid	
  mutant	
  gonad	
  phenotype	
  with	
  Mid	
  

expression	
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