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I. ZUSAMMENFASSUNG	

Das	Nervensystem	von	Drosophila	melanogaster	entwickelt	sich	aus	dem	

Neuroectoderm,	einem	spezialisierten	Gewebe	in	einem	länglichen	Streifen	

entlang	der	anterior-posterioren	Axe	des	Embryos.	Dieses	Gewebe	unterteilt	sich	

in	drei	Expressionsdomänen,	die	von	ventral	nach	dorsal	durch	die	Expression	

der	drei	Homöobox-Transkriptionsfaktoren	"ventral	nervous	system	defective"	

(vnd)	in	der	"ventral	column"	(VC),	"intermediate	nervous	system	defective"	(ind)	

in	der	"intermediate	column"	(IC)	und	"muscle	segment	homeobox"	(msh)	in	der	

"lateral	column"	(LC)	charakterisiert	sind.	Diese	drei	Transkriptionsfaktoren	

spielen	eine	wichtige	Rolle	bei	der	Bestimmung	der	Zelltypen,	die	aus	ihren	

jeweiligen	Expressionsdomänen	hervorgehen.	In	einem	Muster	namens	"ventral	

dominance"	reprimiert	jeweils	der	ventral	benachbarte	Transkriptionfaktor	den	

dorsal	benachbarten	Transkriptionsfaktor.	Deshalb	erweitert	sich	die	

Expressionsdomäne	des	ind	in	vnd-Mutanten	ventral.	Dieser	Prozess,	so	wurde	

berichtet,	geht	einher	mit	einer	Verdopplung	der	Zelltypen,	die	aus	der	ind-

Expressionsdomäne	hervorgehen.	Vnd	und	Ind	wurden	als	notwendig	und	

ausreichend	beschrieben,	um	die	Zellidentitäten	ihrer	jeweiligen	Gewebe	zu	

determinieren.	Um	zu	untersuchen,	wie	diese	Transkriptionsfaktoren	agieren,	

um	ihre	jeweiligen	Zelltypen	hervorzubringen,	und	um	besser	zu	verstehen,	

durch	welche	direkten	und	indirekten	Mechanismen	sie	die	

Nervensystementwicklung	steuern,	habe	ich	die	genomweiten	

Genexpressionsmuster	dieser	verwandten	Gewebe	in	Wildtyp-Embryos	und	in	

einer	vnd-Mutante	bestimmt.	Um	das	zu	bewerkstelligen,	habe	ich	ein	Protokoll	

entwickelt,	das	es	ermöglicht,	gewebespezifische	RNA	zu	sequenzieren.	Um	die	

genaue	Rolle	von	Vnd	zu	ermitteln,	habe	ich	Vnd-ChiP-seq-Daten	verwendet,	die	

in	unserem	Labor	hergestellt	wurden.	Ich	fand	heraus,	dass	anstelle	eines	

Gewebes,	das	der	IC-Domäne	ähnelt,	die	Vnd-Mutante	ein	Gewebe	hervorbringt,	

das	neuronale	Charakteristika	zum	grossen	Teil	verloren	hat.	Das	zeigt	sich	im	

Verlust	der	Neuroblasten	und	einem	Genexpressionsmuster,	das	nur	noch	

wenige	neuronale	Charakteristika	hat.	Ich	habe	gefunden,	dass	der	

Transkiptionsfaktor	"eyeless"	bei	ektopischer	Expression	in	der	VC	den	Vnd-
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Nervensystemphänotyp	phänokopiert	und	ein	ähnliches	DNA-Bindemuster	

aufweist	wie	Vnd.	Ausserdem	habe	ich	Signalkaskaden	identifiziert,	die	

wahrscheinlich	bei	der	Entstehung	des	Nervensystems	wichtig	sind,	z.B.	Hippo.	

Unsere	Daten	lassen	vermuten,	das	Vnd	sowohl	als	direkter	Aktivator	von	VC-

spezifischen	Genen	als	auch	als	direkter	Repressor	von	nicht-neuronalen	Genen	

wirkt.	

Studien	mit	Gewebetyp-aufgelösten	Daten	sind	ein	wichtiger	Fortschritt	für	

das	Verständnis	der	Entwicklung	von	komplexen	Geweben.	Die	fundamentale	

Einheit	des	Lebens	ist	aber	die	Zelle.	Um	die	Auflösung	weiter	zu	erhöhen,	habe	

ich	mit	Nikolaos	Karaiskos	kollaboriert,	um	Einzelzell-Transkriptome	von	

Embryos	einer	einzigen	embryonalen	Stufe	zu	generieren	und	diese	

Transkriptome	zurück	in	den	Embryo	zu	projizieren.	Das	erlaubte	es	uns,	einen	

Genexpressions-Atlas	des	frühen	Drosophila-Embryos	mit	Einzelzellauflösung	zu	

erstellen	und	die	nahezu	genomweite	Genexpression	fast	jeder	Zelle	zu	

rekapitulieren.	Wir	können	die	Expression	von	~7000	Genen	pro	Zelle	

prognostizieren.	Diese	Auflösung,	die	um	Grössenordnungen	über	der	von	

vorherigen	ähnlichen	Versuchen	liegt,	wurde	auch	deshalb	erreicht,	weil	wir	

einen	neuen	Kartierungs-Algorithmus	entwickelt	haben.	Wir	haben	unsere	Daten	

verwendet,	um	die	Expressionsmuster	von	16	vermuteten	

Transkriptionsfaktoren	und	38	nicht-kodierenden	RNAs	zu	prognostizieren.	Die	

Daten	sind	online	zugänglich	auf	dvex.org.	Um	die	Nützlichkeit	der	Plattform	zu	

demonstrieren,	untersuchten	wir	Expressionsmuster	von	Genen,	die	an	der	

Hippo-Signalkaskade	beteiligt	sind.	Wir	prognostizierten	Hippo-Signalaktivität	

in	bestimmten	Bereichen	des	Embryos	und	zeigten,	dass	der	Hippo-Signalweg	

die	synchronisierte	Zellteilung	in	diesen	Bereichen	durch	die	nukleäre	

Lokalisierung	des	Effektors	Yki	unterbricht.	Wir	haben	einen	ähnlichen	

Genexpressions-Atlas	für	die	entfernt	verwandte	Drosophila	virilis	hergestellt,	

indem	wir	zelluläre	Transkriptome	von	D.	virilis	unter	Verwendung	von	

orthologen	Genen	auf	den	D.	melanogaster-Referenzatlas	projizierten.	

Interessanterweise	fanden	wir,	dass	sehr	wenige	Gene	ein	unterschiedliches	

Expressionsmuster	aufweisen.	
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II. ABSTRACT	

The	embryonic	nervous	system	of	Drosophila	melanogaster	derives	from	the	

neurogenic	ectoderm,	which	is	subdivided	into	three	distinct	domains:	the	

lateral,	intermediate,	and	ventral	columns.	Specific	neuroblasts	delaminate	from	

each	column	in	a	characteristic	spatio-temporal	manner.	Several	key	

transcription	factors	show	expression	exclusive	to	individual	columns	and	

endow	their	expression	domains	with	characteristic	identities.	The	genes	ventral	

nervous	system	defective	and	intermediate	nervous	system	defective,	for	example,	

are	homeodomain	transcription	factors	expressed	in	abutting	domains	–	the	

ventral	column	and	intermediate	column	of	the	developing	nervous	system.	Both	

have	been	argued	to	be	necessary	and	sufficient	to	confer	the	ventral	column	or	

intermediate	column	fates.	To	address	the	question	of	how	these	transcription	

factors	act	to	confer	ventral	column	and	intermediate	column	identities	and	to	

better	understand	by	what	direct	and	indirect	mechanisms	they	shape	

neurectodermal	development,	I	determined	the	transcriptomic	profile	of	two	

related	neurogenic	tissues	in	wild	type	embryos	over	a	time	course	of	

development.	I	also	determined	the	transcriptomic	profile	of	one	of	these	tissues	

perturbed	for	its	putative	master	regulator	Vnd	to	measure	the	direct	

consequences	the	loss	a	key	network	component	brings	about	and	to	investigate	

how	this	loss	affects	identity	of	the	respective	primordial	neurogenic	domain.	In	

order	to	do	this,	I	established	a	protocol	that	allowed	me	to	sequence	the	

transcriptomes	in	developing	embryos	with	cell	type	resolution	over	time	(i.e.	

spatiotemporal	resolution).	Furthermore,	Vnd	Chip-seq	data	allowed	me	to	

investigate	the	specific	and	direct	role	of	Vnd	as	a	transcriptional	regulator.		

I	identified	hundreds	of	pan-neurogenic	and	column-specifically	expressed	

genes,	including	of	dozens	of	transcription	factors	that	vastly	expands	our	

knowledge	base	of	how	neurogenic	identity	is	established	and	processed.	I	also	

identified	a	set	signaling	pathways	that	are	differentially	deployed	in	neurogenic	

columns	and	that	are	likely	to	be	crucial	for	early	neuroblast	development,	such	

as	Hippo	signaling	
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Additionally,	I	found	that	upon	knockout	of	Vnd,	the	ventral	column	largely	

looses	its	neurogenic	identity	rather	than	converting	its	fate	as	prevailing	models	

would	predict.	This	is	reflected	in	an	almost	complete	loss	of	ventral	column	

neuroblasts	and	a	transcriptomic	profile	that	is	distinct	from	both	intermediate	

and	ventral	column	neurogenic	profiles.	I	identified	Eyeless	as	a	novel	candidate	

transcription	factor	for	helping	to	shape	early	nerve	cord	identities.	Eyeless	is	

normally	confined	to	the	intermediate	column,	but	is	one	of	the	few	transcription	

factors	that	expand	into	the	ventral	column	in	vnd	mutants.	Ectopic	expression	of	

Eyeless	phenocopies	a	Vnd	mutant	nervous	system	and	the	transcription	factor	

Eyeless	has	a	similar	binding	pattern	as	Vnd	across	the	genome.		

Furthermore	the	data	strongly	indicates	that	in	addition	to	Vnd’s	recognized	

role	as	a	repressor	of	intermediate	column	genes,	Vnd	acts	as	a	direct	and	crucial		

activator	of	ventral	columnar	genes.	Excessive	co-binding	with	the	GAGA-factor	

GAF	suggests	a	mechanism	by	which	this	activation	might	be	achieved.	

	

Tissue-resolved	studies	represent	a	major	step	forward	in	understanding	how	

development	proceeds	in	complex	tissues	such	as	embryos.	However,	the	basic	

functional	units	are	not	tissues,	but	individual	cells.	To	push	resolution	towards	

the	single	cell	level,	I	collaborated	with	Nikolaos	Karaiskos	to	extract	single	cell	

transcriptomes	of	a	single	developmental	stage	and	to	then	map	theses	cells	back	

to	the	Drosophila	embryo.	This	has	allowed	us	to	establish	a	single-cell	resolved	

transcriptomic	blueprint	of	a	developmental	stage	that	gives	unprecedented	

access	to	gene	expression	information.	We	used	this	digital	embryo	to	predict	

expression	patterns	of	genes	active	at	this	stage	and	approached	completeness	of	

transcriptome	coverage	and	single-cell	resolution	with	~6500	–	8000	genes	

predicted	per	cell.	We	achieved	orders	of	magnitude	higher	resolution	than	two	

prior	attempts	to	map	cells	onto	digital	scaffolds	also	thanks	to	our	novel	

mapping	algorithm	‘DistMap’.		

We	used	our	virtual	embryo	to	predict	expression	patterns	for	thousands	of	

genes,	including	16	unstudied	putative	transcription	factors	and	38	lncRNAs.	

Remarkably,	we	could	validate	our	expression	predictions	with	high	accuracy	

and	we	provide	the	data	in	an	online	platform	(www.dvex.org)	that	allows	a	user	

to	intuitively	interact	with	single	cell	sequencing	data	in	spatial	context.	This	
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includes	data	on	two	species,	Drosophila	melanogaster	and	Drosophila	virilis,	two	

species	separated	by	at	least	45	million	years	of	evolution.	While	we	could	

accurately	predict	and	validate	changes	in	gene	expression	of	orthologous	genes,	

expression	was	surprisingly	robust	considering	the	cis-regulatory	divergence	

that	has	been	described.	

Excitingly,	we	queried	the	patterns	of	genes	instrumental	in	cellular	signaling	

pathways	and	identified	the	Hippo	signaling	pathway	as	a	putative	spatially	

regulated	pathway	in	early	embryos.	We	predicted	signaling	activity	in	specific	

anterior	domains	of	the	embryo	and	showed	that	Hippo	signaling	directs	the	

interruption	of	cell	cycle	synchronicity	in	these	areas	through	nuclear	exclusion	

of	its	canonical	effector	Yorki,	thereby	resolving	a	35-year	old	question	of	how	

cell	cycle	synchronicity	is	first	broken	in	the	embryo.		
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1 CHAPTER	I	–		

MOLECULAR	DYNAMICS	IN	DROSOPHILA	NERVOUS	SYSTEM	

DEVELOPMENT	

1.1 Introduction	

The	development	of	an	organism	from	a	fertilized	egg	is	a	tantalizingly	

complex	process.	One	of	the	great	challenges	in	developmental	biology	is	to	

understand	how	one	cell,	the	fertilized	egg,	differentiates	into	tissues	and	organs	

to	ultimately	give	rise	to	an	organism.		

In	order	to	engage	in	an	appropriate	behavior,	a	cell	must	“know”	about	its	

environment,	its	history	and	how	to	act.	Scientists	have	made	enormous	

progress	in	understanding	how	molecular	cues	influence	cells,	how	cells	

integrate	this	information,	how	cells	react	and	how	a	cell	in	turn	influences	its	

environment.	Despite	these	great	advancements	we	are	still	only	beginning	to	

understand	the	intricate	machinery	that	enables	multicellular	life.	

All	information	necessary	to	facilitate	the	life	cycle	of	an	organism	in	its	

environment	is	contained	in	its	genome.	The	canonical	functional	unit	of	the	

genome	is	the	gene,	a	deoxyribonucleic	acid	(DNA)	sequence,	which	is	typically	

transcribed	into	a	messenger	RNA	(mRNA),	which	is	translated	into	a	sequence	

of	amino	acids,	which	in	turn	folds	into	a	protein.	To	achieve	organized	cellular	

behavior	instructed	by	the	genome,	multiple	layers	of	gene	regulation	are	

necessary.	Gene	regulation	can	be	transcriptional	or	post-transcriptional.	

Transcriptional	gene	regulation	guides	the	expression	of	a	gene	in	response	to	

cellular	cues,	whereas	post-transcriptional	gene	regulation	influences	the	rate	of	

translation.	Both	processes	can	also	influence	properties	of	the	protein	encoded	

by	a	gene.	Transcriptional	gene	regulation	defines	the	global	composition	of	

expressed	genes,	the	transcriptome,	in	a	cell,	which	is	at	the	same	time	reflective	

of	and	instructive	for	the	pursuit	of	the	cell.		

Signaling	cascades	facilitate	coordination	of	cellular	behavior	through	cellular	

communication	within	and	across	tissues.	They	are	molecular	reaction	cascades,	
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consisting	of	signaling	and	receiving	cells.	Cells	producing	signals	can	instruct	

transcriptional	regulation	in	receiving	cells.	Typically	a	sender	cell	produces	

molecules	that	are	either	presented	on	the	cellsurface	or	secreted	to	affect	

neighboring	or	more	distant	target	cells	which	perceive	these	signals	through	

membrane-bound	receptors.	The	receiver	cell	in	turn	typically	relays	the	signal	

from	the	membrane	to	the	nucleus	through	a	cascade	of	biochemical	reactions,	

leading	to	changes	in	the	transcriptional	programs	active	in	the	cell.	Signaling	

pathways	are	characterized	by	a	great	flexibility	in	the	exact	reaction	cascade	

taking	place	and	are	implemented	combinatorially,	which	enables	their	wide-

spread	usage	to	control	diverse	biological	processes	within	a	given	organism.	

Several	signaling	cascades	have	been	characterized	in	Drosophila,	yet	the	extent	

to	which	a	given	pathway	is	used	throughout	its	life	cycle	or	the	details	of	how	

exactly	each	role	is	implemented	exactly	are	poorly	understood.	

Thanks	to	the	simplicity	in	handling,	the	rapid	life	cycle,	the	greatly	reduced	

molecular	complexity	in	comparison	with	vertebrates	and	the	large	molecular	

biological	tool	kit	available,	the	fruitfly	Drosophila	melanogaster	(D.	mel)	is	an	

excellent	model	system	to	study	basic	principles	of	gene	regulation	and	tissue	

differentiation.	Despite	its	vast	evolutionary	distance,	it	has	great	molecular	and	

physiological	similarities	and	parallels	to	vertebrates	including	humans.	The	

development	of	the	nervous	system	(NS),	for	example,	shows	many	parallels	in	

terms	of	the	cell	physiology,	overall	organization	and	molecular	mechanisms	

involved.	Both	the	vertebrate	and	Drosophila	NS	derive	from	longitudinal	

domains,	which	are	characterized	by	the	expression	of	homeobox	transcription	

factors	(TFs).	These	TFs	are	crucial	to	determine	the	cell	fates	deriving	from	

their	tissues,	and	for	each	Drosophila	TF	in	the	cascade	(vnd,	ind,	msh)	

orthologous	vertebrate	TFs	(from	the	gene	families	nkx,	gsh,	and	msx)	are	

expressed	in	longitudinal	domains	with	equivalent	relative	location	to	each	

other.	The	expression	domains	are	in	both	cases	organized	in	response	to	two	

opposing	gradients	of	signaling	activity.	One	of	the	signaling	cascades	involved,	

decapentaplegic	(Dpp)	signaling,	and	the	Vertebrate	parallel	bone	

morphogenetic	proteins	(BMPs),	play	a	similar	role	in	both	organisms	and	

resides	at	the	same	position	relative	to	the	aforementioned	gene	expression	
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domains	(Gomez-Skarmeta,	Campuzano,	&	Modolell,	2003;	Homem	&	Knoblich,	

2012).  

The	basic	question	of	how	an	animal	arises	from	a	fertilized	egg	however	is	

fascinating	in	its	own	right.	Its	study	has	yielded	a	plethora	of	insights	into	basic	

biological	principles	which	are	applicable	in	a	wide	range	of	contexts	including	

human	disease	(reviewed	in	Luo	et	al.,	1994).	Because	principles	of	tissue	

differentiation	are	often	implemented	in	diverse	contexts	regardless	of	the	

similarity	exact	structures	involved,	similarity	of	individual	molecules	or	

physiological	structures	is	often	a	secondary	priority.	

1.1.1 	Signaling	cascades	

The	molecular	and	physiological	state	of	a	cell	and	its	behavior	is	influenced	

to	a	large	degree	by	signaling	cascades.	These	signaling	cascades	govern	the	

coordinated	cellular	actions	and	interaction	of	billions	of	cells	while	they	grow	

into	organs	and	bodies.	This	makes	signaling	cascades	a	key	feature	of	

multicellular	life.	In	molecular	signaling	cascades,	cells	produce	ligands	that	are	

secreted	or	presented	on	the	cell	surface	and	bind	to	receptors,	transmembrane	

proteins	that	reside	on	receiving	cells.	Binding	initiates	a	reaction	cascade	in	the	

receiving	cell,	which	typically	ends	with	the	chemical	modification	of	an	effector	

molecule	such	as	a	transcription	factor	(TF),	which	regulates	gene	expression	

depending	on	the	state	of	the	upstream	signaling	cascade.	Often,	the	activation	

and	the	cellular	response	are	modulated	by	the	specific	ligand	or	receptor	

expressed,	the	amplitude	and	duration	of	ligand	availability,	the	ratios	between	

specific	ligands	or	receptors	or	by	molecules	influencing	the	binding	affinity	of	

the	receptors	or	ligands	(e.g.	Antebi	et	al.,	2017,	2018).	In	addition,	the	cellular	

response	can	be	modulated	by	combinatorial	activation	of	signaling	cascades	and	

is	influenced	by	the	current	molecular	state	such	as	the	presence	of	specific	

transcription	factors.	Another	common	feature	are	feedback	loops	in	which	

signaling	leads	to	the	activation	of	components	of	the	signaling	cascade	which	

can	either	amplify	or	attenuate	the	signal	in	the	responding	cell	or	in	its	

environment	(e.g.	Li	et	al.,	2018).	This	allows	for	a	great	flexibility,	robustness	

and	specificity	in	the	implementation	of	signaling	cascades	-	a	necessity	given	

that	only	11	main	classes	of	signaling	cascades	have	been	described	to	date.		
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In	the	developing	nervous	system	for	example,	several	signaling	cascades	are	

known	to	be	involved	in	the	establishment	of	the	dorso-ventral	expression	

domains	(e.g.	Decapentaplegic	(Dpp),	Toll,	Torso	and	Epidermal	Growth	Factor	

(EGF)	signaling)	and	in	cell	fate	determination	(Notch,	EGF	and	

Wingless/Integrated	(Wnt)	signaling).		

EGF	signaling,	for	example,	is	involved	in	the	determination	of	expression	

domains,	the	VC	and	IC	(Golembo,	Raz,	&	Shilo,	1996;	Raz	&	Shilo,	1993;	Rogers,	

Goyal,	Yamaya,	Shvartsman,	&	Levine,	2017;	Schweitzer,	Shaharabany,	Seger,	&	

Shilo,	1995).	EGFR,	a	transmembrane	receptor	tyrosine	kinase,	is	the	defining	

receptor	of	the	cascade.	It	can	be	bound	by	four	activating	ligands,	Spitz,	Keren,	

Gurken,	Vein	and	one	inhibitory	ligand,	Argos.	Spitz	Keren	and	Gurken	are	

transmembrane	proteins,	which	have	to	undergo	cleavage	in	order	to	become	

activated	and	excreted	whereas	Vein	is	a	secreted	protein.	The	intracellular	

signal	transduction	is	mediated	via	the	canonical	Ras1/MAP	kinase	pathway	

(Roth,	Neuman-Silberberg,	Barcelo,	&	Schupbach,	1995),	a	signal	transduction	

cascade	that	is	shared	with	all	other	receptor	tyrosine	kinases	(reviewed	in	Shilo,	

2014). The	activating	ligands	differ	in	the	way	they	are	expressed	and	activated	

and	in	the	activation	they	induce	upon	binding	to	EGFR.	Spitz	is	the	main	

activating	ligand	of	the	cascade,	and	its	cleavage	is	tightly	controlled	by	

Rhomboid	in	the	Golgi	complex	membrane	(Schweitzer	et	al.,	1995).	Transport	of	

Spitz	to	the	Golgi	complex	in	turn	depends	on	the	cargo	receptor	Star.	Upon	

cleavage	the	ligand	is	excreted	and	can	diffuse	across	a	few	cell	diameters	to	

activate	target	cells.	Whereas	Star	and	Spitz	are	broadly	expressed	Rhomboid	is	

highly	dynamically	expressed.	Rhomboid	(rho)	is	the	key	regulator	of	the	

pathway	and	the	limiting	step	in	EGF	signaling.	As	such	rho	expression	is	

synonymous	with	EGF	activation	(Golembo,	Raz,	et	al.,	1996;	Sturtevant,	Roark,	

&	Bier,	1993).	 

EGF	signaling	activity	is	spatially	refined	by	several	feedback	mechanisms.	

Argos	for	example	is	an	EGFR	ligand,	which	inhibits	EGFR	activation.	It	is	

activated	in	cells	receiving	high	EGFR	activation	e.g.	by	Spitz	(Golembo,	

Schweitzer,	Freeman,	&	Shilo,	1996).	Argos	is	secreted	and	it	is	thought	that	it	

forms	a	different	concentration	gradient	than	Spitz.	This	enables	maintenance	of	

EGFR	activation	in	areas	of	highest	Spitz	concentration	(high	Spitz/Argos	ratio)	
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but	attenuation	of	EGFR	activation	in	areas	of	lower	Spitz	activation	(low	

Spitz/Argos	ratio)	(Gabay,	Seger,	&	Shilo,	1997).	Other	negative	feedback	loops	

are	implemented	to	a	similar	effect	but	using	different	molecular	modes	of	

action.	Kekkon	Sprouty	and	Yan	for	example	are	activated	in	some	cells	receiving	

EGF	activation	and	act	within	these	cells.	Kekkon	is	a	transmembrane	protein	

that	binds	to	the	extracellular	domain	of	EGFR	and	attenuates	receptor	

dimerization	(Ghiglione	et	al.,	1999).	Sprouty	is	an	intracellular	protein,	which	

inhibits	the	Ras1/MAP	kinase	pathway.	Yan	is	a	TF	that	can	be	activated	in	

response	to	EGF	signaling	and	inhibits	Pointed,	the	canonical	effector	of	EGF	

signaling	(Roth	et	al.,	1995).	It	is	thought	that	these	negative	feedback	loops	

attenuate	EGF	signaling	in	cells	receiving	low	levels	of	EGFR	activation	while	

permitting	it	in	cells	receiving	high	levels.	On	the	other	hand,	the	weak	activator	

Vein	was	described	to	act	as	positive	feedback	in	response	to	EGFR	activation	in	

some	contexts	(Golembo,	Raz,	et	al.,	1996;	Raz	&	Shilo,	1993)	(for	review	see	(B.	

Z.	Shilo,	2003)).	Feedback	loops	are	likely	a	pervasive	feature	of	signaling	

cascades	in	general	(e.g.	Ammeux	et	al.,	2016). 

The	flexibility	of	implementation	and	diversity	of	responses	to	EGF	signaling	

and	signaling	more	generally	is	to	a	large	extent	facilitated	by	integration	of	

signaling	information	at	enhancers	by	combinatorial	TF	binding	(e.g.	Flores	et	al.,	

2000;	Halfon	et	al.,	2000).	However,	also	other	modes	of	interactions	between	

signaling	cascades	are	common.	For	example,	signaling	cascades	often	activate	

components	of	other	signaling	cascades	(Ammeux	et	al.,	2016)	or	molecules	

which	are	activated	in	response	to	one	signaling	cascade	may	modulate	

molecules	involved	in	other	signaling	cascades	(Guo	&	Wang,	2009;	Mendoza,	Er,	

&	Blenis,	2011).		

Hippo	(HPO)	is	a	signaling	cascade	that	has	rarely	rought	into	the	context	of	

early	Drosophila	nervous	system	development.	Hpo	is	conserved	from	flies	to	

humans	and	has	been	shown	to	directly	regulate	cell	proliferation	(Huang,	Wu,	

Barrera,	Matthews,	&	Pan,	2005),	control	cell	differentiation,	apoptosis	(Pan,	

2010)	and	mitochondrial	fusion	(Nagaraj	et	al.,	2012)	in	diverse	developmental	

contexts.	

Hpo	signaling	acts	through	the	phosphorylation-dependent	nuclear	

localization	and	activity	of	transcriptional	co-activator	Yorki	(Yki)	(Huang	et	al.,	
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2005).	The	core	Hpo	signaling	cascade	is	composed	of	seven	negatively	acting	

components,	Merlin	(mer),	Expanded	(ex),	Kibra,	Hippo	(hpo),	Salvador	(sav),	

Warts	(wts)	and	Mats,	which	constitute	a	kinase	cassette	that,	in	a	

phosphorylated	i.e.	activated	state,	restricts	proliferation	and	allows	apoptosis.	

Yki,	a	transcriptional	co-activator	and	the	effector	of	the	pathway,	is	

phosphorylated	upon	activation	of	the	signaling	cascade	and	is	exported	from	

the	nucleus	and	sequestered	by	14-3-3	Epsilon	in	response.	Conversely	in	an	

unphosphorylated	state,	i.e.	inactive	Hpo	signaling,	Yki	is	located	in	the	nucleus	

and	interacts	with	transcription	factors,	typically	Scalloped	(Sd)	to	promote	

proliferation	and	inhibit	apoptosis.	

Inactivation	of	the	central	player	genes	of	the	Hpo	pathway	have	been	shown	

to	lead	to	tissue	overgrowth:	Hpo	(Harvey,	Pfleger,	&	Hariharan,	2003;	Jia,	Zhang,	

Wang,	Trinko,	&	Jiang,	2003;	Pantalacci,	Tapon,	&	Leopold,	2003;	Udan,	Kango-

Singh,	Nolo,	Tao,	&	Halder,	2003;	Wu,	Huang,	Dong,	&	Pan,	2003),	Salvador	

(Sav)(Kango-Singh	et	al.,	2002;	Tapon	et	al.,	2002),	Warts	(Wts)(Justice,	Zilian,	

Woods,	Noll,	&	Bryant,	1995;	Xu,	Wang,	Zhang,	Stewart,	&	Yu,	1995)	and	Mats	

(Lai	et	al.,	2005).	

In	the	larval	CNS	and	brain,	Hpo	has	been	shown	to	be	involved	in	control	of	

the	developmental	period	in	which	NBs	proliferate,	their	cell	cycle	speed	and	

overall	size	of	the	brain.	When	Hpo	signaling	was	impaired	NBs	were	enlarged,	

produced	more	neurons	and	re-entered	cell	cycle	earlier	after	quiescence	while	

exiting	it	later	at	the	end	of	neurogenesis	(Poon,	Mitchell,	Kondo,	Cheng,	&	

Harvey,	2016).		

Yki	has	been	shown	to	associate	with	thousands	of	chromosomal	loci,	the	

majority	of	which	were	associated	with	transcriptional	activity.	In	addition	Myc	a	

canonical	target	of	Yki	activates	transcription	of	ribosomal	proteins	(van	

Riggelen,	Yetil,	&	Felsher,	2010).	Therefore	it	has	been	hypothesized	that	Yki	

might	act	as	a	general	activator	of	transcription	and	translation,	to	effect	an	

increase	in	cell	volume	and	to	produce	the	thousands	of	constituents	necessary	

for	proliferation	(Hyangyee	Oh	et	al.,	2013).	Yki	has	been	shown	to	co-occupy	the	

genome	and	to	physically	link	with	chromatin	remodeling	factors	GAF	and	

Brahma	in	the	embryonic	CNS.	And	the	interaction	between	these	factors	and	Yki	

was	shown	to	be	required	for	transcriptional	activation	by	Yki	(Hyangyee	Oh	et	
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al.,	2013).	In	the	same	study	a	physical	interaction	between	Yki	and	subunits	of	

the	mediator	complex	was	shown,	and	a	requirement	for	the	mediator	complex	

for	Yki	mediated	transcriptional	activation	was	shown	in	the	wing	disc.	

1.1.2 Gene	regulation	

To	facilitate	differentiation,	gene	expression	must	be	tightly	controlled.	The	

genome	in	any	nucleus	is	wrapped	around	nucleosomes;	protein	octamers	

composed	of	4	pairs	of	histone	proteins,	canonically	H3,	H4,	H2A	and	H2B.	The	

complex	of	DNA,	histones	and	other	proteins	is	referred	to	as	chromatin.	

Histones	are	often	reversibly	chemically	modified	at	multiple	positions.	This	

determines	the	compaction	of	the	chromatin,	its	propensity	for	protein	

interactions	and	the	accessibility	of	the	DNA	for	proteins.	In	addition	enzymes	

can	move	or	displace	nucleosomes	dependent	on	the	chromatin	state	or	in	

response	to	cellular	cues.	Local	modifications	of	histones	therefore	enable	local	

regulation	of	DNA-protein	interactions	and	at	the	same	time	reflect	regulatory	

states	(reviewed	in	Poon	et	al.,	2016).			

Transcriptional	activation	consists	to	a	large	part	of	the	recruitment	of	TFs	

and	co-activators	to	promoter	regions in	response	to	stimuli,	the	subsequent	

assembly	of	the	pre-initiation	complex	(PIC)	at	the	transcription	start	site	(TSS)	

and	initiation	of	RNA	polymerase	(pol)	II mediated	transcription.	Promoters	

encompass	up	to	roughly	a	hundred	nucleotides	around	the	TSS	of	genes	and	in	

general	are	thought	to	be	sufficient	to	assemble	the	transcriptional	machinery	to	

initiate	transcription,	although	models	exist	in	which	enhancers	play	a	role	in	

transferring	RNA	polII	to	the	promoter	(reviewed	in	Beagrie	and	Pombo,	2016).		

To	facilitate	context	specific	gene	regulation	promoters	often	interact	with	

enhancers.	Enhancers,	pieces	of	DNA	that	can	be	bound	by	TFs,	are	the	main	

contributor	to	spatio-temporal	gene	regulation	in	development.	In	general	they	

are	thought	to	modulate	the	expression	rate	of	a	gene.	Interestingly	enhancer	

function	is	modular.	Genes	can	be	targeted	by	multiple	enhancers	and	individual	

enhancers	can	target	multiple	genes.	The	resulting	expression	pattern	reflects	

the	communal	activity	of	all	enhancers	involved.	This	modularity	is	best	

illustrated	by	the	fact	that	enhancers	or	pieces	of	enhancers	can	be	

concatemerized	to	drive	reporter	genes	in	patterns	which	reflect	the	sum	of	the	
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expression	patterns	driven	by	the	individual	pieces	(e.g.	Stathopoulos	and	

Levine,	2005).	Often	the	TF	binding	sites	for	a	specific	combination	of	TFs	are	not	

clustered	randomly	at	enhancers,	but	spacing,	orientation	and	helical	phasing	

may	be	crucial,	so	called	motif	grammar	((Junion	et	al.,	2012)	but	see	(Kulkarni	&	

Arnosti,	2003;	Zinzen,	Girardot,	Gagneur,	Braun,	&	Furlong,	2009)).	

Enhancers,	promoters	and	gene	bodies	can	be	active	or	inactive.	

Transcriptional	activity	is	associated	with	“open”	chromatin	or	euchromatin,	

regions	less	densely	packed	with	nuleosomes	(Sun	et	al.,	2015;	Boyle	et	al.,	2008;	

Li	et	al.,	2014),	while	transcriptionally	inactive	regions	are	associated	with	

densely	packed	nucleosomes,	euchromatin.	Each	state	is	correlated	with	certain	

biochemical	modifications	of	nucleosomes	(reviewed	in	Shlyueva,	Stampfel	and	

Stark,	2014).	The	compaction	of	chromatin	is	in	part	tissue	specifically	regulated	

(i.e.	chromatin	remodeling)	and	interacts	with	TF	binding.	TF	binding	can	be	

either	cause	or	effect	of	chromatin	remodeling.	

	The	combination	of	proteins	bound	to	an	enhancer,	also	tissue	specifically	

regulated,	determines	the	activity	induced	at	the	TSS	upon	enhancer	promoter	

interaction.	Active	enhancers	may	reside	at	significant	distance	from	the	gene	

they	activate.	The	interaction	between	enhancer	and	promoter	can	be	achieved	

by	chromosome	looping	(Amano	et	al.,	2009;	Ganji	et	al.,	2018)	although	also	

other	models	exist	(reviewed	in	Beagrie	and	Pombo,	2016).	 

It	is	clear	that	specific	enhancers	regulate	specific	genes	under	specific	

developmental	or	physiological	circumstances.	However	how	specificity	in	

enhancer	promoter	communication	is	achieved	is	not	fully	understood.	One	

genome	feature	that	limits	the	space	for	this	communication	is	chromatin	

compartmentation	and	topological	association.	Compartments	and	topologically	

associating	domains	(TADS)	(also	called	physical	domains	in	Drosophila)	are	

domains	with	correlated	chromatin	states	and	high	frequency	of	internal	

contacts.	They	are	delimited	to	a	large	degree	by	insulator	elements	(reviewed	in	

Eagen,	2018).	TAD	formation	and	chromosome	looping	are	thought	to	be	related	

processes	(Fudenberg	et	al.,	2016).	Within	TADs	transcriptional	activity	is	highly,	

albeit	far	from	perfectly,	correlated	(Shi	et	al.,	2014).	Multiple	additional	

mechanims	that	contribute	to	promoter	enhancer	specificity	have	been	proposed	

with	varying	degrees	of	experimental	evidence	(reviewed	in	Zabidi	and	Stark,	
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2016).	Interacting	promoters	and	enhancers	reside	in	close	proximity	either	

along	the	linear	genome	or	in	3D	space	(Carter,	Chakalova,	Osborne,	Dai,	&	

Fraser,	2002;	Ghavi-Helm	et	al.,	2014;	Tolhuis,	Palstra,	Splinter,	Grosveld,	&	de	

Laat,	2002).	Multiple	models	imposing	more	or	less	static	protein	DNA	

interactions	with	different	degrees	of	evidence	have	been	proposed	for	the	

mechanisms	by	which	enhancer	promoter	interaction	initiates	transcription	

(reviewed	in	Beagrie	and	Pombo,	2016).	An	additional	model	holds	that	

enhancer	promoter	interactions	are	not	the	consequence	of	static	protein-DNA	

interactions,	but	that	they	form	microenvironments	in	which	mixtures	of	specific	

proteins	locally	concentrate	to	establish	spots	of	frequent	interactions	and	high	

enzymatic	activity	(	Tsai	et	al.,	2017;	reviewed	in	Zabidi	and	Stark,	2016). 

Crucially	transcription	is	regulated	to	a	large	degree	by	the	co-factors	

recruited	by	TFs	to	promoters.	The	presumably	most	important	co-factor	that	is	

involved	in	communication	between	TFs	and	the	PIC	is	the	multi-functional	

Mediator	complex	(MED),	a	~30	subunit	protein	complex	that	is	conserved	

across	eukaryotes.	This	complex	recruits	polII	to	the	promoter	and	is	almost	

universally	required	for	polII-mediated	transcription.	It	has	been	implicated	in	

nearly	all	aspects	of	gene	transcription	in	eukaryotes	including	enhancer-

promoter	communication,	chromatin	looping,	DNA	repair	and	mRNA	processing	

and	nuclear	export.	Additionally	it	is	thought	to	function	as	signal	integration	

hub	through	its	ability	to	interface	between	multiple	agents	such	as	signaling	

cascade	effectors,	TFs,	nucleosomes	and	the	PIC	to	promote	calibrated	

transcriptional	activity.	This	multi	functionality	of	the	mediator	complex	is	in	

part	achieved	through	context	specific	modular	and	flexible	assembly	of	subsets	

of	its	multiple	subunits	(reviewed	in	Malik	and	Roeder,	2010;	Jeronimo	and	

Robert,	2017).	

Another	example	of	a	protein	involved	in	multiple	aspects	of	gene	regulation	

is	the	GAGA	factor	(GAF).	GAF	has	been	studied	predominantly	in	Drosophila.	It	

is	a	TF	that	exists	in	two	structurally	and	functionally	highly	similar	isoforms,	

which	bind	to	preferentially	clustered	stretches	of	GAGAG	nucleotides.	It	is	most	

prominently	known	to	be	involved	in	chromatin	remodeling	and	maintenance	of	

open	chromatin	(Farkas	et	al.,	1994;	Fuda	et	al.,	2015;	Granok,	Leibovitch,	

Shaffer,	&	Elgin,	1995;	Tsukiyama,	Becker,	&	Wu,	1994;	Tsukiyama	&	Wu,	1995;	
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Wilkins	&	Lis,	1998).	GAF	can	interact	with	DNA	and	a	multitude	of	proteins	

through	its	three	binding	domains,	a	zinc	finger	DNA-binding	domain,	a	

BTB/POZ	domain	(Bardwell	&	Treisman,	1994)	and	a	protein-protein	interaction	

motif	(Ohtsuki	&	Levine,	1998).	It	has	been	shown	to	interact	with	the	core	

transcriptional	maschinery	(Chopra	et	al.,	2008),	to	possess	insulator	functions	

(Ohtsuki	&	Levine,	1998),	to	influence	promoter	proximal	pausing	and	

recruitmentof	RNA	ploII	(Fuda	et	al.,	2015;	S.-Y.	Tsai,	Chang,	Swamy,	Chiang,	&	

Huang,	2016)	and	to	promote	transcriptional	activation	and	repression	

(reviewed	in	Adkins,	Hagerman	and	Georgel,	2006).	Importantly	GAF	has	been	

described	as	being	globally	associated	with	transcriptional	activity	(Hyangyee	

Oh	et	al.,	2013;	S.-Y.	Tsai	et	al.,	2016).	

Yet	another	protein	complex	involved	in	gene	regulation	at	multiple	levels	is	

the	Brahma	(SWI/SNF)	complex	(BRM).	Brahma	(brm)	is	the	ATP-dependent	

catalytic	subunit	of	both	forms,	BAP	and	PBAP	of	the	BRM	chromatin	remodelers.	

BRM	has	been	shown	to	influence	global	nucleosome	positioning,	fuzziness	

(ambiguity	in	nucleosome	positioning)	and	to	promote	both,	chromatin	

condensation	and	opening,	especially	at	promoter	regions	(Armstrong	et	al.,	

2002;	Kwok,	Li,	Lei,	Edery,	&	Chiu,	2015).	Also	it	has	been	shown	to	promote	

global	transcriptional	activity	(Armstrong	et	al.,	2002). 

Each	of	these	chromatin	related	agents,	MED,	GAF	and	BRM	have	been	shown	

to	be	involved	in	cell	proliferation	and	to	interact	with	transcriptional	

coactivator	Yki,	the	effector	molecule	of	the	Hippo	(Hpo)	signaling	cascade	

(Bayarmagnai,	Nicolay,	Islam,	Lopez-Bigas,	&	Frolov,	2012;	Jin	et	al.,	2013;	

Hyangyee	Oh	et	al.,	2013;	Risley,	Clowes,	Yu,	Mitchell,	&	Hentges,	2010;	Y.	Zhu	et	

al.,	2015).	

1.1.3 Master	regulators	and	cell	fate	selectors	

The	term	master	regulator	was	defined	by	(Chan	&	Kyba,	2013)	as	“a	gene	

that	is	expressed	at	the	inception	of	a	developmental	lineage	or	cell	type,	

participates	in	the	specification	of	that	lineage	by	regulating	multiple	

downstream	genes	either	directly	or	through	a	cascade	of	gene	expression	

changes,	and	critically,	when	misexpressed,	has	the	ability	to	respecify	the	fate	of	

cells	destined	to	form	other	lineages.”	
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A	prime	example	of	a	master	regulator	is	the	gene	eyeless	(ey),	which	has	

been	shown	to	be	required	for	eye	development	(Hoge,	1915)	and	to	be	able	to	

induce	eye	differentiation	in	multiple	tissues	upon	ectopic	expression	(Halder,	

Callaerts,	&	Gehring,	1995).	It	was	thought	that	this	gene	resides	atop	a	

regulatory	hierarchy	that	controls	eye	development.	Later	it	was	discovered	that	

also	other	TFs,	eyes	absent,	sine	oculis	and	dachshund,	are	able	to	induce	ectopic	

eyes	(Bonini,	Bui,	Gray-Board,	&	Warrick,	1997;	R.	Chen,	Amoui,	Zhang,	&	

Mardon,	1997;	Pignoni	et	al.,	1997;	Shen	&	Mardon,	1997)	and	that	these	TFs	

crossregulate	each	other	in	positive	feedback	loops.	This	was	named	a	master	

gene	regulatory	network,	multiple	members	of	which	qualify	as	master	

regulators	(Desplan,	1997).	

Cell	fate	selectors	are	genes	that	act	similar	to	master	regulators,	they	are	

necessary	and	sufficient	to	convey	positional	information	but	require	additional	

co-players	to	induce	specific	cell	fate	trajectories	(Desplan,	1997).	

Critically	the	concepts	of	master	gene	regulators	and	cell	fate	selectors	are	

implemented	in	networks	that	share	multiple	design	principles.	These	are	

thought	to	represent	fundamental	gene	regulatory	strategies	that	are	installed	in	

a	variety	of	developmental	contexts.	Positive	feedback	facilitates	self-

reinforcement	of	a	regulatory	network,	this	for	example	enables	ectopic	

induction	of	eyes	upon	expression	of	either	one	of	three	key	TFs.	Negative	

feedback	facilitates	reconfiguration	of	the	network.	Such	regulations	can	for	

example	enable	a	network	to	progress	through	a	temporal	trajectory,	but	

reconfigurations	of	a	network	can	also	occur	by	context	specific	regulation	of	

network	members	allowing	it	to	progress	through	divergent	trajectories.	

Repression	of	alternative	gene	regulatory	networks	increases	robustness	and	

protects	from	establishment	of	other	self-reinforcing	developmental	programs.	

Although	it	is	not	finally	established	it	is	thought	that	epigenetic	regulations	

install	a	memory	into	the	chromatin	landscape	to	reinforce	regulatory	states	and	

to	prevent	retrograde	developments	(reviewed	in	Davis	and	Rebay,	2017).		

These	design	principles	are	reflected	in	multiple	instances	during	early	

Drosophila	embryo	and	nervous	system	development.	
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1.1.4 Early	patterning	in	the	Drosophila	embryo	

After	fertilization,	Drosophila	embryogenesis	proceeds	with	fourteen	rapid	

synchronized	nuclear	divisions,	giving	rise	to	~	6000	nuclei	which	line	up	as	a	

monolayer	in	the	cytoplasmic	rim	at	the	periphery	of	the	egg,	the	“syncytial	

blastoderm”.	Products	of	maternal	effect	genes	are	deployed	in	spatial	gradients,	

which	act	as	positional	cues	to	confer	spatial	information	to	nuclei.	These	spatial	

molecular	environments	are	translated	by	nuclei	and	later	cells	into	distinct	gene	

expression	profiles	to	govern	tissue	differentiation.		

The	differentiation	of	the	anterior	and	posterior	poles	of	the	embryo	is	

instructed	by	the	Torso	receptor	tyrosine	kinase	signaling	(review	in	Duffy	and	

Perrimon,	1994).	In	the	remaining	roughly	two	thirds	between	anterior-	and	

posterior	pole,	the	trunk,	broad	protein	gradients	instruct	a	hierarchical	

organization	of	increasingly	finer	grained	anterior-posterior	stripes	of	gene	

expression	domains	(Fig.	1	A).	Because	the	nuclei	are	not	separated	by	cell	

membranes	at	early	stages,	TFs	can	act	as	morphogens	and	most	of	the	genes	

involved	in	initial	anterior-posterior	patterning	are	TFs	that	cross-regulate	each	

other.	The	positions	of	the	gene	expression	domains	is	largely	translated	by	

enhancer	elements	with	specific	combinations	of	binding	sites	with	specific	

binding	strengths	for	specific	TFs.	For	example	the	two	TFs,	Bicoid	(Bcd)	and	

Hunchback	(Hb)	are	maternally	loaded	into	the	egg	and	the	protein	products	are	

arranged	into	anterior	posterior	gradients	with	highest	concentration	in	the	

anterior	pole.	The	gap	genes	kruppel	(kr)	and	giant	(gt)	are	expressed	in	broad	

domains	in	the	anterior,	middle	and	posterior	trunk	area	in	response	to	

gradients	of	maternal	effect	genes.	Together	with	Hb	and	Bcd,	Kr	and	Gt	instruct	

many	expression	features	of	pair	rule	genes	–	the	second	stripe	of	eve,	for	

example,	is	directed	by	a	an	enhancer	element	that	can	be	bound	by	these	four	

TFs.	The	protein	levels	of	these	TFs	in	the	trunk	are	only	appropriate	to	induce	

expression	in	a	narrow	region	(Fig.	1.	A;	see	eve	stripe	2	expression	in	a	region	of	

the	trunk	with	high	HB	and	Bcd	and	low	Kr	and	Gt).	Therefore	combinatorial	

binding	induces	expression	via	this	enhancer	only	in	stripe	2	(Small,	Kraut,	Hoey,	

Warrior,	&	Levine,	1991;	Stanojevic,	Hoey,	&	Levine,	1989;	Stanojevic,	Small,	&	

Levine,	1991).	In	general	maternal	effect	genes	instruct	the	expression	of	gap	

genes	and	together	maternal	effect	genes	and	gap	genes	instruct	the	expression	



	 13	

of	pair	rule	genes	into	stripes.	The	pair	rule	genes	eve	and	odd	skipped	(odd)	for	

example	are	each	expressed	in	7	alternating	stripes,	preshadowing	the	

segmentation	of	the	fly.	After	cellularization	these	stripes	are	further	subdivided	

by	the	expression	of	segment	polarity	genes,	such	as	wingless	(wg)	and	engrailed	

(en)	in	alternating	stripes,	marking	the	anterior	and	posterior	regions	of	each	

segment.	This	leads	to	a	pattern	of	nested	expression	domains	with	periodically	

repeating,	highly	similar,	yet	distinct	units	(reviewed	in	Duffy	and	Perrimon,	

1994;	book	chapter	Andrzej,	Bruce	and	Krause,	2002).	



]g-
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 Primary neurogenic patterning. Figure 1.

Superimposition of anterior-posterior patterning creates a checkerboard of expression domains in the 
neurogenic ectoderm that determines the positions of Neuroblast delamination. A. A hierarchical 
cascade of anterior-posterior expression domains is established along protein gradients of of maternal 
effect genes. Eve stripe 2 expressionis activated by Hunchback and Bicoid and repressed by Giant (Gt) 
and Kruppel (Kr). B. Dorso-ventral patterning divides the cellular blastoderm into 6 longitudinal 
expression domains along two opposing gradients. A nuclear concentration gradient of Dorsal activates 
a cascade of cell fate selector TFs in a concentration dependent manner. Ventrally the expression 
domains are each limited through repression by ventrally abutting cell fate selector TF, a pattern called 
ventral dominance. Dorsally the expression domains are delimited in a concentration dependent 
manner by repression through a Dpp gradient. C. Anterior-posterior and Dorso-ventral patterning 
divide the NE into a checkerboard of neuronal equivalence groups, each of which is comprised of ~7 
cells expressing a combination of proneural genes of the Achate-scute Complex. D. Within each 
neuronal equivalence group lateral inhibition through the Notch pathway establishes a bi-stable switch. 
Initially all cells express Delta, Notch and the genes of the Achaete-scute complex at similar levels. 
The genes of the Achaete-scute complex activate Delta, which activates Notch signaling in neighboring 
cells, which in turn leads to the repression of genes of the Achaete–scute complex. The system 
stabilizes when one cell expresses the genes of the Achaete-scute complex at a higher level and takes 
on a NB fate. This leads to continued activation of Notch signaling in neighboring cells, which in 
response repress expression of the Achaete-scute complexand thereby stop expressing Delta and 
activating Notch in their neighboring cells. These cells maintain an epidermal fate.  

	

	

Along	the	dorso-ventral	axis,	the	cellular	blastoderm	is	roughly	divided	into	3	

broad	longitudinal	sections	along	two	opposing	gradients;	the	mesoderm	in	the	

ventral	region,	the	neurogenic	ectoderm	in	lateral	regions	and	the	dorsal	

ectoderm	in	the	dorsal	region.		

The	fertilized	egg	is	already	prepatterned	along	dorso-ventral	axis	by	a	serine-

protease	cascade	that	proceeds	during	oogenesis	and	produces	a	gradient	of	toll	

receptor	activation,	with	highest	activity	levels	in	ventral	regions.	Toll,	when	

active,	cleaves	the	I-κB	homolog	Cactus	from	the	NF-κB	homolog	Dorsal.	Once	

liberated,	the	rel	transcription	factor	Dorsal	(Dl)	is	free	to	enter	the	nucleus	to	

regulate	transcritpion.	The	result	of	the	graded	Toll	activity	is	therefore	a	

nuclear	concentration	gradient	of	the	transcription	factor	Dl	with	highest	levels	

in	the	ventral	most	region	where	it	induces	mesoderm	formation	(reviewed	in	

Stathopoulos	and	Levine,	2002)	and	progressively	lower	levels	with	increasing	

dorsal	position.	Thereby	the	mesoderm	and	neurogenic	ectoderm	are	further	

subdivided	into	mesoderm	and	mesectoderm	and	ventral-,	intermediate-	and	

lateral	column	of	the	neurogenic	ectoderm	respectively	(Fig.	1	B.).	As	Dorsal	has	

long	been	assumed	to	activate	a	multitude	of	genes	in	a	concentration	dependent	

manner	(Angelike	Stathopoulos	&	Levine,	2002),	threshold	response	levels	for	Dl	
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dependent	activation	have	been	postulated	to	establish	these	distinct	expression	

domains	(Rusch	&	Levine,	1996).	Several	TFs	and	components	of	signaling	

cascades	are	activated	by	different	concentrations	of	nuclear	dorsal.	Differential	

responsiveness	to	concentrations	of	Dl	is	in	part	mediated	by	differing	affinities	

of	Dl	motifs	in	enhancer	elements,	such	that	ventrally	expressed	genes	tend	to	

have	low	affinity	Dl	binding	sites	and	more	dorsally	expressed	genes	tend	to	

have	high	affinity	Dl	binding	sites	(Hong,	Hendrix,	Papatsenko,	&	Levine,	2008;	A	

Stathopoulos	&	Levine,	2004).		High	levels	of	nuclear	Dorsal	induce	expression	of	

TF	twist	(Twi)	and	Twi	and	Dorsal	together	activate	the	TF	snail	(Sna)	(Ip,	Park,	

Kosman,	Yazdanbakhsh,	&	Levine,	1992)	in	the	presumptive	mesoderm	(Grau,	

Carteret	and	Simpson,	1984;	Jiang	and	Levine,	1993;	reviewed	in	Anderson,	

1998).	High	levels	of	nuclear	dorsal	also	help	activate	singleminded	(Sim).	Sim	is	

additionally	repressed	in	the	most	ventral	regions	by	Snail	(Kasai,	Nambu,	

Lieberman,	&	Crews,	1992;	Kasai,	Stahl,	&	Crews,	1998)	which	aids	together	with	

Notch	signaling	(Martin-Bermudo,	Carmena,	&	Jimenez,	1995;	Menne	&	Klambt,	

1994;	Morel	et	al.,	2001)	to	refine	the	ventral	expression	border	of	sim	to	yield	a	

single	row	of	cells	straddeling	the	mesoderm,	the	mesectoderm.	Progessively	

lower	levels	of	nuclear	dorsal	induce	expressions	of	specific	genes	in	a	

concentration	dependent	manner	in	specific	lateral	domains	of	the	presumptive	

neurogenic	ectoderm;	most	importantly	vnd	in	the	ventral	column	(VC),	ind	in	

the	intermediate	column	(IC)	(A	Stathopoulos	&	Levine,	2005)	and,	presumably	

msh	in	the	lateral	column	(LC).	Direct	activation	of	msh	by	Dorsal	has	been	

hypothesized,	but	has	not	been	shown	yet	(Cowden	&	Levine,	2003).	Each	of	

these	TFs	is	repressed	by	TFs,	which	are	expressed	in	ventrally	abutting	domains	

–	a	pattern	called	‘ventral	dominance’	(Cowden	&	Levine,	2003).	For	example,	

Vnd	and	rho	are	ventrally	repressed	by	Snail(Jiang,	Kosman,	Ip,	&	Levine,	1991;	D	

M	Mellerick	&	Nirenberg,	1995;	Thisse,	Perrin-Schmitt,	Stoetzel,	&	Thisse,	1991),	

ind	by	Vnd	(McDonald	et	al.,	1998;	Weiss	et	al.,	1998)	and	msh	by	Ind	(Tonia	Von	

Ohlen,	Moses,	&	Poulson,	2009;	Weiss	et	al.,	1998).	Although	this	is	the	

predominant	model	of	Dl	dependent	dorso-ventral	patterning,	later	studies	have	

suggested	that	gene	activation	along	the	dorso-ventral	axis	is	significantly	more	

complicated	(Liberman,	Reeves,	&	Stathopoulos,	2009).	
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Bone	morphogenetic	protein	(Bmp)	signaling	forms	an	opposing	gradient	to	

the	Dl	gradient	with	highest	levels	in	dorsal	regions	(Fig.	1	B.).	Decapentaplegic	

(Dpp),	a	bone	morphogenic	protein	family	ligand	of	the	transforming	growth	

factor-β	signaling	pathway	is	expressed	at	stage	6	along	the	anterior	posterior	

axis	in	a	lateral	gradient	with	highest	concentrations	in	the	dorsal	most	part	

where	it	induces	dorsal	ectoderm	and	amnioserosa	and	it	delimits	the	dorsal	

extension	of	several	dorso-ventrally	regulated	TFs	(Irish	&	Gelbart,	1987;	

Padgett,	St	Johnston,	&	Gelbart,	1987;	F.	A.	Spencer,	Hoffmann,	&	Gelbart,	1982).	

Dpp	transcription	is	repressed	throughout	the	neurogenic	ectoderm	by	Dl.	In	

addition	Dpp	signaling	in	the	NE	is	antagonized	by	brinker	(Brk)	and	short	

gastrulation	(Sog),	leading	to	significantly	lower	Dpp	activity	in	NE	than	in	the	

dorsal	ectoderm	(Biehs,	Francois,	&	Bier,	1996;	Jazwinska,	Rushlow,	&	Roth,	

1999).	These	lower	levels	of	Dpp	signaling	are	again	graded	throughout	the	NE,	

leading	to	repression	of	the	most	ventral	fates	by	the	lowest	levels,	intermediate	

fates	by	higher	levels	and	lateral	fates	by	highest	levels,	thereby	refining	dorsal	

boundaries	of	the	neurogenic	columns	(Mizutani,	Meyer,	Roelink,	&	Bier,	2006;	T	

von	Ohlen	&	Doe,	2000).		

The	exact	boundaries	of	the	dorso-ventral	columns	require	further	cross-

regulatory	input.	Ind	for	example	is	further	activated	by	Grainyhead	(Grh) and	

repressed	by	Capicua		(Cic)	and	in	addition	independently	regulated	via	TGFß	

signaling	(Garcia	&	Stathopoulos,	2011).	Also	Egf	is	crucially	involved	in	

establishing	the	Ind	expression	domain	(T	von	Ohlen	&	Doe,	2000).		

Dorso-ventral	patterning	thereby	leads	to	the	establishment	of	distinct,	

sequential	expression	domains	with	unique	expression	profiles	(Fig.	1	B.).	

1.1.5 Nervous	system	development	

Together,	dorso-ventral-	and	anterior-posterior	patterning	divide	the	NE	into	

a	checkerboard	of	“neuronal	equivalence	groups”	which	are	characterized	by	a	

segmentally	largely	repeating	combinatorial	pattern	of	gene	expression	(Fig.	1	C-

D.).	Vnd,	Ind	and	Msh	as	well	as	multiple	segment-polarity	genes	act	as	cell	fate	

selectors	in	the	neurogenic	ectoderm.	Thereby	the	specific	combination	of	cell	

fate	selectors	expressed	in	each	neuronal	equivalence	group	influence	the	cell	

fate	of	cells	deriving	from	its	expression	domain.	Each	cell	within	a	neuronal	
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equivalence	group	initially	has	the	same	developmental	potential	and	expresses	

one	or	two	out	of	the	three	proneural	TFs	of	the	achaete-scute	complex	(AS-C),	

achaete	(ac),	scute	(sc)	and	lethal	of	scute	(l’sc)	(Fig.	2).	Initially	all	cells	express	

Notch,	Delta	and	AS-C	genes	to	similar	degrees.	This	leads	to	the	formation	of	a	

bistable	switch	of	the	Notch	signaling	potential	(Bray,	1998).	AS-C	expression	

leads	to	activation	of	Delta	and	therewith	to	activation	of	Notch	signaling	in	

neighboring	cells.	In	all	cells	the	activation	of	Notch	leads	to	the	cleavage	of	

intracellular	domains	of	the	Notch	receptor.	The	Notch	ICD	N(ICD)	then	enters	

the	nucleus	to	act	as	a	transcriptional	co-factor.	Together	N(ICD)	and	suppressor	

of	hairless	(SuH)	interact	with	Mastermind	to	activate	genes	of	the	Enhancer	of	

Split	complex	(E(Spl)-C),	which	repress	achaete-scute	complex	genes,	closing	the	

loop.	Finally	the	cell	expressing	higher	levels	of	AS-C	or	lower	levels	of	the	Notch	

receptor	adopts	a	NB	fate	and	continues	to	activate	Notch	signaling	in	the	

neighboring	cells,	which	therefore	adopt	an	epidermal	fate	(Fig.	1	D-D’.).	This	

process,	lateral	inhibition,	singles	out	a	single	cell	per	neuronal	equivalence	

group	expressing	proneural	genes	of	the	AS-C;	a	neuroblast	(NB)	which	increases	

in	size	and	delaminates	interiorly	(Fig.	2)(e.g.	Egger,	Chell	and	Brand,	2008).	The	

exact	mechanism	which	leads	to	the	selection	of	specific	cells	as	NBs	within	the	

equivalence	clusters	is	not	understood,	but	stochastic	fluctuations	in	the	initial	

levels	of	signaling	components	seem	not	enough	to	explain	the	phenomenon	

(reviewed	in	Skeath	and	Thor,	2003).	Vnd	and	ind	are	likely	involved	in	the	

selection	of	the	cell	to	become	the	NB	presumably	by	regulating	AS-C	genes	(J	B	

Skeath,	Panganiban,	&	Carroll,	1994).		

Neuroblasts	delaminate	from	the	NE	in	five	waves	of	delamination	S1-S5	

between	late	stage	8	to	late	stage	11.	Each	of	the	thoracic	hemisegments	gives	

rise	to	a	largely	equivalent	set	of	31	NBs	that	are	numerated	according	to	a	

Cartesian	coordinate-like	system	(Fig.	2).	Every	NB	in	a	hemisegment	has	its	

unique	identity,	which	is	predetermined	by	the	combination	of	expressed	NB	

identity	genes,	characteristic	for	its	equivalence	group	(Buescher	&	Chia,	1997;	

Chu-LaGraff	et	al.,	1995;	Dormand	&	Brand,	1998;	Isshiki,	Takeichi,	&	Nose,	

1997;	Parras,	Garcia-Alonso,	Rodriguez,	&	Jimenez,	1996;	J	B	Skeath	&	Doe,	

1996)	and	each	of	these	NBs	is	thought	to	be	a	unique	cell	type.	Each	NB	

undergoes	a	unique	developmental	sequence	of	approximately	12	rounds	of	
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 Neuroblasts delaminate from proneural clusters.  Figure 2.
Clusters of ~7 cells expressing one or two out of three proneural genes of the AS-C: ac, sc, l(1)sc. 
Schematic representation of waves S1 to S2 of neuroblast delamination. During each wave of NB 
delamination, each neurogenic column, lateral column (L), intermediate column (I) and ventral column 
(V) gives rise to a stereotypic set of NBs with unique identities determined by their combinatorial gene 
expression. The hemisegments are subdivided into 7 rows corresponding to segment polarity gene 
expression domains. During S1 only every second row (rows 1, 3, 5, 7) produces NBs. These NBs are 
numerated according to a Cartesian coordinate-like system (Figure adapted from Skeath, Panganiban 
and Carroll, 1994).  
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 The Drosophila ventral nerve cord (VNC) Figure 3.

The characteristic shape of the Drosophila nervous system showing longitudinal connectives, anterior 
and posterior commissures (AC and PC respectively). Ventral image of a wild type Embryo at stage 16. 
Stained with HRP antibody. Anterior is to the left.  
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of	neuroblasts	and	it	has	been	shown	that	they	can	induce	NB	fates	characteristic	

to	their	expression	domains	ectopically	within	the	neurogenic	ectoderm	(Chu,	

Parras,	White,	&	Jimenez,	1998;	McDonald	et	al.,	1998;	Weiss	et	al.,	1998).	This	

invokes	Vnd	and	Ind	as	cell	fate	selector	genes.	The	fact	that	Vnd	and	Ind	

influence	the	fates	of	diverse	NBs	in	concert	with	the	expression	of	multiple	

genes	in	stripes	ant	the	fact	that	the	stripe	genes	are	necessary	to	induce	NB	

development	(e.g.	wg	Chu-LaGraff	and	Doe,	1993)	and	that	the	stripe	expression	

patterns	are	not	activated	in	these	patterns	by	Vnd	or	Ind	excludes	them	as	

master	regulators.	

1.1.6.2 Functional roles of Vnd and Ind during early nervous system development 

Vnd	has	been	much	more	extensively	studied	than	Ind.	The	Vnd	mutation	

phenotype	was	first	described	in	(White,	1980).	The	Vnd	mutation	was	

embryonically	lethal	when	crossed	over	a	chromosomal	deficiency	and	in	male	

embryos.	The	embryonic	phenotype	was	described	as	uniformly	showing	a	non-

condensed	and	disorganized	ventral	nervous	system,	yet	the	remainder	of	the	

embryo	being	almost	indistinguishable	from	healthy	embryos,	hence	the	name	

ventral	nervous	system	defective	(White,	1980).	A	further	study	described	the	

vnd	mutant	NS	phenotype	as	showing	reduced	overall	size,	fused	comissures	and	

thinned	longitudinal	connectives	(Jimenez	&	Campos-Ortega,	1987).	Later	

studies	found	significantly	reduced	numbers	of	delaminating	NBs	in	Vnd	KO	

embryo	(Chu	et	al.,	1998;	Jimenez	&	Campos-Ortega,	1990;	McDonald	et	al.,	

1998).	The	loss	of	NBs	affects	predominantly	those	delaminating	from	the	VC	

during	S1	and	S2	(Chu	et	al.,	1998),	it	was	proposed	to	be	accompanied	by	high	

rates	of	apoptosis	(Jimenez	&	Campos-Ortega,	1990)	and	a	positional	shift	of	the	

IC	NBs	ventrally	(McDonald	et	al.,	1998).	Importantly	Ind	is	expanded	

throughout	the	VC	in	the	Vnd	mutant	(McDonald	et	al.,	1998)	and	in	some	cases	

NBs	that	do	develop	in	this	column	adopt	cell	fates	according	to	the	neighboring	

IC	NBs,	yielding	duplications	of	IC	derived	NBs.	These	instances	were	interpreted	

as	cell	fate	conversions	and	are	characterized	by	loss	of	morphological	

characteristics	and	loss	of	marker	expression	of	VC	specific	NBs,	and	expression	

of	NB-,	GMC-	and	neuron	marker	genes	characteristic	of	an	IC	fate	in	cells	at	

characteristic	positions	of	the	hemisegment.	This	fate	conversion	only	affects	a	
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proportion	of	NBs	that	do	develop	in	the	VC	of	the	Vnd	KO.	Conversely	ectopic	

expression	of	Vnd	throughout	the	NE	leads	to	more	complete	fate	conversions	of	

IC	and	LC	specific	NBs	towards	a	VC	fate	with	IC	NBs	showing	a	fate	conversion	

more	often	than	LC	derived	NBs	(Chu	et	al.,	1998;	McDonald	et	al.,	1998).	The	

nature	of	these	fate	conversions	was	sensitive	to	the	level	and	time	of	vnd	

expression	with	earlier	and	higher	vnd	expression	leading	to	a	more	complete	IC	

and	LC	to	VC	fate	conversion	(Chu	et	al.,	1998).		

Interestingly	(J	B	Skeath	et	al.,	1994)	could	show	that	in	Vnd	mutants,	NB	

formation	of	MP2	and	NB7-1	(see	Fig.	2)	fails	precisely	during	the	phase	in	which	

lateral	inhibition	by	the	Notch	signaling	pathway	restricts	proneural	gene	

expression	to	the	emerging	neuroblast.	Lateral	inhibition	requires	expression	of	

the	AS-C.	Vnd	is	indeed	required	for	appropriate	expression	of	the	AS-C	genes	at	

the	locations	of	MP2	and	NB7-1	(J	B	Skeath	et	al.,	1994).	However	rescue	of	the	

expression	of	the	AS-C	genes	was	not	sufficient	to	rescue	NB	formation	in	the	

Vnd	KO	(Chu	et	al.,	1998)	showing	that	Vnd	plays	additional	roles	in	NB	

formation.	Vnd	and	the	AS-C	were	also	found	to	be	independently	and	

synergistically	required	for	expression	and	appropriate	pattern	formation	of	the	

E(SPL)-C	genes	that	are	also	involved	in	lateral	inhibition,	in	the	ventral	column	

at	stage	8	and	9	(Kramatschek	&	Campos-Ortega,	1994).	This	invokes	another	

possible	link	at	which	loss	of	Vnd	might	lead	to	failure	of	NB	formation.	

The	central	role	of	the	transcription	factor	Ind	in	nervous	system	patterning	

was	first	described	in	mutant	analyses	(Weiss	et	al.,	1998).	Similar	to	Vnd	its	KO	

leads	to	a	great	reduction	(90%)	in	NBs	developing	in	its	expression	domain.	

Also	the	dorsally	abutting,	LC	specific	neurogenic	TF,	msh	became	derepressed	in	

the	IC	as	was	achaete	expression.	LC	NBs	shifted	ventrally	and	a	number	of	the	

remaining	IC	NBs	adopted	an	LC	fate.	Also	these	instances	were	interpreted	as	

cell	fate	transformations	(Weiss	et	al.,	1998).	

1.1.6.3 Molecular characterization of Vnd and Ind 

Vnd	and	Ind	have	many	parallels	in	the	way	their	expression	domains	are	

established,	the	kind	of	proteins	they	interact	with,	their	mode	of	action	and	how	

their	activity	is	modulated.	
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Vnd	is	an	NK2	type	homeodomain	protein,	a	subclass	of	the	antennapedia	

class	(Jimenez	et	al.,	1995).	Vnd	is	expressed	in	two	isoforms,	vnd-A,	a	3kb	

transcript	and	vnd-B,	a	3.4kb	transcript	with	differing	5’	exons.	Vnd-A,	the	by	far	

most-studied	isoform,	is	predominantly	expressed	in	the	developing	nervous	

system	and	is	the	main	focus	of	this	study.	Vnd-b	is	predominantly	expressed	in	

the	developing	gut	and	will	not	be	regarded	here.	Vnd-a	(from	here	on	and	

before	Vnd)	is	thought	to	predominantly	act	as	a	repressor	in	the	developing	

nervous	system	(Cowden	&	Levine,	2003;	Koizumi	et	al.,	2003;	Weiss	et	al.,	

1998)	although	it	can	also	act	as	an	activator	depending	on	the	molecular	context	

(A.	Stepchenko	&	Nirenberg,	2004;	Z.	Yu,	Syu,	&	Mellerick,	2005),	while	for	vnd-b	

only	an	activating	activity	has	been	shown	(A.	G.	Stepchenko,	Pankratova,	

Doronin,	Gulag,	&	Georgieva,	2011).	The	protein	domains	responsible	for	its	

activation	and	repression	function	have	been	mapped	by	reporter	gene	assays	

and	although	it	has	been	hypothesized	that	Vnd	acts	as	a	direct	repressor	by	

interacting	with	components	of	the	basal	transcription	complex	(A.	Stepchenko	

&	Nirenberg,	2004)	it	has	also	been	shown	to	interact	with	a	multitude	of	

unspecified	proteins,	and	to	directly	bind	corepressor	Groucho	through	its	EH1	

domain	(Zhang	et	al.,	2008).	This	interaction	is	stablilized	by	the	Nk-2	domain	of	

Vnd	and	mediates	the	repressive	activity	of	Vnd	(Uhler,	Zhang,	Syu,	&	Mellerick,	

2007).	Both,	Vnd	and	Ind	are	phosphorylated	by	MAPK	(Moses,	Helman,	

Paroush,	&	Von	Ohlen,	2011;	Zhang	et	al.,	2008).	In	the	neurogenic	ectoderm	this	

phosphorylation	is	triggered	by	EGF	signaling	and	EGF	signaling	also	activates	

the	expression	of	Ind	and	Vnd	in	the	neurogenic	ectoderm	(G.	Zhao	&	Skeath,	

2002;	G.	Zhao,	Wheeler,	&	Skeath,	2007).	The	phosphorylation	enhances	the	

capacity	of	Ind	to	repress	achaete	in	cooperation	with	Dichaete	but	has	little	

effect	on	the	capacity	of	Ind	to	repress	msh	(Moses	et	al.,	2011;	G.	Zhao,	

Boekhoff-Falk,	Wilson,	&	Skeath,	2007).	Dichaete	expression	in	the	NE	is	also	

activated	by	EGF	signaling	and	for	both	Ind	and	Vnd	the	interaction	with	

Dichaete	is	necessary	for	the	specification	of	specific	NBs	(G.	Zhao	&	Skeath,	

2002).	

Ind	is	a	homeobox	TF	of	the	Hox	class,	also	a	subclass	of	the	antennapedia	

class	and	it	has	also	been	shown	to	physically	interact	with	co-repressor	Groucho	

through	its	Eh1	domain	(T	Von	Ohlen,	Syu,	&	Mellerick,	2007).	Ind	is	also	able	to	
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act	as	both,	activator	(T.	L.	Von	Ohlen	et	al.,	2007)	and	repressor	(e.g.	Von	Ohlen,	

Syu	and	Mellerick,	2007).	Importantly	Ind	represses	eyeless	(ey)	and	eyeless	

represses	Ind,	which	contributes	to	the	formation	of	an	interspearsed	expression	

in	alternating	patches	in	the	IC	from	late	stage	9	onwards	(T	Von	Ohlen	et	al.,	

2007).		

1.1.6.4 Establishment of Vnd and Ind expression domains 

Expression	of	vnd	and	ind	in	the	VC	and	IC,	respectively,	is	controlled	by	two	

enhancer	elements	each.	It	is	thought	that	for	both	genes	initial	activation	in	the	

respective	columns	is	regulated	by	the	main	enhancer,	located	intronically	of	vnd	

and	downstream	of	ind	respectively,	while	both	genes	autoregulate	via	enhancer	

elements	located	upstream	of	the	TSS	in	both	cases	(Jimenez	et	al.,	1995;	Zhang	

et	al.,	2008).	The	autoregulation	is	thought	to	be	important	to	maintain	vnd	and	

ind	gene	expression	in	specific	subsets	of	cells	and	NBs.	Vnd	continues	to	be	

expressed	in	most	VC	NBs,	three	IC	NB	and	many	neurons,	while	ind	becomes	

restricted	to	one	IC	NB	(Chu	et	al.,	1998;	T	Von	Ohlen	et	al.,	2007).	The	upstream	

enhancers	are	bound	by	Vnd	and	Ind	respectively	and	were	able	to	regulate	

reporter	gene	expression	in	response	to	Vnd	and	Ind	respectively	(Saunders,	

Koizumi,	Odenwald,	&	Nirenberg,	1998;	Shao	et	al.,	2002;	T.	L.	Von	Ohlen	et	al.,	

2007;	Z.	Yu	et	al.,	2005).	This	autoregulation	is	thought	to	depend	on	interactions	

with	Dichaete	in	both	cases	although	the	evidence	for	Ind	is	less	clear	in	this	

regard	(Buescher,	Hing,	&	Chia,	2002;	Jimenez	et	al.,	1995;	Tsao,	Gruschus,	Wang,	

Nirenberg,	&	Ferretti,	1994;	T.	L.	Von	Ohlen	et	al.,	2007;	G.	Zhao	&	Skeath,	2002).	

The	main	enhancers	are	the	intronic	vnd_743	(Markstein	et	al.,	2004)	and	the	

downstream	ind_1.4	(A	Stathopoulos	&	Levine,	2005).	Both	enhancers	drive	

expression	patterns	precisely	overlapping	endogenous	gene	expression	(Fig.	6).	

How	exactly	the	expression	patterns	are	established	is	not	fully	understood,	but	

major	regulators	have	been	identified.		

Vnd_743	It	is	activated	by	intermediate	to	low	levels	of	Dorsal	through	linked	

dorsal	and	twist	sites	(Crocker	&	Erives,	2008,	2013;	A	Stathopoulos,	Van	

Drenth,	Erives,	Markstein,	&	Levine,	2002).	The	binding	site	for	the	actvator	twist	

is	competitively	bound	by	repressor	snail,	which	leads	to	ventral	repression	

(Gray,	Szymanski,	&	Levine,	1994).	The	dorsal	limit	is	among	others	established	
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by	a	shnurri/mad/medea	binding	site	which	mediates	response	to	the	dorsal	

Dpp	gradient	(Crocker	&	Erives,	2013).	Also	suppressor	of	hairless	binding	sites,	

a	common	feature	among	several	enhancers	driving	expression	in	the	VC	was	

suggested	to	be	important	by	activating	gene	expression	in	response	to	Notch	

signaling	(Markstein	et	al.,	2004).		

The	ind_1.4	enhancer	has	multiple	binding	sites	that	mediate	control	of	

distinct	aspects	of	the	induced	gene	expression.	Among	these	binding	sites	are	

three	linked	Vnd	and	one	Snail	binding	site	which	likely	mediate	the	observed	

ventral	repression	of	ind	by	Vnd	(Cowden	&	Levine,	2003;	Weiss	et	al.,	1998)	and	

snail	(Cowden	&	Levine,	2003).	Also	it	has	a	high	affinity	Dorsal	binding	site	

which	likely	mediates	activation	in	response	to	intermediate	Dorsal	levels	(A	

Stathopoulos	&	Levine,	2005).	In	addition	it	has	a	schnurri/smad	binding	site	

and	multiple	ETS	binding	sites	which	are	thought	to	mediate	activation	through	

the	EGF	signaling	pathway	(Garcia	&	Stathopoulos,	2011;	A	Stathopoulos	&	

Levine,	2005).		

Many	of	the	binding	motifs	of	the	Ind	and	Vnd	enhancers	as	well	as	the	

relative	organization	of	some	motifs	to	each	other	have	independently	evolved	in	

multiple	dorso-ventrally	controlled	enhancer	elements	(Crocker,	Tamori,	&	

Erives,	2008).	

1.1.7 EGF	signaling	is	necessary	for	ventral	and	intermediate	column	

development		

EGF	signaling	plays	an	importen	role	during	IC	and	VC	development.	EGF	is	a	

short-range	signaling	cascade	which	activity	is	usually	effecting	a	binary	switch	

in	target	cells	across	one	or	two	cell	diameters	(B.-Z.	Shilo,	2005;	B.	Z.	Shilo,	

2003).	A	few	exceptions	to	this	rule	have	been	discussed,	in	which	cells	that	

reside	a	few	cell	diameters	away	from	a	central	EGF	ligand	source	are	activated	

by	gradients	of	EGF	ligands.	Among	these	examples	is	the	patterning	of	the	

Drosophila	neurogenic	ectoderm.	EGF	signaling	is	necessary	for	neurogenesis	in	

the	IC	and	VC	(Golembo,	Raz,	et	al.,	1996;	Raz	&	Shilo,	1993;	J	B	Skeath,	1998).	In	

EGF	receptor	mutant	embryos	the	entire	IC	derived	NBs	are	missing	and	the	LC	

NBs	form	normally	but	immediately	adjacent	to	the	VC	NBs	in	the	Ind	expression	

domain.	At	the	same	time	the	ventral	NBs	adopt	some	traits	characteristic	of	LC	
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NBs	(J	B	Skeath,	1998).	EGF	receptor	mutants	have	normal	initial	vnd	expression	

followed	by	reduction	of	vnd	expression	and	embryos	with	ectopic	EGF	activity	

show	normal	vnd	activity	(Gabay	et	al.,	1997).	On	the	other	hand	EGF	mutants	

lack	ind	expression	while	ectopic	EGF	embryos	show	dorsal	expansion	of	ind	(T	

von	Ohlen	&	Doe,	2000).	It	was	widely	accepted,	that	the	mesectoderm	functions	

as	a	source	of	EGF	ligands	Spitz	and	Vein	which	diffuse	across	several	cell	

diameters	to	activate	EGF	signaling	in	the	VC	and	IC.	However	recent	findings	

have	called	this	model	into	question.	In	addition	to	the	mesectoderm	also	the	VC	

produces	Spitz,	as	apparent	by	rho	expression	and	Rogers	et	al.	could	show	that	

rho	activity	exclusive	to	the	early	VC	is	sufficient	to	allow	essentially	normal	IC	

development	in	a	homozygous	Vein	knockout	background	(Rogers	et	al.,	2017).	

This	means	that	the	ventral	midline	as	a	source	of	Vein	and	Spitz	ligands	is	

dispensable	for	IC	column	development	thereby	establishing	that	more	short-

range	interactions	mediate	the	required	EGF	activation	

1.2 Aim	of	the	Study	

This	thesis	seeks	to	investigate	the	mechanisms	that	drive	cellular	identity	in	

the	early	embryo	with	particular	focus	on	the	developing	nervous	system.	In	this	

thesis	I	followed	two	main	objections:	

	

1.	I	aimed	to	obtain	the	transcriptomic	profile	of	the	two	neurogenic	tissues,	the	

VC	and	IC	at	distinct	developmental	time	points	covering	important	processes	of	

neurogenesis	in	wild	type	and	a	perturbed	condition	in	which	the	putative	

master	regulator	of	one	tissue,	Vnd,	was	mutated	and	the	putative	master	

regulator	of	the	other	tissue,	Ind,	was	expressed	instead.	From	this	I	wanted	to	

extract	the	similarities	and	differences	between	the	tissues	and	the	temporal	

dynamics	within	tissues.	I	aimed	to	understand	to	what	degree	the	putative	

master	regulators	are	sufficient	to	endow	their	tissues	with	their	respective	fate,	

mechanisms	that	drive	neurogenic	column	identity,	aspects	of	how	the	putative	

master	regulators	work	to	shape	neurogenic	column	identity	and	to	integrate	

these	findings	into	a	common	framework.	To	this	end	I	established	a	method	that	
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allows	transcriptome	profiling	of	marked	tissues	in	wild	type	and	mutant	for	

their	cell	type	defining	putative	master	regulator.	

I	also	used	Chip-seq	data	for	Vnd,	which	was	available	from	the	lab.		

		

2.	Knowing	that	the	aims	stated	above	will	likely	be	limited	in	resolving	the	

mechanisms	driving	the	identity	of	individual	cell	types	within	neurogenic	

colums,	we	aimed	to	increase	the	tissue	resolution	to	single	cells.	We	gathered	

single	cell	transcriptomic	data	of	whole	embryos	during	stages	relevant	for	

neurogenesis,	6-8h	after	egg	laying	(AEL)	to	establish	a	method	for	methanol	

fixation	for	single	cell	RNA-seq.	We	are	working	on	integrating	these	data	with	

Tissue	specific	data	but	this	is	not	included	in	the	thesis.	Because,	for	technical	

reasons,	the	spatial	information	is	usually	lost	in	single-cell	RNA-seq	

experiments	we	aimed	to	reconstitute	the	spatial	arrangements	of	single-cell	

transcriptomes	in	silico.	To	this	end	we	established	a	single-cell	resolved	

transcriptomic	map	of	a	single	developmmental	stage	(stage	6)	prior	to	

neurogenesis.	Primarily	for	technical	reasons	we	also	generated	this	map	for	the	

distantly	related	Drosophila	virilis.	The	map	predicts	expression	patterns	

approaching	whole	transcriptome	coverage	and	single-cell	resolution,	and	is	able	

to	predict	expression	changes	between	the	two	species.	We	also	used	the	map	to	

predict,	in	a	particular	embryonic	area,	signaling	activity	that	induces	cell	

proliferation	after	cellularization	is	completed.	

	

1.3 	Contributions	and	declarations	

The	entire	thesis	is	based	on	highly	collaborative	work.	In	the	first	part,	which	

constituted	the	main	part	of	my	PhD	work	I	collaborated	with	Hans	Herrman	

Wessels,	Alexandra	McCorkindale	and	Vedran	Franke.	Additional	contributors	

are	named	below	for	specific	contributions.	Hans	Herrman	Wessels	performed	

preliminary	data	analyses	and	supervised	me	in	doing	additional	preliminary	

analyses	(most	of	which	are	not	included	in	the	work	presented).	Alexandra	

McCorkindale	has	optimized	parts	of	the	method	to	isolate	RNA	from	fixed	and	

FACs	sorted	material.	In	particular	she	optimized	the	antibody	staining	prior	to	
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FACS	sorting	and	made	important	contributions	to	the	over	all	workflow	of	

DivMARIS.	A	preprint	of	her	paper	is	available	on	bioRxiv	in	which	the	

presentation	of	the	Method	makes	up	a	major	part	(McCorkindale	et	al.,	2018).	

Vedran	Franke	has	performed	the	major	part	of	the	computational	analysis	and	

also	mentored	me	in	performing	computational	analysis.	The	Vnd	Antibody,	

which	was	used	for	stainings	and	the	Vnd	Chip-seq	experiment,	was	optimized	

by	Lea	Daempfling.	The	Chip-Seq	data	were	generated	by	Ana	Luisa	Guimãraes.	

Ana	Veloso	performed	multiple	stainings,	more	than	are	included	in	the	thesis,	

including	in	some	cases	In	situ	probe	generation	and	related	fly	work.	The	initial	

concept	for	this	work	was	developed	by	Robert	Zinzen	and	was	refined	and	

further	developed	in	continuous	discussions	between	Robert	Zinzen,	Vedran	

Franke	and	myself.	I	optimized	the	vast	majority	of	the	DivMARIS	protocol,	

generated	all	RNA-Seq	data	used	in	this	study	and	some	of	the	biological	material	

used	in	(McCorkindale	et	al.,	2018).	I	generated	the	fly	lines	used	in	this	study,	

that	includes	vector	cloning	and	transgenesis	for	all	constructs	not	received	from	

third	parties.	These	are	referenced	were	applicable.	I	also	used	a	fly	line	

generated	by	Agniezca	Klawitter	(IC::GFP).	One	of	my	fly	lines	was	used	for	a	

fraction	of	the	data	in	(McCorkindale	et	al.,	2018).	I	perfomed	multiple	stainings	

not	taken	from	public	sources	and	generated	multiple	computational	plots	in	the	

main	text	and	the	appendix.	Work	that	includes	specific	contributions	from	one	

of	the	named	people	will	be	marked	throughout	the	thesis.	Please	be	aware	that	

it	was	not	feasible	to	do	justice	to	all	individual	contributions	as	some	are	much	

less	visible	than	others.	

	

In	the	work	presented	in	Chapter	2,	I	collaborated	with	members	of	the	

Rajewsky	group.	Nikolaos	Karaiskos	performed	the	vast	majority	of	the	

computational	analysis	for	the	publication	(N.	Karaiskos	et	al.,	2017).	He	

performed	all	the	initial	analysis	steps	to	generate	the	expression	matrices	and	

developed	the	entire	mapping	procedure.	Christine	Kocks	has	performed	the	

Drop-seq	runs	with	help	from	Jonathan	Alles,	Anastasiya	Boltengagen,	Salah	

Ayoub	in	the	Rajewsky	lab.	Claudia	Kippar	performed	some	of	the	stainings	

shown	in	this	part.	I	optimized	the	protocol	to	generate	the	material	for	

sequencing	and	generated	all	the	material.	I	also	analyzed	the	correlation	
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between	our	data	and	previously	published	data	with	the	nCounter®,	performed	

the	GO	term	analysis	and	generated	most	of	the	stainings	that	were	not	taken	

from	public	resources.	One	of	the	fly	lines	I	generated	was	also	used	in	this	work.	

The	conceptual	work	was	developed	in	continuous	discussions	between	

Nikolaus	Rajewsky,	Nikolaos	Karaiskos,	Christine	Kocks,	Robert	Zinzen	and	

myself.	This	work	was	published	(N.	Karaiskos	et	al.,	2017).	The	majority	of	the	

material	presented	here	was	copied	and	adapted	from	an	early	version	that	was	

submitted	to	Nature	Genetics	but	rejected	to	avoid	copy	right	issues.	

	

In both parts of this work I will use the pronoun "we" to reflect the collaborative 

effort. Specific contributions will be pointed out throughout the text and in the Figure 

legends. 

 

I	took	part	in	another	collaboration	with	the	Rajewsky	lab	that	was	a	

predecessor	for	the	work	described	in	Chapter	2.	In	this	paper	the	methanol	

fixation	method	to	preserve	the	molecular	state	of	cells	prior	to	Drop-seq	was	

presented.	In	this	work	the	conceptual	design	was	developed	by	Jonathan	Alles,	

Nikos	Karaiskos,	Samantha	D.	Praktiknjo,	Christine	Kocks	and	

Nikolaus	Rajewsky.	The	drop-seq	machine	was	established	by	Jonathan	Alles	and	

Stephanie	Grosswendt.	The	Methanol	fixation	optimization	and	material	

generation	of	vertebrate	cells	was	performed	by	Jonathan	Alles,	

Samantha	D.	Praktiknjo	and	Pierre-Louis	Ruffault.	The	computational	analysis	

and	package	were	generated	by	Nikolaos	Karaiskos.	The	drop-seq	runs	for	the	

single	cell	data	were	performed	by	Christine	Kocks	and	Samantha	D.	Praktiknjo	

with	help	from	Jonathan	Alles,	Anastasiya	Boltengagen	and	Salah	Ayoub	of	the	

Rajewsky	lab.	I	optimized	the	protocol	to	isolate	and	methanol	fix	Drosophila	

cells	and	provided	the	Drosophila	material	for	the	paper	(Alles	et	al.,	2017).	This	

work	was	vital	to	enable	the	second	part	of	the	thesis	but	it	is	not	presented	

here.	
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1.4 Results	

1.4.1 Transcriptome	profiling	in	neurogenic	tissues		

1.4.1.1 Introduction 

Previous	studies	have	utilized	genetic	perturbations	and	molecular	staining	

methods	to	study	specific	aspects	of	embryonic	nervous	system	development	

and	have	predominantly	focused	on	the	early	stages	(around	embryonic	stage	7	

to	9)	or	late	stages	(around	embryonic	stage	14)	of	the	developing	nervous	

system	(Chu	et	al.,	1998;	Jimenez	&	Campos-Ortega,	1987,	1990;	McDonald	et	al.,	

1998;	J	B	Skeath	et	al.,	1994;	Weiss	et	al.,	1998;	White,	1980).	An	emerging	

theme	from	these	studies	is	that	Vnd	and	Ind	are	necessary	and	to	some	degree	

sufficient	to	convey	column	specific	cell	fates	within	the	neurogenic	ectoderm	

context.	

These	studies	were	limited	to	the	examination	of	candidate	genes	or	

enhancer-reporter	expression	and	gross	phenotypes	in	wild	type	and	perturbed	

animals.	Therefore	the	extent	to	which	the	VC	is	transformed	to	an	IC	like	fate	

could	not	be	globally	assessed	and	the	extent	and	nature	of	the	cell	fate	

conversions	was	usually	limited	to	individual	marker	genes	and	not	examined	in	

depth.	Additionally	previous	studies	were	limited	to	the	early	waves	(wave	SI	

and	SII)	of	neuroblast	delamination	while	later	stages	of	neuroblast	

delamination	(waves	SIII	to	SV)	were	not	examined.	

Tissue	differentiation	is	an	extremely	complex	phenomenon	involving	the	

concerted	action	of	thousands	of	genes	and	their	products.	To	gain	deeper	

insights	into	the	processes	underlying	nervous	system	development	we	set	out	

to	profile	the	global	transcriptome	dynamics	underlying	these	processes	over	the	

course	of	neuroblast	delamination	waves	SI	to	SV.	Specifically	we	were	

interested	in	the	similarities	and	differences	between	the	transcriptomic	profiles	

of	the	intermediate	and	ventral	column	of	the	nervous	system	and	their	temporal	

dynamics.	Additionally	we	wanted	to	directly	challenge	and	test	the	validity	of	

the	ventral	dominance	model	by	eliminating	individual	components,	such	as	the	

supposed	key	ventral	column	determinat	Vnd,	and	evaluate	the	extent	to	which	

the	ventral	column	transforms	into	an	intermediate	column	state.	
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To	study	this	process	it	was	crucial	to	work	in	an	in	vivo	system	because	(i)	no	

system	has	yet	been	established	to	recapitulate	column	specific	NB	

differentiation	in	vitro.	(ii)	The	interplay	of	multiple	positional	cues	and	TFs	act	

in	concert	to	establish	column	specific	fates.	Since	the	factors	contributing	to	

dorso-ventral	pattern	formation	and	their	interplay	are	not	fully	understood	it	is	

not	clear	how	to	establish	in	vitro	experiments	that	recapitulate	the	in	vivo	

processes.	(iii)	It	is	also	unclear	in	how	far	the	interaction	between	anterior-

posterior	patterning	and	dorso-ventral	patterning	that	defines	specific	NBs	

would	behave	in	in	vitro	experiments.	Such	unknown	variables	might	skew	

experimental	results.	(iv)	A	crucial	question	we	wanted	to	address	is	in	how	far	

ectopic	expression	of	Ind	in	the	VC	upon	knockout	of	Vnd	reprograms	the	ventral	

column	to	an	intermediate	column	fate.	We	don’t	know	whether	cells	that	are	

already	primed	to	a	ventral	fate	become	reprogrammed	by	expression	of	Ind	or	

whether	naïve	cells	become	fate	committed	by	expression	of	Ind.	In	addition	we	

don’t	know	how	many	genes	follow	the	ventral	expansion	of	Ind	into	the	VC	and	

whether	those	genes	expand	ventrally	due	to	a	lack	of	repression	by	Vnd	or	due	

to	activation	by	Ind.	Therefore	it	is	not	possible	to	accurately	model	this	process	

in	vitro.			

To	isolate	RNA	from	neurogenic	cells	from	embryos	over	a	developmental	

time	course	an	elaborate	protocol	“DivMaris”	was	established	(McCorkindale	et	

al.,	2018).	This	protocol	utilizes	endogenous	reporter	gene	expression	or	

antibody	staining	as	markers	for	fluorescence	activated	cell	sorting	(FACS)	of	

formaldehyde	cross-linked	cells,	subsequent	reverse	cross-linking,	RNA	

extraction	and	RNA	library	construction	for	NGS.	

We	assessed	the	column	specific	transcriptomes	in	wild	type	flies	over	a	

timecourse	of	three	two-hour	bins,	4-6h,	6-8h	and	8-10h,	referred	to	as	early,	

middle	and	late	throughout	the	text,	encompassing	major	events	in	early	

neurogenesis	(Fig.	S.	1	A-B.).	We	delineated	IC	and	VC	specific	and	pan	

neuroectodermal	dynamic	expression	profiles.	For	technical	reasons	we	could	

only	profile	the	transcriptome	of	the	VC	in	the	Vnd	knockout	for	the	latest	

timepoint.	Contrary	to	our	expectations	we	found	that	the	neurogenic	profile	of	

the	VC	largely	gets	lost.	We	find	very	few	genes	that	follow	the	pronounced	

ventral	expansion	of	Ind.	Among	these	genes	we	found	a	candidate	TF,	Eyeless	
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(Ey),	which	likely	plays	an	important	unappreciated	role	in	the	establishment	of	

column	specific	fates.	We	further	extended	the	data	by	profiling	the	genome	wide	

binding	activity	of	Vnd	and	integrated	both	data	sets.	Our	data	suggests	that	the	

function	of	Vnd	is	not	merely	to	prevent	expression	of	Ind	and	other	

intermediate	column	genes	in	the	VC	to	permit	ventral	column	identity,	but	that	

Vnd	acts	as	both,	an	activator	of	a	multitude	of	ventral	column-specific	genes	and	

as	a	repressor	of	a	multitude	of	intermediate	column-specific	genes	and	non-

neurogenic	genes.	In	addition	we	identify	candidate	signaling	cascades,	such	as	

Hippo,	that	are	likely	to	play	important	unappreciated	roles	during	neuroblast	

development.	

1.4.1.2 Development of DivMaris 

In	this	study,	cells	of	two	distinct	tissues,	of	the	developing	Drosophila	

nervous	system,	the	IC	and	VC	were	isolated	in	order	to	extract	RNA	and	profile	

the	poly-A-selected	transcriptome.	In	order	to	obtain	cells	from	the	tissues	of	

interest	a	comprehensive	experimental	procedure	was	established	(Fig.	4).	The	

aim	of	the	protocol	is	to	enable	tissue	specific	cell	isolation	to	extract	high	quality	

RNA	while	preserving	the	molecular	state	of	the	cells.	The	protocol	utilizes	FACS	

sorting	to	isolate	tissue	specific	cells	and	the	cells	can	be	either	marked	by	

antibody	staining	or	endogenous	marker	gene	expression.	For	this	study,	the	

vast	majority	of	material	was	sorted	using	fluorescence	from	a	tissue	specifically	

expressed	DsRed	marker	gene	in	transgenic	embryos.	

In	brief,	the	final	workflow	is	as	follows	(outlined	in	Fig.	4):	(I)	Embryos	of	a	

specific	reporter	fly	line	are	collected	in	two-hour	bins	and	aged	to	the	desired	

time	point	before	further	processing.	(II)	Embryos	are	transferred	to	a	dounce	

homogenizer	with	ice-cold	buffer.	After	dissociation	of	embryos,	liberated	cells	

are	washed	and	fixed	immediately.	The	transferal	to	ice	cold	buffer	determines	

the	age	of	the	embryos	to	be	analyzed	(referred	to	as	timepoint	0).	Cells	can	be	

stored	for	up	to	five	days	after	fixation	and	washing	in	a	hypertonic	solution	

(RNA	later).	(III)	Cells	are	then	optionally	labeled	with	antibodies	(IV),	followed	

by	fluorescent	sorting	into	two	populations	--	cells	labeled	with	the	marker	or	

unlabeled	--	by	FACS.	The	labeled	material	is	further	purified	by	a	second	round	

of	FACS	sorting.	Cell	purity	was	assessed	by	a	third	round	of	FACS	sorting	and	
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microscopically.	Every	sample	enriched	for	the	marker	showed	>90%	purity.	

(VI)	The	material	is	reverse	cross-linked	by	a	protease	digestion	step	and	heat	

treatment.	(VII)	RNA	is	extracted	using	standard	procedures	and	used	for	NGS	

library	preparation	and	subsequently	sequenced	(for	a	detailed	description	of	

the	procedure	see	materials	and	methods	“Experimental	procedure	to	extract	

tissue	specific	RNA”).		

	

	

 Workflow of DivMaris. Figure 4.

Aged embryos expressing a marker gene are dissociated. The cells are isolated and fixed and are then 
separated into marker positive and marker negative populations using two rounds of FACS. Sorted 
cells are reverse cross linked to extract RNA to perform RNA-seq. 

1.4.1.3 Optimization of Fixation conditions for DivMaris 

In	order	to	preserve	the	in	vivo	transcriptomic	state	of	the	cells,	they	were	

fixed	with	paraformaldehyde	(PFA).	To	determine	effects	of	the	protocol	on	the	

RNA	and	the	quality	of	sequenced	material	and	the	effect	of	fixation	conditions	

on	the	overall	the	RNA	integrity	RNA	libraries	were	constructed	from	three	

conditions	using	8-10h	embryo	collections.	As	a	control	we	prepared	RNA	from	

embryos	immediately	shock	frozen	and	transferred	to	TriZol	for	RNA	extraction	

at	timepoint	0.	To	test	which	concentration	of	PFA	gives	the	best	results	we	

prepared	embryos	according	to	the	otherwise	final	protocol	and	fixed	the	cells	

with	either	1%	PFA	or	4%	PFA.	All	samples	were	prepared	in	triplicates	and	

pairwise	correlations	(transcripts	per	million	(TPM)	counts	at	the	gene	level)	

among	them	and	with	published	data	(Graveley	et	al.,	2011)	(E2-4h,	E4-6h,	E6-

8h,	E8-10h)	was	assessed.	The	data	correlated	highly	among	all	comparisons	but	

all	our	samples	correlated	best	with	the	time-matched	published	data	set	of	8h	to	

10h	embryo	collections.	The	samples	prepared	according	to	the	final	protocol	
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 DivMaris yields high integrity RNA  Figure 5.

A. Unnormalized gene level TPM count correlation among samples fixed with differing concentrations 
of PFA (1% or 4%), untreated samples and published data reveal highest correlation between 4% PFA 
fixed samples with control and published data. Samples were prepared from embryos aged to 8-10h, 
published data are aged to indicated time points. B. Samples treated with 4% PFA show consistently 
lower degrees of RNA degradation than samples treated with 1% PFA as measured by mRIN. C. 
Exemplary electropherogram of a sample prepared according to the DivMARIs protocol shows mild 
RNA degradation in comparison with a control sample. Bioinformatic analysis in A and B was 
performed by Hans Herrman Wessels.	

1.4.1.4 Generation of transgenic reporters for the isolation of column specific 
material 

In	order	to	be	able	to	gain	material	from	the	IC	and	VC	it	was	necessary	to	use	

reporter	genes	that	recapitulate	the	expression	of	the	tissue	defining	TFs,	

because	no	antibodies	existed	against	Ind	or	Vnd.	For	this	study	two	fly	lines	

were	generated	that	express	a	reporter	gene	in	the	tissue	of	interest	and	are	

otherwise	wild	type.	We	utilized	previously	reported	enhancers,	ind_1.4	(A	

Stathopoulos	&	Levine,	2005)	or	vnd_743	(Markstein	et	al.,	2004),	to	drive	DsRed	

reporter	gene	expression	in	the	IC	or	VC	respectively.	Hence	these	fly	lines	will	

be	called	IC::DsRed	and	VC::DsRed	respectively.	Tight	overlap	of	reporter	gene	

expression	with	endogeneous	gene	expression	and	protein	abundance	was	

verified	by	a	costaining	for	DsRed	expression,	ind	or	vnd	in	situ	hybridization	and	

Ind	or	Vnd	antibody	staining	across	the	relevant	time	course	(Fig.	6	A	-	B).	From	

early	stages	beginning	at	st.7/8	and	until	after	stage	12,	i.e		across	all	of	phases	

neuroblast	delamination,	the	reporter	gene	closely	tracks	the	expression	of	the	

columnar	marker	gene.	It	should	be	noted	that	the	protein	tends	to	be	expressed	

slightly	broader	with	age	as	the	expression	domains	of	the	marker	genes	refine,	

indicating	the	predurance	of	the	gene	product	and	the	faster	turn-over	of	the	

transcript.		
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 A transgenic system for extracting neurogenic columns. Figure 6.

Reporter gene expression faithfully recapitulates marker gene expression across the relevant time 
course. A. Ind Protein (blue), RNA (green) and IC::DsRed reporter gene (red) expression tightly 
overlap during stages 9 to late 11. B. Vnd Protein (blue), RNA (green) and VC::DsRed reporter gene 
(red) expression tightly overlap during stages 9 to 12. Embryos were imaged ventrally; anterior is left.*

1.4.1.5 Tissue specific cell isolation 
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 High purities of column-specific material  Figure 7.

DsRed positive cell are enriched to >90% purity by FACS. A. Two rounds of FACS are required to 
enrich DsRed+ cells from ~1.6% of events to >90% of events. B. Purity of DsRed+ cells is highly 
increased after two rounds of FACS as evident by the fraction of stained cells (compare bottom panel, 
sorted, with top panel, unsorted). A few residual DsRed+ cells are present in the material sorted against 
DsRed (middle panel). For every DsRed channel image signal intensity and sensor sensitivity was 
adjusted until a few pixels saturated.	

1.4.1.6 The vnd lesion and generation of vnd KO embryo material 

To	analyse	ventral	column	cells	in	vnd	mutant	embryos	an,	additional	fly	line	

was	generated	which	expresses	the	VC::DsRed	reporter	construct	in	a	Vnd	

knockout	background;	this	line	is	henceforth	called	vndΔ6;VC::DsRed.	For	this	fly	

line	the	published	vndΔ6	mutation	(Lefevre,	1981)	was	crossed	into	the	VC::DsRed	

fly	line	using	standard	genetics	crossing	schemata.	This	allele	was	reported	to	be	

a	protein	null	mutant,	but	the	exact	molecular	lesion	was	unknown	(Lefevre,	

1981).	Using	tiling	PCR	and	Sanger	sequencing	across	the	vnd	locus	in	animals	

carrying	the	mutation,	I	identified	the	causative	mutation	as	a	UGGàUAG	non-

sense	mutation	that	converts	a	tryptophan	to	a	premature	stop	codon	

(W398àAmber)	(Fig.	8	D.).	In	addition	to	the	available	genetic	evidence,	two	

features	make	this	mutation	a	true	amorph:	(i)	The	nonsense	mutation	preceeds	

the	DNA	binding	domain,	leaving	any	protein	made	unable	to	bind	DNA.	(ii)	The	

mutation	is	just	upstream	of	the	2nd	exon’s	splice	donor,	meaning	any	truncated	

protein	should	be	targeted	for	nonsense-mediated	decay	(NMD).		

The	vnd	gene	is	located	in	the	X-chromosome	and	null	mutations	in	it	are	

homozygous	lethal.	Therefore,	vndΔ6	was	maintained	in	a	heterozygous	

configuration	over	a	FM7c	balancer	chromosome.	As	a	result,	¼	of	embryos	

should	be	hemizygous	mutant	and	lack	a	wild	type	copy	of	vnd;	however,	these	

embryos	cannot	be	identified	visually.	To	identify	hemizygous	knockout	

embryos,	I	chose	to	use	a	marked	FM7c	balancer	chromosome	that	carries	an	

additional	transgene	(FM7c	(twi-Gal4>UAS-eGFP))	and	drives	eGFP	in	the	

presumptive	mesoderm	at	early	stages.	This	balancer	was	marked	by	twi-

UAS;Gal4-eGFP	expression	(Fig.	8	B.	left	panel).	This	was	used	to	isolate	GFP-	

embryos	(i.e.	hemizygous	knockout	embryos)	by	sorting	embryos	against	GFP	on	

a	large-particle	sorter	(Union	Biometrica).	To	this	end,	I	extended	my	protocol	as	

follows:	(I)	Embryos	of	the	Vnd	knockout	reporter	fly	line	are	collected	in	two-
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hour	bins	and	aged	to	approximately	1	hour	less	than	the	desired	time	interval	

before	further	processing.	(II)	The	embryos	are	dechorionated	and	transferred	

into	PBT	at	room	temperature.	(III)	The	embryos	are	vortexed	briefly	to	prevent	

embryo	clumping	in	the	solution.	(IV)	The	embryos	are	sorted	for	the	absence	of	

GFP	on	a	large	particle	sorter	(UnionBiometrica	BioSorter)	(Fig.	8	C.)	(For	a	

detailed	description	see	Materials	and	Methods	“Sorting	of	embryos	according	to	

genotype”).	(V)	The	purity	of	GFP-	population	was	examined	under	an	

epifluorescent	dissection	microscope.	Because	the	purity	was	not	reliably	above	

90%	residual	green	embryos	were	picked	and	discarded	by	hand	for	every	

sample	used.	With	this	procedure	we	approached	100%	GFP-	purity.	(VI)	Starting	

at	the	desired	time	point	the	remaining	procedure	was	identical	as	for	the	WT	

embryos.		

The	homozygous	mutant	embryos	were	identifiable	by	lack	of	faint	GFP	

expression	from	stage	9	onwards	(Fig.	S1	C.);	however,	reliable	and	sufficient	

signal	for	embryo	sorting	on	the	large	particle	sorter	was	reached	approximately	

at	st.	11	(Fig.	8	B.).	Therefore	the	earliest	time	interval	for	which	material	could	

be	obtained	was	8-10h	after	egg	deposition.	I	verified,	that	expression	of	the	

VC::DsRed	reporter	gene	was	unaffected	by	the	vndΔ6	mutation	and	that	ind	

expression	showed	the	expected	ventral	expansion	upon	knockout	of	vnd	(Figure	

8	A.).	I	also	verified	that	after	sorting	for	GFP-	embryos,	the	wildtype	allele	of	vnd	

was	strongly	depleted	in	the	obtained	embryo	population	to	the	point	that	

standard	sanger	sequencing	of	template	PCR	amlified	from	sorted	embryos	

yielded	clean,	unambiguous	signal	of	only	the	mutant	allele	(Fig.	8	C.).	We	are	

therefore	confident	that	homozygous	KO	embryos	could	be	obtained	with	high	

purity	and	that	the	tissue	marked	by	DsRed	in	the	KO_VC::DsRed	mirrors	the	

tissue	of	the	wild	type	fly	line,	but	is	characterized	by	absence	of	Vnd	and	ectopic	

expression	of	Ind.	
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 Embryo sorting yields pure hemizygous vnd!6 populations.  Figure 8.

A. Ind expression and protein abundance is expanded into the ventral column upon knockout of Vnd. 
Enhancer reporter expression is unaffected by the knockout of its natural target gene. Compare right 
panel (hemizygous vnd!6) with left panel (vnd!6/FM7c(twi>GFP)) representing wild type expression 
patterns. B. A twist-UAS::Gal4-Gfp marked balancer (left panel) is used to isolate homozygous Vnd 
mutant populations. At stage 11 heterozygous embryos are reliably labeled by GFP expression (left 
panel) while hemizygous vstynd!6 do not express GFP (right panel). Embryos were imaged ventrally; 
anterior is left. C. A large particle sorter is used to sort embryos against GFP based on green signal 
intensity to obtain a population of hemizygous vnd!6 embryos. D. Collected embryos show a high 
purity oft he knockout allele as determined by sequencing of ~40 embryos of unsorted (left panel) and 
sorted GFP- embryos (right panel) in two replicates. The lesion produces a premature 5’ UAG 3’ Stop 
codon. 

1.4.1.7 Spatio-temporal transcriptome profiling of neurogenic columns 
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vc-depleted	and	together	as	column-depleted	material	respectively.	(see	Table	1	

for	an	overview	of	samples	per	condition	and	time	point).	

All	biological	conditions	were	produced	at	least	in	duplicates	per	time	point	

(see	Fig.	S.	1	B.	for	stage	distributions	in	the	respective	time	bins	and	Fig.	S.	1	A.	

for	NB	delamination	waves	corresponding	to	the	collection	time	points).			

	

Table 1.  Numbers of replicates per condition 

Condition	 4-6h	 6-8h	 8-10h	

wt-ic	 2	 2	 3	

wt-vc	 3	 3	 2	

ko-vc	 -	 -	 4	

wt-ic-depleted	 4	 4	 4	

wt-vc-depleted	 3	 5	 4	

ko-vc-depleted	 -	 -	 4	

	

Examination	of	differential	expression	signal	for	genes	known	to	be	expressed	

or	not	expressed	in	one	or	both	of	the	neurogenic	columns,	in	combined	scaled	

raw	data	tracks	shows	strong	enrichment	only	in	expected	conditions	(Fig.	9	A.).	

Vnd	and	ind	are	highly	enriched	in	the	wt-vc	and	wt-ic	samples,	respectively,	

across	all	time	points.	Dichaete	(D),	a	pan	neuroectodermally	expressed	gene	is	

highly	enriched	in	both	wt-vc	and	wt-ic	across	all	time	points,	and	Mef2,	a	

mesodermal	transcript	is	enriched	in	wt-vc-depleted	and	wt-ic-depleted.	Ind	is	

slightly	enriched	in	the	ko-vc	in	comparison	with	ko-vc-depleted	while	Dichaete	

is	more	clearly	enriched	in	the	ko-vc.	The	mild	enrichment	of	ind	in	ko-vc	might	

reflect	the	fact	that	ind	is	not	as	efficiently	transcribed	in	the	ko-vc	as	in	wt-ic.	

Also	cells	expressing	the	Ind	protein	are	not	as	clearly	expanded	into	the	VC	in	

vndΔ6	embryos	at	stage	11	as	in	earlier	stages	(compare	figure	Fig.	6.	A	and	B.),	

which	should	be	reflected	in	RNA	abundances.	Interestingly,	vnd	transcripts	are	

present	in	the	ko-vc	sample,	albeit	at	a	lower	level	than	in	the	wild	type.	

Presence	it	self	is	not	surprising,	as	a	mutant	version	of	the	gene	is	expressed.	

However,	The	low	level	is	either	due	to	a	higher	degradation	rate	or	a	lack	of	

regulatory	input	either	by	Vnd	directly	or	indirectly	by	downstream	network	
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components	in	a	positive	feedback	loop.	Mef2	is	present	at	very	low	levels	in	the	

wt-vc	samples,	essentially	absent	from	the	wt-ic	sample	and	present	in	the	ko-vc	

sample.	Low	VC	presence	may	be	due	to	the	VC::DsRed	reporter	marking	the	

mesectoderm,	a	single	row	of	cells	at	the	boundary	between	the	neurogenic	

ectoderm	and	the	mesoderm.	However,	the	increase	in	expression	observed	in	

the	VC	upon	KO	of	Vnd	was	surprising,	as	there	are	no	known	molecular	

mechanisms,	such	as	vnd	repressing	more	ventral	genes,	that	might	account	for	

that.	

Initial	hierarchical	clustering	of	the	correlation	between	the	expression	values	

of	differentially	expressed	genes	showed	that	while	overall,	samples	clustered	by	

tissue	as	expected,	some	clustering	was	counter	expectation.	The	knockout	

samples	did	not	all	separate	from	the	column-depleted	samples	and	the	wt-ic	

and	wt-vc	samples	did	not	separate	completely.	We	performed	differential	

expression	analysis	on	these	data	using	DESeq2	(Love,	Huber,	&	Anders,	2014)	

on	all	pairwise	comparisons	of	conditions	and	found	strong	signatures	of	

differential	expression	between	plus	and	minus	conditions	and	between	wt-ic	

and	wt-vc	conditions.	Within	tissues	and	across	timepoints,	the	number	of	genes	

differentially	expressed	was	much	lower	(Fig.	S	2).		

Therefore	we	performed	a	batch	effect	correction	using	“Combat”	and	

considered	samples	from	different	time	points	but	same	tissue	condition	as	

replicates	(Johnson,	Li,	&	Rabinovic,	2007)	(for	details	see	Materials	and	

Methods	“DeSeq”).	To	evaluate	the	results	of	the	batch	correction	we	used	

hierarchical	clustering	of	correlation	values	of	differentially	expressed	genes	

between	tissues	collapsed	over	timepoints.		

In	the	final	version	of	the	corrected	data	four	major	clusters	appear	in	the	

hierarchical	clustering	analysis	(Fig.	9	B.).		The	wt-ic,	wt-vc	and	ko-vc	samples	

separate	clearly	from	each	other	and	from	the	column-depleted	samples.	

Because	the	batch	correction	was	performed	on	collapsed	time	points	temporal	

information	contained	in	the	data	is	reduced.	The	genes	used	for	hierarchical	

clustering	were	enriched	for	genes,	which	do	not	show	a	differential	temporal	

expression	pattern	for	reasons	mentioned	above.	Nevertheless	samples	still	

clustered	according	to	timepoints	to	some	degree	(Fig.	9	B.).	Importantly,	all	

column-depleted	samples	interspersed	in	the	clustering,	which	shows,	that	the	
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ko-vc-depleted	material	is	similar	to	the	wt-ic-depleted	or	wt-vc-depleted	

materials.	It	also	reflects,	that	the	marked	tissues	make	up	a	minor	fraction	of	the	

embryos.	Therefore	the	presence	or	absence	of	a	neurogenic	column	has	

negligible	influence	on	the	overall	signature	of	the	column-depleted	material.		
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 Resolving neurogenic transcriptomes with spatio-temporal specificity. Figure 9.

A. RNA-seq data from different tissues, developmental time points and genotypes at four tissue-
specifically expressed marker gene loci shows sequencing read enrichment as expected. Displayed are 
raw reads from combined replicates ≥2 replicates per sample, see Table 1 for details); sample color 
scheme as indicated. B. Hierarchical clustering of between sample distances, measured with the 
Spearman correlation coefficient of differentially expressed genes (Combat normalized data); sample 
color-coding as in (A). Note that column-depleted samples interspearse. This indicates that the identity 
of the depleted neurogenic column has negligible effect on these samples and that the effects of the vnd 
KO are confined to the ventral column. C. Enrichment of candidate genes indicated by log2 fold 
changes of column-specific over column-depleted samples recapitulates enrichment trends from raw 
data (Combat normalized data; compare panel C. to panel A.). In each case column specific and 
column depleted materials were matched (e.g. wt-vc / Wt-vc-depleted). The data processing behind 
this Figure was performed by Vedran Franke. The heatmap was plotted by Vedran Franke.	

Log2	fold	change	enrichment	of	normalized	gene	counts	recapitulates	the	

expression	trends	of	the	candidate	genes	(compare	Fig.	9	C.	to	A.).	vnd	is	highly	

enriched	in	wt-vc	samples,	ind	is	highly	enriched	in	wt-ic	samples,	Dichaete	is	

highly	enriched	in	all	column-enriched	samples	and	Mef2	is	depleted	in	all	

column-enriched	samples.	vnd	is	slightly	enriched	in	wt-ic,	whereas	ind	is	

depleted	from	wt-vc	material.	Indeed	vnd	is	expressed	in	three	IC	derived	NBs	

per	hemisegment	(Chu	et	al.,	1998).	Also	vnd	and	ind	are	coexpressed	in	a	single	

bilateral	anterior	patch	(Weiss	et	al.,	1998)	which	might	also	plays	a	role	in	the	

observed	expression	levels.	Mef2	is	only	mildly	depleted	from	ko-vc	samples	

which	might	indicate	a	loss	of	repression	of	mesodermal	genes	in	the	VC	of	Vnd	

mutant	embryos.	

1.4.1.8 Identification of neurogenic expression profiles 

We	analyzed	differential	expression	of	genes	between	samples	collapsed	over	

the	timecourse	to	maximize	statistical	power	for	constitutively	differentially	

expressed	genes	(for	details	see	Mat	Meth	“DeSeq”).	We	classified	genes	as	

differentially	expressed	by	thresholding	at	a	log2	fold-change	between	two	

conditions	of	>=	+-1	and	adjusted	p-value	lower	than	0.05.	We	classified	genes	

into	four	different	groups,	genes	exclusively	overrepresented	in	wt-ic	(group	

ICexc),	genes	exclusively	overrepresented	in	wt-vc	(group	VCexc),	genes	

overrepresented	in	wt-ic	and	wt-vc	(group	NEURO),	genes	consistently	

underrepresented	in	wt-ic	and	wt-vc	(group	MINUS)	and	genes	which	are	

overrepresented	in	the	ko-vc	but	not	overrepresented	in	wt-vc	(group	ko-

vcgained).	(see	Table	2	for	the	number	of	genes	in	each	group,	Table	20	(digital	
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appendix)	for	gene	lists	by	group	and	materials	and	methods	Table	8	“Definition	of	

tissue	specific	gene	sets“	for	definition	of	tissue	specific	gene	sets).		

Table 2. Number of tissue specifically expressed genes (gene sets). 

Gene	group	 Number	of	genes	(TF	subset)	

ICexc	 128		 (14)	

VCexc	 253		 (19)	

NEURO	 329		 (27)	

MINUS	 445		 (23)	

ko-vcgained	 2		 														(2)	

	

We	performed	gene	ontology	(GO)	term	enrichment	analysis	(Reimand,	Kull,	

Peterson,	Hansen,	&	Vilo,	2007)	on	these	gene	sets	(and	other	more	loosely	

defined	gene	sets)	for	biological	process,	cellular	compartment	and	molecular	

function	(Table	3	and	Fig.	S	3).	We	found	strong	enrichment	for	biological	

processes	relating	to	neurogenesis	in	the	NEURO,	ICexc	and	VCexc	groups,	such	as	

nervous	system	development,	trans-synaptic	signaling,	chemical	synaptic	

transmission	and	synaptic	signaling	in	NEURO;	stem	cell	fate	determination,	

neuroblast	fate	determination	and	neuroblast	fate	commitment	in	the	ICexc	group	

and	synapse	organization,	trans-synaptic	signaling,	mating	behavior	in	the	VCexc	

group.	Genes	enriched	in	ko-vc	compared	to	Ko-vc-depleted	(group	ko-vcup)	and	

genes	enriched	in	the	ko-vc	which	were	also	enriched	in	the	wt-vc	(ko-vcstay)	

showed	enrichment	for	neurogenic	terms	albeit	less	so	than	either	WT	

neurogenic	conditions,	indicating	that	lack	of	Vnd	in	the	ventral	column	does	

interfere	with	neurogenic	and	column-specific	aspects	of	expression.	The	top	

enriched	terms	in	ko-vcup	and	ko-vcstay	related	to	transcription	(Fig.	S	3).	The	

MINUS	genes	were	enriched	for	mesodermal	biological	processes	relating	to	

non-neurogenic	terms	such	as	muscle	development	and	others	(for	a	complete	

representation	of	GO	terms	see	Fig.	S	3)).	
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Table 3. Gene ontology enrichment for biological processes 

gene	set	
p-value	
(adjusted)	 Term	name	

ICexc	 0,00197	 neuroblast	fate	determination	
ICexc	 0,00493	 neuroblast	fate	commitment	
ICexc	 0,00493	 stem	cell	fate	determination	
ICexc	 0,0159	 stem	cell	fate	commitment	
VCexc	 4,96E-05	 G-protein	coupled	receptor	signaling	pathway	
VCexc	 0,000215	 synapse	organization	
VCexc	 0,000311	 trans-synaptic	signaling	
VCexc	 0,000311	 anterograde	trans-synaptic	signaling	
NEURO	 2,30E-08	 trans-synaptic	signaling	
NEURO	 2,30E-08	 anterograde	trans-synaptic	signaling	
NEURO	 2,30E-08	 chemical	synaptic	transmission	
NEURO	 2,54E-08	 synaptic	signaling	
MINUS	 2,51E-07	 mesoderm	development	
MINUS	 5,19E-07	 muscle	structure	development	
MINUS	 6,51E-06	 striated	muscle	cell	differentiation	
MINUS	 1,05E-05	 muscle	cell	differentiation	

1.4.1.9 Loss of Vnd leads to a loss of the neurogenic transcriptional profile and 
ventral column neuroblasts. 

We	mapped	the	z-scores	of	all	genes	in	the	WT	gene	sets	and	recovered	

expected	genes	in	these	classes	such	as	ind	in	ICexc,	vnd	in	VCexc	and	D	in	NEURO	

(Fig.	10	A.).	We	further	validated	other	identified	genes	by	examination	of	

expression	patterns	on	the	Berkeley	Drosophila	Genome	Project	(BDGP)	fly	in	

Situ	database	(http://insitu.fruitfly.org/cgi-bin/ex/insitu.pl)	such	as	huckebein	

(hkb)	and	eagle	(eg)	in	ICexc,	CG4328	and	fd69Ca	in	VCexc	and	prospero	(pros)	and	

asense	(ase)	in	NEURO	(Fig.	10	B.).	We	validated	two	candidate	genes	that	

followed	the	expected	expression	change	from	wt-vc-	to	wt-ic-level	in	ko-vc.	

Comatose	(comt)	a	gene	encoding	the	N-ethylmaleimide-Sensitive	Factor	1	

protein	which	is	involved	in	neurotransmitter	release	(Sanyal	&	Krishnan,	2012)	

is	a	gene	of	the	VCexc	group	but	is	not	enriched	in	ko-vc	and	pncr002:3R	

(CR33938),	a	lncRNA	of	unknown	function	in	the	ICexc	group	that	was	enriched	in	

the	ko-vc	(albeit	below	our	threshold)(Fig.	9	C.).		
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 The ventral column neuroblasts and the neurogenic transcriptional profile Figure 10.
are largely lost upon vnd kock out.  

A. Z-score heat map of expression levels of tissue specific gene sets. Multiple genes are specifically 
enriched in the IC or the VC or in both neurogenic columns while other genes are specifically depleted 
from the neurogenic columns. The ko-vc sample does not recapitulate any tissue specific 
transcriptional profile. Instead tissue specific gene sets are over or under represented to similar 
proportions in ko-vc. Fold changes between ko-vc and wt-vc illustrate that genes oft he VCexc group are 
largely lost. Genes of the NEURO gene set get lost to a lesser degree while genes oft he ICexc  and 
MINUS gene sets are gained to similar degrees. This suggests that the over all neurogenic profile in the 
ko-vc is lost and that it is not strictly transformed to a IC fate. B. Representative candidate genes of the 
defined gene sets (VCexc, ICexc, NEURO) validate expected expression patterns. Images taken from 
BDGP (http://insitu.fruitfly.org/cgi-bin/ex/insitu.pl). C. A few genes follow the expected VC to IC 
expression level transition in the ko-vc. Comatose and pncr002:3R were stained as representative for 
this group of genes. Dashed red line indicates the midline. D. Ventral column neuroblasts are lost in 
two independent vnd knockout lines at stage 9. Note that three bilateral rows of NBs are present in wt 
while only two rows are present in both knockout lines (dashed boxes are magnified below). This is 
accompanied by a larger gap around the midline (red dashed line). E. At early stage 11 (a stage 
included in the sequenced data) ventral column neuroblasts are also largely missing as evident by 
reduced numbers of cells costained by the VC::DsRed marker and wor (arrows). Dashed boxes are 
enlarged below. Embryos were imaged ventrally; anterior is left. The Heatmap in A. was generated by 
Vedran Franke. The wor staining of vndΔ38 in D. and the costainings of DsRed and wor in E. were 
generated by Ana Veloso. 

Interestingly,	the	expression	level	changes	between	ko-cv	and	wt-vc	did	not	

show	the	expected	trends	(Fig.	10	A.).	According	to	the	hypothesis	of	an	IC	to	VC	

fate	conversion	it	was	expected	that	genes	of	the	ICexc	group	should	become	

enriched,	genes	of	the	VCexc	group	should	be	lost	and	genes	of	the	NEURO	and	

MINUS	groups	should	remain	unchanged.	We	found	that	VCexc	genes	indeed	were	

largely	lost,	however	only	few	ICexc	genes	became	enriched	and	multiple	NEURO	

genes	were	lost	while	a	number	of	MINUS	genes	became	enriched	in	ko-vc.	

This	suggests,	that	the	neurogenic	fate	overall	was	lost	to	a	large	degree	and	

that	the	adoption	of	the	IC	fate	in	the	VC	of	the	Vnd	KO	has	limited	explanatory	

value	for	the	processes	taking	place.	

We	examined	neuroblast	abundance	in	the	developing	CNS	by	worniu	(wor)	

staining,	a	ubiquitous	NB	marker	(Ashraf	&	Ip,	2001),	in	wt	and	vnd	mutant	

embryos.	Indeed	the	number	of	NBs	was	strongly	reduced	in	vndΔ6	embryos	at	

multiple	stages	of	development	(Fig.	10	D-E	and	Fig.	13	C.).	At	stage	9	and	early	

11	the	NBs	of	the	entire	ventral	column	are	essentially	missing.	We	also	

validated	that	this	effect	is	not	caused	by	mutations	unrelated	to	vnd	that	might	

be	carried	by	the	chromosome	carrying	the	vndΔ6	mutation	by	comparing	it	with	

vndΔ38	embryos	(Fig.	10	D.)	(Chu	et	al.,	1998).	The	number	of	neuroblasts	

costained	with	the	VC::DsRed	marker	and	wor	at	early	stage	11	was	strongly	
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reduced,	explaining	the	loss	oft	he	neurogenic	expression	profile	(Fig.	10	E.).	Also	

at	stage	13	the	number	of	NBs	was	strogly	reduced	(Fig.	13	C.).	

We	also	analyzed	temporal	information	in	the	data.	To	this	end	we	asked	

which	genes	are	significantly	different	between	combinations	of	conditions	

between	4-6h	and	8-10h.	For	example	we	tested	these	expression	changes	in	a	

comparison	between	wt-vc	and	wt-vc-depleted	(Fig.	S.	4	A.).	We	found	only	very	

few	genes	that	are	differentally	expressed	between	4-6h	and	8-10h,	most	of	

which	changed	consistently	between	the	wt-vc	and	wt-vc-depleted	conditions.	

By	manually	comparing	our	data	with	expression	patterns	and	microarray	data	

on	BDGP	(http://insitu.fruitfly.org/cgi-bin/ex/insitu.pl)	we	found	that	all	

candidates	that	were	expressed	more	highly	in	the	early	timepoint	datasets	were	

in	agreement	with	reported	expression	changes.	For	the	genes	expressed	higher	

at	the	late	timepoints	the	general	trend	was	also	true	but	several	candidates	

were	particularly	highly	expressed	in	later	timepoints	than	what	we	aimed	for,	

i.e.	20h	and	later.	These	might	either	reflect	early	sublte	gene	expression	changes	

of	genes	which	become	highly	expressed	in	larva	or	differing	amounts	of	larva	

contamination	between	samples,	a	common	problem	of	timed	embryo	

collections.		

We	also	analyzed	the	expression	level	changes	between	6h	and	10h	column-

enriched	samples	(Fig.	S	4	B-C.).	Most	genes	did	not	show	a	pronounced	

expression	level	change	between	the	two	time	points.	A	few	genes	showed	

consistent	expression	level	changes	between	timepoints	in	both	WT-IC	and	WT-

VC	(Fig.	S	4	B).	These	genes	were	largely	in	agreement	with	expression	levels	on	

BDGP	for	both,	genes	that	increased	expression	levels	over	time	and	genes	that	

decreased	expression	levels	over	time.	Only	very	few	genes	showed	divergent	

expression	changes	between	the	column-enriched	samples.	One	gene	however,	

wntD,	stood	out	(Fig.	S	4	C).	It	was	much	higher	expressed	at	4-6h	in	wt-ic	than	

8-10h	in	wt-ic	and	mildly	higher	in	4-6h	wt-vc	than	8-10h	wt-vc.	Examination	oft	

he	expression	patterns	at	(http://insitu.fruitfly.org/cgi-bin/ex/insitu.pl)	showed	

that	this	genes	is	expressed	precisely	in	the	VC	at	4-6h	(stage	7	-10)	but	is	then	

restricted	to	the	mesectoderm.	This	suggests,	that	the	IC::DsRed	reporter	

captured	a	few	cells	of	the	VC,	presumably	those	residing	at	the	border.	

Therefore	in	the	4-6h	wt-ic	sample	wntD	was	detected,	later	however	wntD	
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expression	was	restricted	to	the	mesectoderm	and	therefore	the	IC::DsRed	

marker	did	not	capture	any	wntD	positive	cells.	Also	this	suggests,	that	although	

the	mesectoderm	has	a	strong	influence	on	VC	gene	expression	levels	in	our	data	

we	captured	relatively	subtle	expression	level	changes.	WntD	resides	at	an	

extreme	end	of	the	overall	expression	level	changes	oft	he	wt-vc	and	wt-ic	

comparison.	This	suggests	that	indeed	the	expression	levels	are	generally	

relatively	stable	across	the	profiled	time	course.	We	did	however	not	follow	up	

any	further	on	temporal	gene	expression	dynamics.	

Taken	together	this	suggests	that	the	data	is	of	high	quality.	We	identified	in	

vivo	transcriptomic	profiles	of	two	related	neurogenic	tissues	and	used	the	rest	

of	the	embryos	as	a	reference.	The	expression	profile	of	the	ventral	column	of	the	

Vnd	knock	out	does	not	closely	resemble	the	expression	profile	and	by	extension	

the	cell	fate	of	the	intermediate	column.	Instead	the	neurogenic	expression	

profile	largely	gets	lost.	This	is	reflected	by	largely	absent	ventral	neuroblasts	

throughout	the	profiled	time	points.		

1.4.2 Eyeless	(Pax6)	expands	into	the	ventral	column	in	Vnd	mutants	and	

influences	NB	proliferation.	

1.4.2.1 Examination of diferentially expressed transcription factors identifies 
missexpression of Eyeless in Vnd mutants 

We	examined	the	expression	patterns	of	transcription	factors	in	the	dataset	

and	found	that	83	fell	into	one	of	the	defined	gene	sets	(Fig.	S	5).		

Particularly	interesting	to	us	were	TFs	that	strongly	changed	expression	

levels	in	the	VC	upon	knockout	of	Vnd.	Several	TFs	were	strongly	enriched	in	wt-

vc	when	compared	with	wt-ic	but	depleted	in	ko-vc	in	comparison	with	wt-vc.	

Eve	is	expressed	in	VC	derived	NBs	1-1	and	7-1	and	IC	derived	NB4-2.	

Expression	in	the	VC	derived	NBs	was	always	lost	(Fig.	13	A).	Three	TFs,	ind,	

eyeless	(ey)	and	eagle	(eg)	showed	particularly	strong	wt-ic	enrichment	and	ko-

vc	enrichment	when	compared	with	wt-vc.	We	validated	this	expression	pattern	

for	ey	and	eg.	Eg	is	expressed	in	particular	IC	neuroblasts	starting	at	stage	11.	We	

could	not	detect	a	pronounced	change	in	the	number	of	the	eg	positive	

neuroblasts	in	the	Vnd	knockout.	However	the	number	of	cells	labeled	by	both,	

eg	and	vnd::DsRed	was	increased	(Fig.	S.	6).	This	presumably	reflects	the	
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et	al.,	2007).	It	is	conceivable	that	ey	has	a	major	impact	on	gene	expression	in	

the	embryonic	nervous	system.	To	our	knowledge	functional	roles	of	ey	in	NB	

development	in	the	ventral	nerve	cord	have	not	been	described	to	date.	

1.4.2.2 Ectopic expression of Eyeless in the ventral column phenocopies the Vnd 
mutant central nervous system 

Kammermeier	et	al.	showed	that	early	ectopic	pan	neuroectodermal	

expression	of	ey	had	severe	effects	on	the	nervous	system	(Kammermeier	et	al.,	

2001).	They	described	strong	reduction	or	disruption	of	longitudinal	connectives	

and	fused	commissures	at	embryonic	stag	14.	Notably	this	phenotype	closely	

resembles	the	described	phenotype	of	the	Vnd	knockout	CNS	phenotype	albeit	it	

was	described	in	later	embryos	(Jimenez	&	Campos-Ortega,	1987;	Dervla	M	

Mellerick	&	Modica,	2002).	To	test	whether	we	could	recapitulate	the	phenotype	

using	our	Vnd	mutant	we	performed	antibody	staining	against	horseradish	

peroxidase	to	label	the	embryonic	nervous	system	(Jan	&	Jan,	1982).	Indeed	we	

could	observe	both,	fused	commissures	and	reduced	longitudinal	connectives	

(Fig.	12	A.).		

The	CNS	phenotype	caused	by	ectopic	expression	of	ey	described	in	

(Kammermeier	et	al.,	2001)	was	caused	by	expression	of	UAS-ey	under	the	

control	of	a	scabrous-Gal4,	an	early	onset	(approx.	stage	5-6)	pan-

neuroectodermal	driver.	Two	other	neurogenic	driver	lines	driving	ey	in	later	

stages	of	neurogenesis	using	1407-Gal4	or	elav-Gal4	did	not	yield	noticeable	CNS	

defects	(Kammermeier	et	al.,	2001).	To	test	whether	VC	specific	expression	of	ey	

could	recapitulate	the	phenotype	we	engineered	a	genetic	tool	to	allow	

specifically	driving	expression	in	the	ventral	column	using	the	Gal4>UAS	system.		

For	this	purpose,	we	cloned		the	vnd_743	enhancer	(Markstein	et	al.,	2004)	in	

fromt	of	a	HSP70	minimal	promoter	driving	a	Gal4	activator	and	inserted	the	

constructs	using	P-element	mediated	transformation	into	the	Drosophila	

genome.	We	crossed	this	fly	line	with	a	UAS-ey	fly	line	(#F000616)	(Bischof	et	al.,	

2013)	to	express	ey	in	the	VC	and	analyzed	the	embryos	produced	(VC-Gal4;	

UAS-ey	embryos). 

Indeed	we	could	observe	a	CNS	phenotype	virtually	indistinguishable	from	

the	vnd	knockout	phenotype	showing	fused	commissures	and	reduced	

longitudinal	connectives	(Fig.	12	B.).	This	shows	that	expression	of	ey	in	the	VC	is	
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To	test	whether	a	knockdown	of	ey	in	the	VC	of	vnd	mutant	embryos	

alleviates	or	rescues	the	vnd	mutant	phenotype,	we	expressed	a	UAS-ey-RNAi	

construct	(Bloomington	#32486)	in	the	VC	using	a	VC-Gal4	driver	in	a	vndΔ6	

mutant	background.	We	stained	the	CNS	of	these	embryos	with	the	HRP	

antibody.	Contrary	to	our	expectations	we	found	that	the	phenotype	was	not	

reduced	but	worsened.	Despite	reduced	levels	of	ey	expression,	the	fused	

commissures	and	reduced	longitudinal	connectives	remained,	(Fig.	12	B.	4th	

panel)	but	in	addition	we	found	disrupted	commissures	and	fused	longitudinal	

connectives	(Fig.	12	B.	4th	and	5th	panel).	To	test	for	potential	artifacts	caused	

by	the	UAS-ey-RNAi	construct	we	expressed	it	under	the	control	of	an	IC-Gal4	

construct.	Kammermeier	et	al.	had	reported	that	they	did	not	observe	any	CNS	

phenotype	in	two	independent	ey	mutant	embryo	strains	or	in	ey	and	twin	of	

eyeless	(toy)	double	knockdown	embryos	(Kammermeier	et	al.,	2001).	Contrary	

to	that,	we	observed	variable	but	severe	CNS	phenotypes.	To	test	whether	these	

phenotypes	were	caused	by	artifacts	unrelated	to	the	knockdown	of	ey	we	

expressed	an	independent	UAS-ey-RNAi	construct	(Bloomington	#29339),	which	

targets	a	different	part	of	the	ey	transcript	in	the	IC.	We	observed	similar	

phenotypes,	suggesting	that	the	effect	is	related	to	the	downregulation	of	the	ey	

transcript	(Fig.	S	7).	

 Ectopic VC expression of ey phenocopies the vnd mutation, though vnd Figure 12.
expression remains unchanged.  

A. Anti-HRP staining of the developing CNS shows commissure (orange arrows, left panel) and 
longitudinal connective (blue arrows) phenotypes in embryos of different genotypes. Left: ventral 
view, right: lateral view. All embryos are stage 14 except bottom panel, which is stage 13. In WT 
embryos (top panel) anterior and posterior commissures are separated and longitudinal connectives 
appear smooth. In vndΔ6 embryos (2nd panel) anterior and posterior commissures remain fused and 
longitudinal connectives are weakened. Vnd-Gal4;UAS-ey embryos (3rd panel) phenocopy vndΔ6 
embryos for both, fused commissures and reduced longitudinal connectives. vndΔ6; Vnd-Gal4;AUS-ey-
RNAi embryos (4th and 5th panel) recapitulate both, fused commissures and reduced longitudinal 
connectives. In addition these embryos have fused longitudinal axon tracts or disrupted commissures 
(purple arows). B. Ind, ey, vnd triple ISH staining in WT and Vnd-Gal4;UAS-ey embryos. Ectopic ey 
expression does not efficiently repress vnd expression in the VC. Laser intensity and sensor sensitivity 
were kept constant for vnd measurements. Additionally Ind expression remains unchanged. Note that 
the embryo in the right panel is slightly younger than the one in the left panel. The Ind stripe 
modulation is not affected by ectopic Vnd-Gal4;AUS-ey expression (Data not shown). HRP staining of 
Vnd-Gal4;AUS-ey and vndΔ6; Vnd-Gal4;AUS-ey-RNAi embryos as well as Ind, ey, vnd triple ISH 
stainings were performed by Ana Veloso. 
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1.4.2.3 Ectopic expression of Eyeless in the ventral column leads to 
supernumerary Neuroblasts 

To	test	whether	eyeless	is	expressed	in	specific	neuroblasts	we	performed	an	

ey	+	eve	co-staining.	Eve	is	known	to	stain	individual	VC-derived	neuroblasts,	

specifically	NB1-1,	NB7-1	and	their	progeny	starting	at	st.10,	as	well	as	the	IC-

derived	NB4-2	and	its	progeny	starting	at	st.11.	NB4-2	has	been	proposed	to	be	

ey	positive	(T	Von	Ohlen	et	al.,	2007)	and	to	be	duplicated	upon	knockout	of	Vnd	

in	some	hemisegments,	at	both,	the	neuroblast	and	neuron	level	(Chu	et	al.,	

1998;	McDonald	et	al.,	1998).	Also,	the	development	of	NB4-2	should	coincide	

with	the	onset	of	ey	expression	during	stage	9	(Fig.	11	B.)	(C	Q	Doe,	1992).	

Therefore	it	is	plausible	that	ey	plays	a	crucial	role	in	NB4-2	specification	and	its	

duplication	in	Vnd	mutants.	We	confirmed	the	observation	by	Chu	et	al.	(Chu	et	

al.,	1998)	that	in	vndΔ6	embryos	NBs	1-1	and	7-1	and	their	progeny	were	never	

detected	(Fig.	13	A.).	However	it	seems	unlikely	that	ectopic	ey	expression	in	

these	NBs	is	responsible	for	their	loss.	These	NBs,	although	VC	derived	reside	in	

lateral	stripes	in	an	alternating	pattern	with	ey.	The	stripe	modulation	of	ey	

expression	is	maintained	upon	ventral	expansion	in	vndΔ6	embryos	(Fig.	11	B.	

and	Fig.	13	A.).	Therefore	ey	is	never	expressed	in	these	two	NB	and	hence	these	

NBs	must	be	lost	due	to	other	reasons.	We	validated	the	proposed	ey	expression	

in	NB4-2.	Starting	around	stage	11	IC-derived	NB	4-2	can	be	labeled	with	eve.	It	

expresses	ey	in	WT	and	in	Vnd	mutants	(Fig.	12	A.).	However,	we	also	detected,	

albeit	rarely,	duplication	events	for	NB4-2	(Fig.	13	A.	asterisk).		
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Next	we	asked	whether	NB1-1	and	7-1	are	lost	and	whether	NB4-2	is	

duplicated	upon	ectopic	expression	of	ey	in	the	VC	in	VC-Gal4>UAS-ey	embryos.	

Surprisingly,	we	never	detected	a	loss	of	NBs1-1	or	7-1	in	vnd-Gal4>UAS-ey	

embryos	labeled	with	the	eve	probe;	quite	in	contrast,	we	frequently	detected	

duplicated	NBs1-1,	7-1	and	4-2.	(Fig.	13	B.).	

We	further	examined	loss	or	gain	of	NBs	at	early	and	late	stages	(st.	9	and	13)	

of	development	globally	by	staining	against	wor	in	VC-Gal4;	UAS-ey	embryos.	

Surprisingly,	the	NB	pattern	of	VC-Gal4>UAS-ey	embryos	was	indistinguishable	

from	WT	at	st.	9	(compare	Fig.	12.	B.	with	Fig.	9.	D.).	Consistent	with	this,	in	stage	

13	embryos	we	could	observe	a	number	of	NBs	in	vnd-Gal4;UAS-ey	embryos	that	

	

 Ey is expressed in specific NBs and though ectopic expression does not Figure 13.
inhibit NB development it may increases their proliferation.  

A. Ey eve double ISH staining in WT and vndΔ6 embryos. Eve markes NBs 4-2, 7-1 and 1-1 in WT 
(left, 2nd to fourth panel). In vndΔ6 embryos NBs 7-1 and 1-1 were never observed (right, 2nd to fourth 
panel). NB 4-2 is marked by both, eve and ey in both, WT and vndΔ6 embryos (bottom panels). It is 
rarely duplicated in vndΔ6 embryos (asterisk). B. Eve ISH in WT and Vnd-Gal4;AUS-ey embryos. NBs 
7-1, 1-1 and 4-2 are eve positive and are never duplicated in early st.11 WT embryos (left panel). In 
Vnd-Gal4;AUS-ey embryos NBs 7-1, 1-1 and 4-2 are also eve positive, always present and frequently 
duplicated. C. Anti Wor staining in WT Vnd-Gal4;AUS-ey and vndΔ6 embryos. At stage 9 Vnd-
Gal4;AUS-ey embryos reveal a NB pattern identical with WT embryos (compare top right panel with 
Fig. 9. D. top panel). At st. 13 the number of NBs in Vnd-Gal4;AUS-ey embryos (bottom right panel) is 
similar to or higher than in WT embryos (top left panel) while it is greatly reduced in vndΔ6 embryos. 
Dashed boxes are magnified below in A. and B.. Eve and wor stainings in Vnd-Gal4;AUS-ey embryos 
(B.a dnC.) was performed by Ana Veloso. 
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was	comparable	or	higher	than	in	WT	while	the	number	of	NBs	in	vndΔ6	was	

markedly	decreased	(Fig.	13	C.).	

Together	our	data	suggests	that	ey	plays	an	unrecognized,	but	important	role	

in	Drosophila	CNS	development.	The	knockout	of	vnd	and	ectopic	ey	expression	

in	the	VC	produce	a	highly	similar	CNS	phenotype	around	stage	13	(e.g.	fused	

commissures,	reduced	longitudinal	connectives).	The	phenotype	of	the	CNS	

observed	in	Vnd	mutants	presumably	derives	from	the	loss	of	NBs.	However,	we	

suspect	that	the	mechanism	by	which	ectopic	ey	produces	a	similar	phenotype	as	

in	vnd-Gal4>UAS-ey	embryos	is	likely	different	as	these	embryos	have	and	retain	

similar	numbers	of	NBs	as	WT	embryos.	Also,	the	Vnd	Mutant	phenotype	in	part	

seems	to	be	independent	of	the	ventral	expansion	of	ey	expression	as	

knockdown	of	ey	in	the	VC	of	Vnd	mutants	did	not	alleviate	the	CNS	phenotype.	

Instead	the	phenotype	produced	by	ectopic	VC	expression	of	ey	likely	relates	to	

NB	identity	or	development.	The	high	frequency	of	NB	duplications	in	vnd-

Gal4;UAS-ey	embryos	suggests	that	ey	might	play	a	role	in	cell	proliferation	in	the	

CNS	similar	to	that	described	in	the	optic	lobe	(Morante	et	al.,	2011).	It	cannot	be	

excluded	that	NB	independent	properties	of	the	VC,	such	as	axon	pathway	

guidance	processes	or	signaling	processes	between	the	VC	and	the	mesectoderm	

are	also	altered	by	ectopic	expression	of	ey.	This	presents	further	possibilities	

that	might	explain	aspects	of	the	observed	phenotypes.	Contrary	to	previous	

reports	knockdown	of	ey	in	the	IC	produces	severe	CNS	phenotypes.	This	awaits	

further	validation	experiments	but	hints	at	important	unrecognized	roles	of	ey	in	

the	IC.	

1.4.3 Distinctive	expression	of	signaling	pathway	constituents	predicts	signaling	

activity	in	neurogenic	columns.	

We	examined	signaling	activity	in	the	developing	nervous	system.	To	this	end	

we	assembled	17	lists	of	signaling	cascade	constituents	from	the	Kegg	and	

Thieffry	data	bases	(Kanehisa	&	Goto,	2000)	(Appendix	Table	1).	We	

recapitulated	known	differential	expression	of	Dpp	and	EGF	signaling	

components	(Fig.	S.	8	A-B.).		

Dpp	acts	throughout	the	neurogenic	ectoderm	in	a	dose	dependent	manner	

with	lowest	levels	in	the	VC	and	highest	levels	in	the	LC.	Short	gastrulation	(sog),	
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a	Dpp	antagonist,	which	is	expressed	throughout	the	NE	with	highest	levels	in	

the	VC	from	stage	4-6	and	becomes	restricted	to	the	mesectoderm	at	st.	9,	

represses	ush,	a	Dpp	target	gene	and	the	anti-SMAD	Mothers	against	

Decapentaplegic	(Mad),	a	signal	transducer.	Also	pan	neuroectodermal	

expression	of	brinker	(brk)	represses	Dpp	activity	throughout	the	neurogenic	

ectoderm.	Together	sog	and	brk	lead	to	low	levels	of	Dpp	activity	in	the	NE	in	

comparison	with	the	dorsal	ectoderm	(Brown	et	al.,	2016).	Although	the	

described	processes	occur	earlier	than	the	collected	data	we	find	expression	

levels	consistent	with	the	model.	Sog	is	expressed	specifically	in	the	VC,	Dpp		

expression	is	higher	in	the	IC	than	the	VC	and	brinker	shows	high	levels	in	both,	

the	IC	and	VC	(Fig.	S.	8	A.).	We	also	find	thickveins	(tkv)	expressed	in	the	IC.	Tkv	

is	a	Dpp	receptor	that	requires	an	interaction	with	punt	to	be	activatable.	Punt	is	

ubiquitously	expressed	and	indeed	it	has	been	shown,	that	knockdown	of	tkv	or	

punt	leads	to	severe	embryonic	nervous	system	defects	(Ivanov	et	al.,	2004).	

Epidermal	growth	factor	receptor	(EGFR)	is	the	single	defining	receptor	of	the	

EGF	signaling	cascade.	EGFR	is	broadly	expressed	and	therefore	its	expression	is	

not	critical	for	spatial	regulation.	EGFR	signaling	plays	a	crucial	role	in	

patterning	of	the	Drosophila	neuroectoderm	(Golembo,	Raz,	et	al.,	1996;	J	B	

Skeath,	1998).	Rhomboind	and	Vein	are	expressed	in	the	mesectoderm	and	

ventral	NE.	The	cleavage	of	Spitz	by	Rhomboid	is	the	most	critical	regulatory	

step	in	EGF	signaling.	Vein	on	the	other	hand	is	constitutively	active.	Therefore	

the	VNE	and	the	mesectoderm	are	a	source	of	EGF	ligands	(Golembo,	Raz,	et	al.,	

1996).	Spitz	and	Vein	diffuse	across	several	cell	diameters	and	lead	to	EGF	

activation	in	the	VC	and	IC	(J	B	Skeath,	1998),	which	in	turn	leads	to	the	

expression	of	transcriptional	activator	pointed	(Golembo,	Raz,	et	al.,	1996),	the	

canonical	transcriptional	output	of	EGF.	Among	the	genes	which	are	expressed	in	

the	VNE	in	response	to	EGF	signaling	are	argos,	(mesectoderm	and	VNE)	

(Golembo,	Raz,	et	al.,	1996),	kekkon1	and	sprouty		(mesectoderm)	(Brown	et	al.,	

2016).	These	genes	are	inhibitors	of	EGF	signaling	and	play	roles	in	refining	and	

restricting	the	extent	of	EGF	activity	within	tissues	through	negative	feedback	

loops	(reviewed	in	Shilo,	2003,	2005).	Consistent	with	that	we	found	that	all	of	

these	genes,	rhomboid,	vein,	spitz,	argos,	kekkon1	and	sprouty	are	highly	

enriched	in	the	wt-vc	condition.	Although	EGF	signaling	is	also	involved	in	the	
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specification	of	the	IC	the	canonical	effector	pointed	is	constitutively	

underrepresented	in	the	wt-ic	conditions	and	around	average	expression	in	wt-

vc	conditions	(Fig.	S.	8	B.).	This	likely	reflects	that	non-neurogenic	tissues	

express	pointed	as	well	as	the	neurogenic	columns.	Rhomboid	as	indicator	for	

Spitz	activation,	Spitz	and	vein	were	underrepresented	in	the	IC,	consistent	with	

the	model	that	ligands	produced	in	the	midline	or	the	VNE	diffuse	towards	the	IC	

to	activate	EGFR	(Golembo,	Raz,	et	al.,	1996;	Rogers	et	al.,	2017).	The	target	

genes	argos,	kekkon1	and	sprouty	however	were	overrepresented	at	later	time	

points	in	the	IC	indicating	EGF	activation	(Fig.	S.	8	B.).	The	activation	of	these	

negative	regulators	of	EGF	signaling	indicate	a	role	of	the	IC	in	spatial	or	

temporal	refinement	of	EGF	activity.	

Encouraged	by	these	findings	we	sought	to	formalize	the	identification	of	

candidate	pathways,	which	might	be	involved	in	the	development	of	the	IC	or	VC	

and	are	affected	by	the	knockout	of	Vnd.	We	reasoned	that	in	such	signaling	

cascades	multiple	genes	might	be	differentially	expressed	and	therefore	

calculated	the	cumulative	expression	discrepancies	for	all	genes	per	pathway	

(Manhattan	distance),	normalized	these	distances	to	the	number	of	genes	per	

pathway	and	squared	the	result	to	enhance	interpretability;	the	“squared	

normalized	Manhattan	distances”	(see	Materials	and	Methods	“squared	

normalized	Manhattan	distances”).	We	also	compared	the	per-gene	distances	for	

several	condition	comparisons	for	the	gene	sets	in	the	17	signaling	cascades	with	

distance	distributions	of	genes	involved	in	signaling	cascades	or	metabolism	

taken	from	“reactome	pathways”	(N=4280	genes)(Croft	et	al.,	2011)	(see	

Materials	and	Methods	“Analysis	of	expression	distinctiveness	of	signaling	

cascades.“)	to	calculate	a	p-value.	This	identifies	sets	of	extremely	distinctly	

expressed	genes.	Strikingly,	many	signaling	cascade	gene	sets	from	our	manually	

assembled	list	showed	high	distance	values	as	reflected	by	significant	adjusted	p-

values	(Fig.	14.	A.	and	B.).	All	these	significantly	distinctly	expressed	signaling	

pathways	constitute	candidates	to	be	involved	in	neurogenic	columnar	fate	

determination.	
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 Manhattan distances of signaling cascades predict signaling activity in Figure 14.
neurogenic tissues.  

A. – B. The squared normalized Manhattan distance between expression levels of signaling cascade 
constituents between different wt tissues (A.) and between ko and wt tissues (B.) outlines signaling 
cascades with distinctly expressed constituents. P-values were calculated by comparing per gene 
expression discrepancies of each given pathway with discrepancies of reactome pathway genes for the 
same tissue comparison in each case. Pathways scoring high on either axis make for interesting 
candidate signaling cascades to be involved in columnar tissue differentiation. C. Validation of EGF 
signaling activity in the neurogenic ectoderm. dpERK marks cells activated by a receptor tyrosine 
cascade such as EGF. Rho as activator of EGF ligand spitz identifies cells activating EGF signaling. 
Cells are either autoactivated (white arrows) or activate neighboring cells (blue arrows). In the Vnd 
mutant rho and dpERK positive cells are missing in the ventral most area (right panel, orange arrows). 
Dashed boxes are magnified below. D. Validation of Hippo signaling in early NBs. Wor staining 
identifies NBs. Although Yki was difficult to image nuclear Yki and wor staining almost always 
coinside in stage 9 wt embryos. Note that cells with nuclear excluded Yki can be identified. These are 
wor negative (white arrow, left panel). In vnd mutant embryos Yki was even more difficult to image. 
Nuclear Yki could however be observed in NBs (white arrow right panel). We never detected nuclear 
Yki in cells negative for wor in wt or vnd mutant. Therefore absence of NBs coinsides with absence of 
nuclear Yki in vnd mutants. Dashed boxes are magnified below; left panel magnifications: two separate 
sections out of a z-stack. 

As	the	communal	downstream	cascade	of	all	receptor	tyrosine	kinases	

(reviewed	in	Shilo,	2014)	the	MAPK	pathway	has	the	most	constituents	and	is	

the	most	redundant	with	other	signaling	cascades	in	the	list.	It	contains	all	

constituents	of	the	EGF	pathway	for	example	(see	digital	Appendix	Table	1,	Data	

is	available	from	the	lab	upon	request.).	Therefore	it	has	the	highest	statistical	

power	in	the	analysis	and	the	lowest	p-values	in	most	comparisons.	Because	of	

its	redundancy	we	did	not	follow	up	on	this	cascade.			

Wingless,	a	secreted	glycoprotein,	is	the	canonical	ligand	of	the	Wnt/Wingless	

signaling	cascade.	It	acts	as	a	long-	or	short-range	morphogen	in	multiple	

developmental	processes	(Swarup	&	Verheyen,	2012).	Wingless	is	expressed	as	

segment	polarity	gene	in	alternating	stripes	with	engrailed	and	acts	as	a	short-

range	morphogen	in	the	neurogenic	ectoderm,	influencing	the	cell	fates	of	

neuroblasts	located	in	adjacent	stripes	(Chu-LaGraff	&	Doe,	1993).	It	is	

interesting	that	the	expression	levels	of	this	signaling	cascade	are	very	distinct	

between	IC	and	VC	and	are	strongly	affected	by	the	Vnd	KO	(Fig.	14	A-B.).	

Because	we	are	interested	in	columnar	differences,	the	known	role	of	canonical	

Wnt/Wingless	signaling	in	stripes	throughout	the	neuogenic	ectoderm	make	it	a	

less	favourable	candidate	for	our	analysis.	Wnt	inhibitor	of	Dorsal	(WntD)	

however,	a	more	recently	discovered	and	less	studied	member	of	the	Drosophila	

Wnt	family	(Llimargas	&	Lawrence,	2001)	is	expressed	precisely	in	the	VC	during	
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stages	7-11	(Fig.	S	10	A.).	This	gene	is	initially	expressed	in	the	mesoderm	and	

mesectoderm	starting	at	stage	5.	Then	expression	expands	into	the	VC	at	stage	7.	

Subsequently	expression	is	lost	in	the	mesoderm	around	stage	10	but	is	

continued	in	the	VC	until	stage	11.	Our	data	perfectly	recapitulates	this	

timecourse	of	expression	(Fig.	S	10	B.).	Notably	no	transcripts	were	detected	in	

the	ko-vc	condition.	WntD	is	known	to	both,	be	activated	by	nuclear	Dorsal	and	

to	negatively	regulate	nuclear	Dorsal	concentration	(Ganguly,	Jiang,	&	Ip,	2005;	

Gordon,	Dionne,	Schneider,	&	Nusse,	2005).	This	might	suggest	a	mechanism	that	

leads	to	the	observed	upregulation	of	mesodermal	genes	in	the	VC	of	the	Vnd	KO.	

Absence	or	low	levels	of	WntD	in	the	VC	might	allow	higher	nuclear	Dorsal	levels	

leading	to	the	activation	of	mesodermal	genes.	The	signaling	cascade	induced	by	

wntD	is	not	known	but	it	has	been	suggested	that	it	is	independent	of	the	

canonical	Wnt	signaling	component	armadillo	(β-catenin)	(Gordon	et	al.,	2005).	

It	is	also	interesting	to	note	that	a	phenotype	very	similar	to	the	vnd	mutant	CNS	

phenotype	has	been	described	in	wnt5	mutant	embryos,	including	fused	

commissures	and	reduced	longitudinal	connectives	(Fradkin	et	al.,	2004).	

	

1.4.3.1 EGF 

The	distinctive	expression	of	EGF	constituents	described	earlier	is	reflected	by	

a	significant	adjusted	p-value	in	the	wt-vc-depleted	vs.	wt-vc	and	the	wt-vc	vs.	

wt-ic	comparison.	Interestingly	EGF	signaling	has	high	distance	values	and	

strong	statistical	support	for	all	contrasts	in	the	vnd	knockout	analysis	(Fig.	14	

B.).	There	was	conflicting	evidence	regarding	whether	mesectodermal	or	VC	

expression	of	rho	is	necessary	or	sufficient	to	induce	IC	or	VC	fates	in	the	

neurogenic	context	(Golembo,	Raz,	et	al.,	1996;	Raz	&	Shilo,	1993;	Rogers	et	al.,	

2017;	J	B	Skeath,	1998)	which	makes	this	cascade	particularly	interesting.	We	

noticed	that	rho	expression	levels	are	slightly	lower	in	the	ko-vc	than	in	wt-vc	

(Fig.	S.	8	B.)	and	therefore	examined	the	patterned	expression	of	the	rho	

transcript	by	in	situ	hybridization	and	the	distribution	of	the	activated	EGF	

signaling	effector	molecule	ERK	using	an	antibody	against	its	dephosphorylated	

form	–	diphosphorylated	ERK (dpERK)	is	commonly	used	as	a	read-out	of	active	

MAPK	signaling.	To	our	surprise	we	found	rho	expression	in	putative	VC	NBs	
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starting	at	st.	9	which	was	absent	in	vndΔ6	embryos	(Fig.	S.	9).	At	stage	11	a	

pattern	of	rho-	and	dpERK-positive	putative	NBs	was	visible.	Such	cells	were	

arranged	in	angled	rows	of	~4	starting	at	the	midline	(Fig.	14	C.	left	panel	(white	

arrows)).	In	vndΔ6	the	two	most	ventrally	located	rho-,	dpERK-positive	cells	were	

largely	absent	(Fig.	14	C.	right	panel	(orange	arrows))	so	that	only	~2	rho	and	

dpERK	positive	NBs	residing	at	some	distance	from	the	mesectoderm	were	

present	(Fig.	14.	C.	right	panel	(white	arrows)).	Although	dpERK	was	difficult	to	

visualize,	most	rho-positive	cells	also	showed	dpERK	signal,	however	in	some	

cases	rho	positive	cells	did	not	show	dpERK	signal	and	some	dpERK	positive	

cells	did	not	show	rho	expression.	In	these	cases	rho	and	dpERK	positive	cells	

resided	next	to	each	other	(Fig.	14	C.	left	panel,	blue	arrows).	This	is	consistent	

with	the	model	that	cells	induce	EGF	signaling	in	neighboring	cells.	To	our	

knowledge	expression	of	rho	in	NBs	and	therewith	a	role	in	activation	of	EGF	

signaling	by	NBs	has	not	yet	been	described.			

1.4.3.2 Hippo 

Hippo	(Hpo)	is	among	the	pathways	with	the	largest	expression	level	

discrepancies	between	wt-vc	and	wt-ic	(Fig.	14	A.).	

Hpo	signaling	is	particularly	interesting	in	the	context	of	neuroblast	

development	because	it	is	generally	involved	in	growth	control,	cell	polarity	and	

cell	proliferation	(Staley	&	Irvine,	2012).	Hippo	constituents	are	very	

distinctively	expressed	between	all	wt	comparisons,	ko-vc	vs.	ko-vc-depleted	and	

ko-vc	vs.	wt-vc	(Fig.	14	A	-	B.)	with	strong	statistical	support.	It	is	however	not	

significantly	different	in	the	wt-ic	vs.	ko-vc	contrast.	This	suggests	that	the	Hippo	

signaling	cascade	is	in	distinct	states	in	the	average	cell	of	the	IC	and	VC	and	that	

the	VC	might	adopt	some	aspects	of	the	IC	state	of	the	Hpo	signaling	expression	

levels	upon	KO	of	Vnd.	

It	has	been	suggested	that	Hpo	signaling	is	active	in	NBs	at	st.11	and	nuclear	

exclusion	of	Yki	has	been	shown	specifically	for	maxillary	NB	6-4	(Becker,	

Renner,	Technau,	&	Berger,	2016).	Therefore	it	was	expected	that	Yki	is	in	its	

phosphorylated,	inactive	form	and	excluded	form	NB	nuclei	at	this	stage	in	

general.	Contrarily	we	observed	nuclear	Yki	localization	in	NBs	of	all	columns	of	

the	ventral	nerve	cord	at	stage	9	in	wt	(Fig.	14	D.	left	panel)	and	vndΔ6	and	a	loss	
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of	nuclear	Yki	in	the	VC	coinciding	with	a	loss	of	NBs	as	apparent	by	Yki+Wor	co-

staining	in	vndΔ6	embryos	at	st.	9	(Fig.	14	D.	right	panel).	Thus,	nuclear	

localization	of	Yki	seems	to	be	a	pervasive	feature	of	early	NBs	as	evident	by	

almost	perfect	co-staining	of	cells	for	of	Wor	and	nuclear	Yki	(Fig.	14	D.	

magnifications	left	panel).	In	contradiction	to	previous	reports,	we	also	find	

prevalent	nuclear	Yki	localization	in	stage	11	NBs	(Becker	et	al.,	2016)	although	

we	were	not	able	to	determine	how	pervasive	this	nuclear	localization	coincided	

with	Wor	staining	(Fig.	S.	11	A.).	Hence,	Nuclear	Yki	might	be	a	defining	feature	

of	early	of	proliferating	NB,	which	is	consistent	with	activated	Yki	expressing	the	

cell-cycle	promoter	CyclinE	(CycE),	a	canonical	target	of	activation	by	Yki	(Huang	

et	al.,	2005;	B.	Zhao,	Tumaneng,	&	Guan,	2011).	CycE	is	specifically	expressed	in	

NBs	starting	at	stage	9	(Fig.	S	11	B.).	This	establishes	inactive	Hpo	signaling,	and	

therewith	activated	nuclear	Yki	as	a	pervasive	feature	of	NB	development	and	

suggests	a	mechanism	by	which	proliferation	is	assured	and	the	observed	

volume	increase	is	achieved	in	early	NBs.	Specifically	it	has	been	argued	that	Yki	

induces	a	broad	increase	in	transcription,	targeting	thousands	of	genes,	thereby	

contributing	to	the	increase	in	cellular	mass	that	is	necessary	for	cell	growth	

(Hyangyee	Oh	et	al.,	2013).	Importantly,	the	dominant	Yki	signal	observed	in	NB	

nuclei	cannot	be	simply	a	result	of	increased	Yki	transcription	as	in	situ	data	

demonstrates	that	the	Yki	gene	is	ubiquitously	transcribed	at	all	stages	in	

question;	thus,	the	nuclear	NB	signal	has	to	be	post-transcriptional	and	likely	the	

result	of	a	specific	lack	of	Hippo	signaling	in	NBs.	

Taken	together	we	validated	two	of	two	tested	signaling	cascades	as	being	

involved	in	neurogenic	column	specification.	This	suggests	that	other	signaling	

pathways	showing	high	Manhatten	distance	values	and/or	good	statistical	

support	are	involved	in	neurogenic	tissue	specification	or	affected	by	the	

knockout	of	Vnd.	

1.4.4 Vnd	ChiP-seq	reveals	regulatory	interactions	in	the	developing	nervous	

system	

1.4.4.1 Vnd binds to known and novel regulatory targets 

As	discussed	in	section	8.4.2,	we	assessed	the	transcriptomic	state	of	VC	cells	

in	vnd	mutant	embryos,	initially	suspecting	we	would	find	a	(partial)	conversion	
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of	IC	to	VC	fate	and	gene	expression	signatures.	However,	we	were	surprised	by	

the	observed	general	loss	of	neurogenic	identity,	which	was	in	line	with	the	loss	

of	NBs	observed	(see	section	8.4.2,	Fig.	10	D-E.).	Not	only	did	VC	cells	lacking	Vnd	

not	gain	the	IC	signatures,	but	they	lost	both	their	VC	and	even	their	pan-

neurogenic	characteristics.	This	argues	that	the	TF	Vnd	is	responsible	for	much	

of	the	VC’s	neurogenic	character	and	does	not	simply	‘tweek’	its	identity.	

However,	in	how	far	the	observed	response	is	directly	or	indirectly	triggered	by	

Vnd	itself	remains	to	be	resolved.		

To	determine	the	genomic	binding	profile	of	Vnd	we	generated	Chip-Seq	data	

using	an	antibody,	raised	against	Vnd	by	Lea	Dämpfling	in	the	lab.	We	used	the	

early	timepoint,	4-6h	of	embryonic	development	in	two	replicates,	as	this	is	the	

time	we	expect	vnd	expression	levels	to	be	highest	and	the	neurogenic	programs	

to	unfold.	The	only	gene	known	to	be	direct	regulatory	target	of	Vnd	is	Ind.	We	

observed	Vnd	peaks	at	the	ind_1.4	enhancer	as	expected	from	previous	work	(A	

Stathopoulos	&	Levine,	2005;	L.-H.	Wang,	Chmelik,	&	Nirenberg,	2002;	Weiss	et	

al.,	1998),	as	this	enhancer	was	shown	to	be	directly	repressed	by	Vnd..	We	also	

detected	a	Vnd	binding	peak	at	the	ind	promoter	suggesting	additional	

repressive	regulation	of	ind	by	Vnd	(Fig.	15	A.	middle	panel).	Binding	of	Vnd	to	

the	ind	promoter	was	previously	unknown	to	our	knowledge.		

However,	we	also	found	high	levels	of	Vnd	binding	at	the	vnd	promoter	(Tsao	

et	al.,	1994)		as	evident	by	a	strong	peak	and	expected	binding	at	the	upstream	

enhancer	elements	(Cowden	&	Levine,	2003;	Jimenez	et	al.,	1995;	Saunders	et	al.,	

1998)	as	evident	by	weaker	peaks	and	previously	unknown	binding	at	the	

vnd_743	enhancer	as	evident	by	two	weak	peaks	(Fig.	15.	A.	left	panel).	This	

suggests	a	layer	of	Vnd	autoregulation	through	the	vnd_743	enhancer	in	addition	

to	previously	hypothesized	autoregulation	through	the	upstream	enhancer	of	

Vnd	(Cowden	&	Levine,	2003;	Jimenez	et	al.,	1995;	Saunders	et	al.,	1998).		

1.4.4.2 Vnd motifs are not the only motifs enriched in binding peaks 

Overall	we	identified	11280	Vnd	peaks	by	our	peak	calling	approach	(see	

Materials	and	Methods	“Chip-seq	analysis”).	Motif	enrichment	performed	on	the	

Vnd	peaks	revealed	15	motifs	with	strong	statistical	support	(Fig.	15	B.	and	S	12	

A.)	(for	details	see	Materials	and	Methods	“Motif	discovery”).	Motifs	1,	2	and	4	
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showed	strong	or	moderate	enrichment	at	peak	centers	while	motif	3	showed	

strong	enrichment	in	peaks	but	slight	depletion	at	peak	centers	(Fig.	15	C.).	

Motifs	1	and	3	are	low	complexity	dinucleotide	motifs	and	do	not	show	any	close	

resemblance	to	previously	reported	homeodomain	motifs	in	Drosophila.	Motifs	3	

and	4	however,	are	interesting.	

Motif	4,	though	low	complexity,		conforms	to	a	canonical	target	sequence	for	

GAF.	GAF	has	been	shown	to	physically	interact	with	Yki	(Hyangyee	Oh	et	al.,	

2013)	and	the	GAGA	motif	has	been	identified	as	a	distinguishing	motif	between	

developmental	and	“housekeeping	enhancers”	(Zabidi	et	al.,	2015).	And	presents	

a	potential	functional	link	from	Vnd	to	Yki	via	physical	interaction	with	GAF.	

Unlike	most	enriched	motifs,	which	were	of	low	complexity	(Fig.	S	12	B).		

(including	notifs	1,	3,	and	4),	motif	2	stood	out.	Highly	enriched	in	peak	centres,	

the	consensus	“CACTCNA“,	was	similar	to	previously	reported	Vnd	motifs,	which	

were	generated	by	DNAseI	footprinting	(Kulakovskii	&	Makeev,	2009;	

Kulakovskiy	&	Makeev,	2009)	or	bacterial	one	hybrid	assays	(L.	J.	Zhu	et	al.,	

2011).	Vnd	peaks	with	this	motif	showed	increased	sequence	conservation	at	the	

center	and	stronger	sequence	enrichment	in	Chip-seq	when	compared	with	Vnd	

peaks	without	this	motif	(Fig.	S.	12	C.).	Vnd	peaks	with	this	motif	were	

predominantly	located	at	transcription	start	sites,	followed	by	introns	and	

intergenic	regions,	as	were	Vnd	peaks	without	the	motif.	Exons	and	transcription	

terminator	sequences	showed	fewer	peaks	(Fig.	15	D.).	This	is	consistent	with	

the	observation	that	regulatory	regions	are	enriched	in	introns	(Kvon	et	al.,	

2014).	

1.4.4.3 Vnd and Eyeless may form a regulatory network using similar binding site 
sets 

Interestingly	motif	2	was	highly	similar	to	one	half	of	a	reported	eyeless	

binding	motif	(Fig.	15	B)	(Zhu	et	al.,	2011).	Ey	is	a	member	of	the	paired	box	

family	of	homeobox	transcription	factors	and	has	both,	a	homeodomain	and	a	

paired	domain.	We	asked	whether	Vnd	and	Ey	share	any	target	sites	in	the	

genome	and	indeed	found	frequent	overlaps	between	Vnd	and	Ey	genomic	

binding	when	comparing	our	data	to	published	Ey	ChiP-seq	data	from	larval	eye-

antenna	discs	(Fig.	16,	18	and	S	13	A.).	
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 Identification of genome wide binding patterns and a novel binding motif of Figure 15.
Vnd.  

A. Exemplary loci bound by Vnd show expected Vnd binding at vnd and ind upstream enhancers (pink 
bars, Cad4 data track) and the Vnd promoter (pink bar, Vnd peaks track) and novel binding regions. 
Overlaps between Vnd peaks and the Cad4 dataset (a set of identified enhancers compiled from several 
independent sources) identify candidate enhancers, such as VT51761.1 (yellow bar, Cad4 track), which 
are likely regulated by Vnd. Both enhancers used for reporter gene expression (vnd_743 and ind_1.4) 
are also targeted by Vnd. Scaled RNA-seq tracks from 8-10h conditions show tissue specific 
expression of Vnd target genes. Promoter peaks are highlighted with continuous opaque bars. B. 
Identification of a novel high complexity Vnd binding motif shows similarity and differences with 
previous reported Vnd motifs. The novel Vnd binding motif also shares similarity with one half of a 
reported Ey binding motif, suggesting similar binding behavior between the two genes. Motif 1 and 3 
are repetitive low complexity motifs. Motif 4 is the GAF target sequence C. Motif enrichment at Vnd 
peak centers. Motif 2 shows strong enrichment at peak centers supporting its role as Vnd bound 
sequence. Motif 1 and 4 also show mild enrichment at peak centers while motif 3 is depleted at the 
peak center in comparison to the remaining region. D. Peak distribution at genomic features shows that 
Vnd peaks have the highest prevalence at transcription start sites (tss) followed by introns and 
intergenic refions. Exons and transcription termination sites (tts) have a low prevalence of Vnd peaks. 
Peaks with Vnd motif 2 matches show a similar genomic distribution as peaks without this motif 
match. E. Boxplots indicate expression level changes for the defined gene sets, MINUS, NEURO, ICexc 
and VCexc as per Log2 fold change (log2fc) between ko-vc and wt-vc. Genes with Vnd Chip-seq peaks 
at the promoters change expression levels similar to other genes of the gene sets. TheVnd antibody used 
for Chip-seq was optimized by Lea Daempfling. The Vnd Chip-seq was performed by Ana Luisa 
Guimaraes, Data was processed and analyzed by Vedran Franke. 

 

We	found	a	strong	Vnd	peak	in	the	first	intron	of	ey	and	weaker	Vnd	peaks	at	

two	promoters	of	ey	(Fig.	15	A.	right	panel).	The	intronic	region	with	the	strong	

vnd	peak	was	identified	as	enhancer	“VT51761”	in	the	“Fly	enhancers	resource”	

(Kvon	et	al.,	2014)	and	was	shown	to	drive	an	expression	pattern	that	precisely	

recapitulates	endogenous	ey	expression	(compare	Fig.	S.	13	B	with	Fig.	11.	B.	top	

panel)	and	we	identified	an	exact	match	to	our	novel	vnd	binding	motif	

“gCACTCaAa	“	in	the	center.	This	suggests,	that	this	enhancer	element	drives	ey	

expression	in	the	IC	in	the	observed	stripe	modulated	pattern	and	that	Vnd	

binding	to	this	enhancer	mediates	repression	in	the	VC.	Accordingly	upon	

knockout	of	Vnd	the	ventral	repression	through	Vnd	is	expected	to	get	lost,	

thereby	explaining	the	ventral	expansion	of	the	ey	expression	pattern.	

We	also	found	that	Ey	and	Vnd	share	a	number	of	target	genes	(Fig.	16,	18	and		

S	13	B).	This	suggests	a	mechanism	that	might	be	accountable	for	the	similarity	

of	the	observed	phenotypic	similarity	of	a	vnd	KO	and	ectopic	ventral	ey	

expression.	We	derive	from	this	the	hypothesis	that	ey	plays	a	similar	role	in	the	

formation	of	columnar	identity	and	NB	specification	as	Ind	or	Vnd.	Specifically	

we	hypothesize	that	Ey	binds	a	number	of	Vnd	target	genes	and	others	and	
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imposes	its	regulatory	effect	on	VC	NBs.	Effectively	Vnd	cannot	establish	its	

expression	profile	because	it	competes	with	Ey	for	DNA	binding	at	multiple	loci,	

so	that	NBs	usually	shaped	by	Vnd	expression	are	misspecified.	In	both,	Vnd	

mutants	and	VC-Gal4>UAS-ey	embryos	a	similar	set	of	NBs	is	affected.	

Misspecification	or	a	lack	of	these	similar	sets	of	NBs	leads	to	similar	

phenotypes.	Next	we	examined	the	global	gene	expression	changes	of	the	gene	

sets	defined	above	(MINUS,	NEURO,	ICexc,	VCexc)	in	the	VC	between	the	wt	and	

Vnd	knockout.	We	compared	the	expression	level	changes	between	genes	with	

or	without	Vnd	binding	peaks	at	the	promoter	within	and	across	these	gene	sets.	

The	genes	bound	by	Vnd	perfectly	recapitulated	the	expression	level	changes	of	

all	genes	in	these	groups	(Fig.	15	E.).	This	to	some	degree	invokes	Vnd	as	both,	

activator	of	VC	specific	genes	and	repressor	of	genes	excluded	form	the	VC.	

We	therefore	conclude	that	we	found	a	novel	vnd	binding	motif	and	recovered	

in	vivo	binding	sites	of	Vnd.	We	identified	an	enhancer,	VT51761,	that	drives	

eyeless	expression	and	is	likely	responsible	for	the	ventral	expansion	of	ey	

expression	in	the	VndΔ6	fly	line.	Our	data	suggest	that	Vnd	and	Ey	share	a	

number	of	target	genes,	which	suggests	that	they	compete	for	DNA	binding	when	

expressed	in	the	same	tissue.	This	underpins	the	importance	of	Ey	in	the	

formation	of	a	subset	of	IC	derive	NBs	and	might	in	part	explain	the	similarity	of	

the	phenotypes	of	Vnd	mutants	and	VC-Gal4;UAS-ey	embryos.		

1.5 Discussion	

We	have	developed	a	method	for	isolation	and	transcriptome	profiling	of	

tissue	specific	material	extracted	from	developing	embryos.	We	employed	this	

method	to	profile	gene	expression	in	two	related	unperturbed	neurogenic	

tissues	over	a	developmental	time	course	covering	important	developmental	

events	and	in	a	tissue	mutated	for	its	putative	master	regulator	in	one	timepoint.	

We	analysed	the	transcriptomic	profiles	characteristic	of	these	tissues	and	

determined	similarities	and	differences	between	tissues	and	expression	

dynamics	across	time.	We	confirmed,	that	Vnd	indeed	acts	as	important	

regulator	of	the	ventral	column	fate	in	that	the	characteristic	transcriptome	

profile	of	its	column	gets	lost	upon	knockout.	We	also	infer	that	Ind	is	not	
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sufficient	to	convey	IC	identity	to	the	VC	upon	ventral	expansion	of	its	expression	

domain	in	the	Vnd	KO.	Instead,	neurogenic	identity	and	VC	NBs	are	largely	lost	

upon	KO	of	Vnd.	We	provide	evidence	that	Vnd	does	not	only	repress	Ind	to	

prevent	IC	specific	gene	expression	but	represses	a	large	proportion	of	IC	

specific	genes	directly.	Our	data	also	suggests	that	Vnd	acts	as	both,	an	activator	

of	neurogenic	and	ventral	column	specific	genes	and	as	repressor	of	

intermediate	column	specific	and	non-neurogenic	genes.	The	global	binding	

pattern	of	Vnd	indicates	that	both	activation	and	repression	might	be	direct	to	a	

large	degree.	We	identified	signaling	cascades	involved	in	neurogenic	

development,	such	as	Hippo	signaling	which	had	not	been	identified	to	be	

specifically	inactive	in	early	NBs	but	had	been	suggested	to	be	active	in	NBs	and	

influence	the	fate	of	specific	NBs	(Becker	et	al.,	2016).	Our	data	further	suggests	

that	temporal	gene	expression	changes	only	for	a	small	minority	of	genes	over	

the	short	(6-hr)	time	course	we	profiled,	the	vast	majority	on	the	other	hand	

seems	to	be	expressed	rather	continuously	throughout	the	observed	time	

window.		

We	identified	a	candidate	gene,	eyeless	that	is	expressed	in	specific	IC	

neuroblasts	and	likely	plays	a	crucial	role	in	NB	or	columnar	fate	determination.	

To	facilitate	this	process	Ey	appears	to	target	a	set	of	genes	that	overlaps	with	

Vnd	target	genes	and	we	believe	it	likely	that	Ey	and	Vnd	actually	act	through	a	

(partially)	shared	set	of	TF	binding	sites.	Accordingly,	Ey	might	also	play	a	role	in	

the	observed,	though	rather	limited,		“fate	conversions”	of	some	VC	NBs	to	a	IC-	

similar	fate	upon	loss	of	Vnd.	

1.5.1 DivMARIS	allows	for	isolation	of	tissue	specific	RNA	of	high	integrity	

DivMARIS	is	a	further	development	of	the	MARIS	protocol	(Hrvatin,	Deng,	

O’Donnell,	Gifford,	&	Melton,	2014).	The	MARIS	protocol	was	optimized	to	label	

cells	cultivated	in	vitro	and	it	had	not	been	shown	that	RNA-seq	libraries	could	

be	generated	from	subpopulation	of	specifically	labeled	cells.	DivMARIS	

combines	in	vivo	cell	isolation	with	chemical	fixation	and	isolation	of	tissue	

specific	cells	to	obtain	high	quality	RNA.	The	cells	can	be	purified	by	FACS	using	

in	vivo	marker	gene	expression	or	antibody	staining.	We	have	extensively	

optimized	and	streamlined	the	dispersion	and	fixation	procedure	and	simplified	
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the	MARIS	protocol.	We	showed	that	high	quality	RNA-seq	libraries	could	be	

generated	to	yield	highly	specific	expression	patterns	from	diverse	tissues.		

Previous	studies	have	attempted	to	resolve	tissue-specific	transcripotomes	in	

vivo	using	variations	of	the	INTACT	method	(Deal	&	Henikoff,	2011;	Henry,	

Davis,	Picard,	&	Eddy,	2012).	In	INTACT,	nuclei	are	sorted	using	a	tagged	

membrane-	or	nuclear	lamina	bound	protein,	which	can	be	tissue-specifically	

expressed.	An	advantage	of	intact	is	that	the	nuclei	isolation	is	purely	

biochemical	and	requires	no	time-	and	labour-intensive	FACS.	Tissue	specificity	

of	INTACT	usually	relies	on	Gal4>UAS-mediated	tissue	specific	expression	of	the	

tagged	component,	or	of	an	enzyme	like	a	biotin	ligase.	In	comparison,	The	

advantages	of	our	method	are	(I)	that	labels	can	be	generated	either	by	

endogenous	expression	or	antibody	staining	of	tissue	specific	cells.	(II)	

Combinations	of	marker	genes	can	be	used	to	increase	spatio-temporal	

resolution	of	the	tissues	to	be	isolated	or	to	isolate	different	cell	populations	

simultaneously.	(III)	Intracellular	staining	permits	isolation	of	cells	and	should	

be	compatible	with	isolation	of	nuclei	and	other	organelles	depending	on	stain	

localization	(although	we	have	not	explicitly	tested	this)	which	should	yield	

additional	spatial	(sub-cellular)	resolution.	(IV)	The	possibility	to	use	

endogenous	marker	expression	and/or	antibody	staining	permits	great	

flexibility	to	target	specific	tissues.	Although	we	have	not	tested	it	we	anticipate	

that	DivMARIS	is	compatible	with	UAS-Gal4	mediated	marker	expression.	(V)	

DivMARIS	allows	for	enrichment	of	rare	cell	types	at	low	costs.	For	example	

depending	on	developmental	age,	the	IC	makes	up	roughly	one	to	five	percent	of	

cells	in	an	embryo	and	we	were	able	to	enrich	marker	positive	cells	to	>90%	

(though	higher	purities	would	be	possible	primarily	at	the	cost	of	sorting	time).	

We	anticipate	that	even	scarcer	cell	types	can	be	isolated.	The	lower	bound	of	

cell	numbers	per	embryo	that	can	be	utilized	is	highly	dependent	on	the	

reliability	of	labeling	and	the	ease	of	producing	sufficient	numbers	of	embryos	

(i.e.	the	labeling	methods	and	the	health	of	the	parental	population).	Notably	we	

were	not	able	to	convincingly	isolate	IC	or	VC	specific	cell	populations	in	silico	

from	single-cell	RNA-sequenced	cells	of	6-8h	aged	embryo	populations	(data	not	

shown).		(VI)	DivMARIS	is	compatible	with	embryo	sorting	on	a	large	particle	

sorter	to	enrich	for	embryos	with	a	particular	genotype	by	use	of	a	separate	
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second	fluorescent	marker	(In	our	study,	we	used	GFP	to	mark	the	genotype	and	

RFP	to	mark	the	cell	type,	for	example).	(VII)	Importantly,	preservation	of	the	

molecular	state	by	formaldehyde	crosslinking	and	storage	in	RNAlater	allows	to	

collect	and	pool	material	from	several	collection	rounds	in	case	availability	of	

material	is	limited.	For	example	the	material	for	the	knockout	analysis	was	

collected	and	pooled	from	three	timed	collections	per	day	over	several	days.	We	

have	obtained	high	quality	RNA	from	samples	stored	in	RNAlater	for	up	to	five	

days	with	no	obvious	increase	in	RNA	degradation.		

The	point	of	crosslinking	preservation	is	an	important	one,	particularly	in	

embryogenesis.	In	our	developmental	system	for	example,	sorting	may	take	up	

to	several	hours	and	even	an	hour	may	mean	the	difference	between	unspecified	

cells	and	neuroblasts	that	have	delaminated	and	are	beginning	to	differentiate.	

This	problem	was	highlighted	in	one	of	the	early	INTACT	papers	by	the	

Hennikoff	lab	{Steiner	et	al.	},	where	mesodermal	material	from	3-5	hr	embryos	

was	analyzed.	Upon	closer	inspection	of	their	data	it	is	noticable	that	while	the	

signatures	are	clearly	mesodermal,	they	are	not	what	one	would	expect	from	3-

5hr	embryos,	as	early	genes	(e.g.	twi)	are	barely	expressed,	while	significantly	

later	genes	(e.g.	bin)	are	highly	expressed.	This	strongly	indicates	that	the	

INTACT-purified	material	continues	to	develop	after	cell	isolation,	which	might	

also	allow	for	additional	transcriptional	changes	due	to		loss	of	embryonic	

context	or	stress	responses.	Div-MARIS	avoids	this	issue	by	chemical	fixation	at	

the	time	of	cell	dissociation,	and	we	have	shown	that	stress	response	signatures	

are	not	elevated	compared	to	bulk-sequenced	embryos.	

The	limitation	of	DivMARIS	relate	to	tissue	resolution.	Increasing	resolution	to	

a	cellular	level	has	proven	to	yield	great	benefits	(e.g.	Karaiskos	et	al.,	2017;	

Kolodziejczyk,	Kim,	Svensson,	Marioni,	&	Teichmann,	2015).	At	the	same	time	

enrichment	for	tissue	specific	cells	prior	to	single-cell	RNA-sequencing	is	

desirable	to	gain	high	coverage	of	the	cell	population	of	interest	at	decreased	

costs.	Indeed	a	protocol	similar	to	Div-MARIS	was	developed	to	profile	distinct	

subtypes	of	cortical	neurons	in	the	developing	mouse	embryo	by	single-cell	RNA-

seq	(Thomsen	et	al.,	2016).		
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1.5.2 The	vnd	mutation	leads	to	a	los	of	the	neurogenic	transcriptional	profile	

and	ventral	column	neuroblasts	

We	obtained	the	transcriptomic	profile	of	two	related	neurogenic	tissues	over	

a	developmental	time	course	and	found	a	neurogenic	profile	common	to	these	

tissues,	as	well	as	IC	and	VC	specific	profiles.	Expression	levels	of	candidate	

genes	known	to	be	enriched	in	specific	tissues,	validation	experiments	and	GO	

term	enrichment	analysis	show	that	the	data	precisely	reflect	the	neurogenic	

tissues.	We	thereby	provide	hundreds	of	novel	candidate	genes	and	56	candidate	

lncRNAs	expressed	in	either	or	both	of	the	neurogenic	columns	during	NB	

development	and	their	temporal	expression	profiles.		

We	also	profiled	the	transcriptome	of	the	VC	in	Vnd	knockout	embryos.	

Strikingly,	we	found	an	expression	profile	exremely	distinct	from	both	wt	

columns.	Overall	the	shared	neurogenic	and	VC	specific	profiles	get	lost	and,	

contrary	to	the	Ventral	Dominance	model	of	an	IC	to	VC	fate	transformation,	only	

very	few	genes	specific	to	the	IC	expand	into	the	VC.	This	likely	reflects	the	fact	

that	in	the	Vnd	mutant	most	VC	NBs	fail	to	develop.	It	should	be	noted	that	this	is	

in	line	with	the	literature	as	it	has	been	pointed	out	that	90%	of	VC	NBs	are	lost	

in	Vnd	mutants	(J	B	Skeath,	1999).	

Previous	studies	have	utilized	genetic	perturbations	and	molecular	staining	

methods	to	study	specific	aspects	of	embryonic	nervous	system	development	

and	have	predominantly	focused	on	the	early	stages	(~stage	7	to	9)	or	late	

stages,	(stage	14	or	later)	of	this	process	(Chu	et	al.,	1998;	Jimenez	&	Campos-

Ortega,	1987,	1990;	McDonald	et	al.,	1998;	J	B	Skeath	et	al.,	1994;	Weiss	et	al.,	

1998;	White,	1980).	These	studies	have	led	to	the	model	that	Vnd	is	necessary	

and	sufficient	to	instill	the	ventral	column	fate.	In	part	it	does	so	by	delimiting	

ind	expression	to	the	ic,	where	ind	is	necessary	to	convey	intermediate	column	

fate	(McDonald	et	al.,	1998;	Weiss	et	al.,	1998).	For	Ind	it	has	not	been	proposed	

that	it	is	sufficient	to	convey	IC	column	fate,	presumably	because	the	proposed	

fate	conversions	in	the	VC	upon	knockout	of	Vnd	were	not	as	pervasive	as	in	

other	experiments.	Neverthelss	the	results	of	the	Vnd	knockout	were	interpreted	

as	yielding	neuroblast	fate	conversions	(Chu	et	al.,	1998;	McDonald	et	al.,	1998).	

The	fate	conversions,	so	the	model,	are	reflected	in	the	fact	that	neuroblasts	
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developing	from	the	VC	showed	marker	expression	according	to	neighboring	

neuroblasts	in	the	IC.	

An	alternative	model	is	also	concistent	with	the	existing	literature,	where	IC	

neuroblasts	become	duplicated	upon	the	knockout	of	vnd.	I	propose	that	the	key	

distinction	between	the	two	processes	is	that	in	the	fate	conversion	scenario	

cells	in	the	VC	are	committed	to	a	VC	fate	to	some	degree	prior	to	Ind	expression	

and	upon	Ind	expression	their	fate	is	transformed	to	an	IC	like	fate,	whereas	in	

the	duplication	scenario	cells	of	identical	developmental	potential	adopt	an	IC	

neuroblast	fate	in	pairs.	It	is	conceivable	for	example	that	the	proneural	clusters	

that	give	rise	to	IC	neuroblasts	are	enlarged	in	the	Vnd	knockout.	In	this	scenario	

lateral	inhibition	might	not	suffice	to	inhibit	NB	development	in	an	entire	cluster	

and	thus	two	cells	with	identical	developmental	potential	delaminate	in	some	

cases	from	individual	IC	proneural	clusters,	as	has	been	pointed	out	by	

McDonald	et	al.,	1998.	Wildtype	proneural	clusters	differ	substantially	between	

IC	and	VC	and	it	is	thought	that	this	in	part	accounts	for	distinct	NB	fates	

between	the	two	columns	(see	introduction	“Nervous	system	development”	and	

Fig.	2).	Indeed	in	the	vnd	knockout	proneural	gene	expression	in	the	VC	follows	

that	of	the	IC	for	ac	and	l’sc	(while	scute	has	not	been	tested),	resulting	in	

enlarged	expression	domains	for	these	genes	(J	B	Skeath	et	al.,	1994).			

Previous	studies	did	not	attempt	to	disentangle	between	the	two	possibilities	

of	duplication	or	fate	transformation.	Also	previous	studies	were	limited	to	the	

examination	of	candidate	genes	or	enhancer-reporter	expression	and	gross	

phenotypes	in	wildtype	and	Vnd	knockout.	Therefore	the	extent	to	which	the	VC	

is	transformed	to	an	IC	like	fate	could	not	be	assessed	globally	and	the	extent	and	

nature	of	the	alleged	cell	fate	conversions	was	not	examined	in	depth.		

In	contrast,	we	were	now	able	to	unveil	the	entire	transcriptomes	of	ventral	

column	cells	differing	only	in	terms	of	the	allelic	status	of	vnd.	The	described	fate	

conversion	of	IC	to	VC	fate	upon	KO	of	Vnd	was	far	from	complete.	It	affected	the	

early	NBs	of	delamination	wave	S1	and	S2	(-	further	efforts	would	have	to	be	

made	to	study	the	later		two	waves	in	depth).	Only	a	few	NBs	were	observed	to	

develop	in	the	VC	in	the	Vnd	KO	state	and	of	these,	only	a	subset	showed	miss-

expression	of	individual	marker	genes,	specific	to	their	neighboring	IC	NB.	For	

example	an	NB	at	the	location	of	NB1-1/2-2	formed	in	roughly	18%	of	the	
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hemisegments	and	of	the	observed	NBs	in	this	location	38%	expressed	the	

marker	of	the	adjacently	located	IC	NB	3-2	(svp-lacZ).	This	means	roughly	7%	of	

the	hemisegments	presented	with	a	NB	miss-expressing	markers	of	the	adjacent	

IC	NB	and	hence	a	“fate	transformation”	at	this	location	(notably	a	location	that	

holds	two	NBs	in	the	WT).	For	the	markers	tested,	the	missexpression	was	

consistent	between	NBs	and	their	derived	neurons	(Chu	et	al.,	1998).	Other	S1-

S2	NBs	showed	this	pattern	of	formation	and	marker	misexpression	to	a	similar	

degree	(Chu	et	al.,	1998).	However,	for	all	markers	tested,	the	NBs	observed	in	

the	VC	of	the	Vnd	KO	never	expressed	their	specific	wt	marker	genes.	Ectopic	

pan-neuroectodermal	expression	of	vnd	on	the	other	hand	induced	ventral	cell	

fates	in	the	IC	and	LC	to	a	larger	degree	with	the	IC	showing	much	stronger	signs	

of	fate	transformation	than	the	LC.	

In	our	data,	only	very	few	genes	show	the	pronounced	ventral	expansion	of	

Ind	into	the	VC.	In	addition,	the	slight	general	overrepresentation	of	IC	genes	in	

the	ko-vc	in	comparison	to	the	wt-vc	is	in	part	explained	by	a	general	positional	

shift	of	the	IC	to	a	more	ventral	location	without	a	pronounced	increase	in	the	

number	of	cells	expressing	Ind	as	evident	by	a	ventral	shift	of	Ind	positive	cells	

that	form	a	narrow	column	(compare	Fig.	8	B.	left	panel	with	right	panel).	The	

ventral	shift	of	eagle	positive	cells	without	an	apparent	change	in	their	overall	

number	follows	the	same	trend	(Fig.	S.	6.).	Notably	in	early	stages	(~stage	7)	the	

ventral	expansion	of	ind	into	the	VC	in	vnd	mutant	embryos	is	much	more	

complete	(Fig.	8	A.)	while	expression	becomes	more	narrow	at	later	stages	

(~stage	11)	(Fig.	7	B.).	This	suggests	that	the	IC	has	mechanisms	that	restrict	its	

expanse	that	are	independent	of	a	ventral	repression	by	Vnd.	Thereby	it	

generates	roughly	the	normal	number	of	NBs	in	a	narrow	band	but	the	overall	

location	of	this	narrow	band	is	shifted	ventrally.	This	is	accompanied	by	a	ventral	

shift	of	LC	NBs	as	well	(Figure	10	D.	and	E.,	note	the	ventral	shift	of	the	most	

laterally	located	NBs	in	vnd	mutants	in	comparison	to	WT	embryos).	Lateral	

inhibition	by	the	Notch	pathway	in	the	proneural	clusters	might	suffice	to	effect	

the	development	as	a	narrow	column	of	NBs,	while	a	lack	of	ventral	repression	of	

a	few	key	IC	genes	might	suffice	to	explain	the	ventral	shift	of	the	IC.	The	loss	of	

the	neurogenic	profile	in	the	ko-vc	condition	is	likely	explained	by	the	greatly	

reduced	numbers	of	NBs	present	in	this	tissue.	Notably	a	number	of	genes	
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relating	to	neurogenesis	are	expressed	in	the	epidermis	as	evident	by	the	

proneural	genes	of	the	AS-C.	This	in	part	explains	the	GO	enrichment	for	terms	

relating	to	neurogenesis.	It	is	likely	that	data	obtained	from	the	ko-vc	at	earlier	

timepoints	would	have	revealed	a	better	representation	of	genes	that	expand	

into	the	VC	and	it	is	conceivable	that	a	more	complete	representation	of	an	IC	

expression	profile	would	be	gained	at	earlier	time	points.	This	was	however	not	

possible	for	technical	reasons,	as	vnd	mutant	embryo	isolation	was	reliable	only	

from	stage	11	onwards.	

1.5.3 Vnd	is	required	for	lateral	inhibition	and	neuroblast	selection	

It	was	shown	that	neuroblast	formation	during	S1	and	S2	in	Vnd	mutants	fails	

precisely	during	the	phase	at	which	lateral	inhibition	by	the	Notch	signaling	

pathway	singles	out	the	cell	in	a		proneural	cluster	that	adopts	a	NB	fate.	

Whether	a	similar	mechanism	accounts	for	the	loss	of	later	NBs	is	not	known.	

It	was	shown	that	Vnd	is	necessary	for	expression	of	ac	in	all	rows	of	each	

hemisegment	in	the	VC	during	S1	(J	B	Skeath	et	al.,	1994).	Skeath	et	al.	tested	two	

genomic	regions	adjacent	to	ac	(Fig.	16	A.	&&;	B40	and	101H10)	in	reporter	

assays	and	found	that	both	of	them	account	for	aspects	of	ac	expression	in	the	

lateral	and	ventral	columns.	B40	closely	resembles	ac	expression	but	only	drives	

expression	in	individual,	or	sometimes	pairs	of	cells.	Therefore	Skeath	et	al.	

hypothesized	that	Vnd	plays	a	role	in	directing	higher	expression	levels	of	ac	to	

the	specific	cell	that	will	adopt	a	NB	fate	within	a	proneural	cluster	via	enhancer	

element	B40.	The	element	101H10	drives	an	expression	pattern	akin	to	ac	

expression	but	it	drives	expression	in	patches	of	multiple	cells.	For	both	of	these	

enhancers	reporter	expression	was	lost	exclusively	in	the	VC	in	Vnd	mutants.	

The	“Fly	enhancers	resource”	includes	several	fragments	hat	reside	within	the	

B40	and	101H10	enhancers	that	also	cover	Vnd	peaks	(VT54799,	VT54802,	

VT54805)	(Fig.	16	A.)	(Kvon	et	al.,	2014).		

The	expression	driven	by	VT54799	precisely	recapitulates	the	reported	

expression	driven	by	B40	and	VT54802	and	VT54805	together	recapitulate	the	

reported	expression	pattern	of	101H10.	At	the	same	time	the	Vnd	peaks	within	

these	enhancers	tightly	overlap	with	open	chromatin	regions	as	annotated	by	

CAD4	(Cusanovich	et	al.,	2018).	This	suggests	that	Vnd	is	an	important	positive	
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regulator	of	these	enhancers.	Ventral	expression	driven	by	the	encompassing	

enhancers	is	lost	upon	Vnd	mutation	(J	B	Skeath	et	al.,	1994).	Together	this	

strongly	suggests	that	Vnd	activates	expression	at	these	loci.		

L(1)sc	is	similarly	regulated	by	Vnd	but	its	expression	in	the	VC	is	only	

dependent	upon	Vnd	in	row	7,	while	its	expression	in	rows	1	and	5	is	normal	in	

Vnd	mutants	at	stage	8	and	9	(J	B	Skeath	et	al.,	1994).	Sc	expression	was	not	

tested	in	Vnd	mutants	so	far.	Sc	and	l(1)sc	both	have	strong	promoter	peaks	

accompanied	by	several	adjacent	peaks	that	overlap	with	annotated	enhancers.	

Together	this	suggests	that	Vnd	directly	regulates	AS-C	gene	expression	in	

proneural	clusters	through	several	enhancers	and	the	promoters	in	part	by	

activation.	Importantly,	the	stripe	modulation	of	the	reporter	gene	expression	

patterns	driven	by	Vnd	targeted	enhancers	illustrates	that	Vnd	cannot	be	the	sole	

regulator	but	that	additional	factors,	likely	segment	polarity	genes,	target	these	

enhancers	to	influence	their	expression	as	well.	

Vnd	was	also	shown	to	be	necessary	for	Enhancer	of	Split	Complex	(E(Spl)-C)	

gene	expression	at	stage	8	and	normal	E(SPL)-C	pattern	formation	at	stage	9	

(Kramatschek	&	Campos-Ortega,	1994).	We	provide	evidence	that	Vnd	also	

directly	regulates	multiple	genes	of	the	E(SPL)-C	at	multiple	enhancers	and	

promoters	(Fig.	16	B.).	At	the	same	time	several	E(SPL)-C	genes	are	strongly	

overrepresented	in	the	ko-vc	condition	suggesting	hyperactive	Notch	signaling	

(Figure	16	C.).	This	corroborates	earlier	findings	that	NB	development	fails	

during	lateral	inhibition	due	to	a	lack	of	Vnd	regulation	(J	B	Skeath	et	al.,	1994).	

Cells	that	receive	Notch	signaling	should	maintain	epidermis	fate.	Indeed	we	

found	an	increase	in	DsRed	positive	epidermis	cells	in	late	Vnd	mutant	embryos	

(Fig.	16	D.).		
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 Vnd directly regulates genes of the AS-C and E(SPL)-C.  Figure 16.

A. Two enhancers, B40 and 101H10 that have been shown to require Vnd for activation in the VC, are 
targeted by Vnd. The locations at which Vnd targets these enhancers overlap with enhancers of the Fly 
enhancers resource and chromating accessible regions as determined by Cusanovich et al. This 
demonstrates that Vnd binding at the AS-C is associated wih active transcription. Also Sc and l(1)sc 
are bound by Vnd at the promoter. Note also that Vnd binding coinsides with Ey binding at the ac and 
sc promoters. B. Vnd contacts multiple loci at the E(SPL)-C supporting its involvement in regulation of 
lateral inhibition. C. Heatmap of expression level Z-scores of E(SPL)-C and AS-C genes. Multiple 
genes of the E(SPL)-C are strongly upregulated in Vnd mutant embryos suggesting hyper active Notch 
signaling. D. DsRed labeling identifies epithelial cells that derive from Vnd expressing cells. In 
accordance with hyperactive Notch signaling Vnd mutant embryos show a severe increase in epidermis 
cells around stage 13. 

1.5.4 Vnd	activity	parallels	Nkx2.2	function	in	vertebrate	neural	tube	

development	

The	development	of	the	vertebrate	neural	tube	has	a	many	similarities	with	

the	early	development	of	the	Drosophila	nervous	system	(e.g.	reviewed	in		

Gomez-Skarmeta,	Campuzano,	&	Modolell,	2003).	Several	longitudinal	

expression	domains	are	established	along	two	opposing	dorsoventral	signaling	

gradients	and	several	homeobox	transcription	factors	that	define	the	cell	types	

of	their	expression	domain	in	vertebrates	are	closely	related	to	Vnd,	Ind,	and	Ey.	

Also,	the	relative	locations	of	the	respective	expression	domains	are	similar	(e.g.	

revewed	in	Gomez-Skarmeta	et	al.,	2003).	The	vertebrate	Eyeless	(Pax6)	for	

example	is	expressed	in	a	region	dorsally	abutting	the	Nkx2.2	expression	region,	

the	closest	Vertebrate	ortholog	of	Vnd.	Kutejova	et	al.	described	the	topology	of	

the	gene	regulatory	network	that	establishes	the	expression	domains	in	

vertebrates	and	proposed	that	the	network	works	by	a	“selection	by	exclusion”	

mechansim	with	four	characteristic	design	features	(Kutejova,	Sasai,	Shah,	Gouti,	

&	Briscoe,	2016).	First,	broad	and	promiscuous	acting	activators	promote	all	

alternative	cell	fates	in	the	neurogenic	tissues	(‘competence’).	Second,	cell	

identity	is	determined	by	repressors	that	establish	a	dense	gene	regulatory	

network,	which	assures	that	cells	adopt	one	fate	by	repression	of	all	alternative	

fates.	Third,	fate	selection	is	facilitated	not	only	by	repression	of	the	“master	

regulators”	but	also	repression	of	a	great	number	of	downstream	effectors	of	

alternative	fate	master	regulators.	Fourth,	repressive	input	for	target	gene	

expression	is	generally	distributed	across	multiple	CRMs.		
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Because	of	the	multitude	of	parallels	between	Vertebrate	neural	tube	

development	and	Drosophila	neurogenic	ectoderm	development,	it	is	interesting	

to	examine	in	how	far	these	design	principles	are	also	implemented	in	the	

Drosophila	system.	Indeed,	existing	evidence	permits	the	view	that	the	same	

patterning	mechanisms	are	at	play	and	our	study	adds	a	layer	of	information	that	

fits	with	this	model.	Dorsal	is	thought	to	initiate	a	broad	activating	gradient	in	

ventral	regions	and	the	neurogenic	ectoderm	(A	Stathopoulos	et	al.,	2002;	

Angelike	Stathopoulos	&	Levine,	2002)	while	Vnd	and	Ind	are	thought	to	

predominantly	act	as	repressors	(Cowden	&	Levine,	2003;	Koizumi	et	al.,	2003;	T	

Von	Ohlen	et	al.,	2007;	Weiss	et	al.,	1998).	It	has	been	shown	for	example	that	the	

repressive	activities	of	Vnd	and	Ind	are	necessary	and	sufficient	to	establish	their	

expression	in	lateral	domains	in	response	to	the	nuclear	Dorsal	gradient	and	that	

both	repress	all	other	dorsoventrally	located	cell	fate-determining	TFs	in	a	

pattern	called	“Ventral	dominance”	(Cowden	&	Levine,	2003).	It	was	however	

unknown	whether	repression	of	alternative	cell	fate	determining	TFs	is	

accompanied	by	repression	of	downstream	targets	of	those	same	TFs	or	whether	

each	cell	fate	determining	TF	activates	genes	specific	to	its	own	expression	

domain	(Fig.	16	A.	and	B.).	Previous	studies	addressing	neurogenic	ectoderm	

development	in	Drosophila	were	largely	limited	to	the	examination	of	candidate	

genes	and	enhancers.	By	profiling	tissue	specific	gene	expression	and	Vnd	

binding	profiles	at	a	genome	wide	level,	we	provide	evidence	that	Vnd	targets	a	

large	number	of	promoters	of	genes	specifically	expressed	in	the	IC	domain	(as	

well	as	genes	expressed	outside	of	the	VC	and	IC	domains)	that	become	de-

repressed	upon	knockout	of	Vnd,	thereby	indicating	that	multiple	effector	genes	

acting	downstream	of	Ind	and	others	are	repressed	by	Vnd	(Fig.	15	E.).	Although	

our	analysis	is	so	far	limited	to	promoters	and	intronic	regions,	we	anticipate	

that	this	trend	becomes	even	more	apparent	once	enhancers	are	taken	into	

account.	

	In	the	vertebrate	model	a	similar	pattern	was	found.	Nkx2.2	acted	exclusively	

as	repressor	and	targeted	multiple	effector	genes	of	all	alternative	neurogenic	

expression	domains.	This,	so	the	model,	reflected	the	necessity	for	the	cell	fate	

selecting	TFs	to	overcome	the	activatory	input	deployed	by	a	broad	acting	

activator	of	all	alternative	cell	fates	(Fig.	16	B.	or	D.).	We	have	not	systematically	
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profiled	the	overlap	between	Vnd	and	Dorsal	or	Ind	target	genes	but	it	seems	

likely	that	a	similar	mechanism	is	at	play.	

Also	we	find	that	Vnd	binds	a	large	number	of	genes	specific	to	its	own	

expression	domain	(Fig.	15	E.),	similar	to	Nkx2.2	in	the	vertebrate	model.	This	

suggests	that	Vnd	is	not	a	dedicated	repressor,	but	may	even	act	as	a	context-

specific	activator	involved	in	the	regulation	of	actively	transcribed	genes.	This	is	

supported	by	the	observation	that	in	the	absence	of	Vnd,	ventral	column	

expressed	direct	targets	of	Vnd	are	diminished	(Fig.	15	E.).	Together,	this	

suggests	that	Vnd	acts	as	both,	an	activator	of	VC	specific	genes	and	a	repressor	

of	non-ventral	column	specific	genes.	Vnd	has	indeed	been	described	to	be	able	

to	act	as	both,	but	while	the	repressor-activity	observed	was	demonsrated	in	

terms	of	specific	transgenes	for	ectopic	expression	and	specific	reporter	genes	

(Cowden	&	Levine,	2003;	Koizumi	et	al.,	2003;	Weiss	et	al.,	1998),	Vnd	as	an	

activator	was	described	as	a	protein-isoform	specific	response	in	tissue	culture	

(A.	Stepchenko	&	Nirenberg,	2004;	Z.	Yu	et	al.,	2005).	It	would	be	interesting	to	

further	examine	whether	activation	by	Vnd	plays	a	role	during	VC	fate	

determination	and	whether	activation	might	be	an	isoform-specific	result,	or	

potentially	a	‘context’	specific	response	that	depends	on	features	such	as	

additional	DNA	motifs.	However	for	Nkx2.2	in	vertebrates	it	was	shown	that	the	

repressive	function	mediated	through	groucho	interaction	was	sufficient	to	

establish	the	identity	of	its	expression	domain	and	that	it	repressed	genes	

specific	to	its	own	expression	domain.	Kutejova	et	al.	suggested	that	the	

distinctive	expression	of	the	divergent	gene	sets	are	determined	by	variations	in	

repressive	strength	exerted	on	individual	target	genes,	arguing	that	each	

transcription	factor	represses	genes	characteristic	of	its	own	tissue	to	a	lesser	

degree	than	genes	characteristic	to	all	neighboring	tissues.	Thereby	the	

repression	exerted	on	genes	specific	to	a	TF's	own	expression	domain	may	be	

overcome	by	broad-acting	activators	(Fig.	16	E.)(Kutejova	et	al.,	2016).	Our	data	

does	not	allow	us	to	distinguish	between	the	two	possibilities	that	Vnd	acts	

solely	as	repressor	or	also	as	activator	(Fig.	16	D.	or	E.).	However,	if	we	can	

assume	that	Vnd	ChIP-seq	signal	can	be	taken	as	an	indicator	of	repressive	

strength	(which	has	been	taken	as	such	in	the	liteature,	but	is	not	necessarily	

true),	then	it	should	be	noted	that	we	do	not	see	an	obvious	correlation	of	
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 Possible network topologies that might install IC and VC specific expression Figure 17.
profiles. 

In all models Vnd and Ind cross-repress each other (blunt end arrows), as is established. Our data 
permits to exclude models A. and B. while we currently cannot distinguish between models C and D. 
A. Ind and Vnd activate genes specific to their expression domains (solid arrows) while not repressing 
genes of alternative expression domains. B. Vnd and Ind repress genes of alternative expression 
domains. Both, IC and VC specific genes are activated by a broad acting activator, e.g. Dorsal. Genes 
outside the NE might or might not be activated by the same broad activator (dashed activation arrow) 
C. Vnd and Ind activate genes specific to their own expression domains and repress genes specific to 
alternative expression domains. An additional broad activator miay or may not target the same genes. 
D. Vnd and Ind weakly repress genes specific to their own expression domains (dashed blunt end 
arrows) while they strongly repress genes of alternative expression domains. The weak repression is 
overcome by a broad acting activator, e.g. Dorsal. Genes active outside the NE might or might not be 
activated by the same broad activator. This model represents the activity of Nkx2.2 and others in the 
vertebrate neural tube. 

	

We	also	find	that	Vnd	binding	is	often	prevalent	at	promoters	and	multiple	

enhancer	elements	of	target	genes	(Fig.	15	A.,	16	A-B.	and	18).	The	exact	

expression	pattern	of	developmental	genes	is	often	regulated	by	multiple	

enhancer	elements	(Scott	Barolo	&	Levine,	2010;	Levine,	2010).	Kutejova	et	al.	

found	that	co-expressed	TFs	often	targeted	distinct	enhancer	elements	of	

individual	genes	while	mutually	exclusively	expressed	cell	fate	selector	TFs	

targeted	overlapping	sets	of	enhancers	of	individual	target	genes	(Kutejova	et	al.,	

2016).	Enhancers	bound	by	Vnd	are	oftentimes	also	targeted	by	Ey,	

preferentially	at	the	exact	same	location	(Fig.	16	A-B.,	Fig.	18,	Fig.	S.	13	A.),	

suggesting	that	Ey	and	Vnd	might	competitively	displace	each	other	upon	co-

expression.	It	is	to	be	expected	that	both,	Ey-	and	Vnd-specific	transcriptional	

programs	are	self-reinforcing	(see	introduction	“Master	regulators	and	cell	fate	

selectors”).	Competitive	occupancy	of	the	same	enhancer	elements	could	provide	

a	further	mechanism	that	reinforces	a	bi-stable	switch	decision	between	Vnd	and	

Ey	expression	profiles.	While	reported	Ind	binding	motifs	from	in vitro	studies	

correspond	to	stereotypic	homeodomain	target	sequences	(Bergman,	Carlson,	&	

Celniker,	2005),	actual	in vivo	binding	profiles	of	Ind	are	not	currently	available,	

which	prohibits	a	systematic	analysis	of	differential	enhancer	targeting	between	

Vnd	and	Ind	at	this	point.	

	

A	crucial	question	that	affects	many	aspects	of	the	interpretation	of	the	data	

obtained	is	whether	Vnd	acts	solely	as	repressor	or	conditionally	as	repressor	
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and	activator.	Similar	numbers	of	genes	becomes	“activated”	or	“repressed”	upon	

Vnd	knockout.	In	both	cases	a	large	fraction	of	the	respective	genes	is	directly	

targeted	by	Vnd	(Fig.	15	E).	This	does	however	not	immediately	imply	that	either	

one	of	these	effects	is	directly	achieved	by	Vnd.	Vnd	might	for	example	activate	

genes	as	a	mild	repressor	by	displacing	strong	repressors	or	Vnd	binding	or	

activity	might	be	spatially	modulated;	thereby,	the	true	activity	might	be	diluted	

in	the	cell	populations	profiled.	This	hampers	the	characterization	of	the	GRN	

topology.	

To	test	what	activity	of	the	cell	fate	selector	TFs	is	necessary	or	sufficient	to	

establish	column	identity	it	would	be	interesting	to	perform	experiments	in	

which	each	TF	is	modified	to	perform	only	specific	activities	or	to	lack	specific	

characteristics.	One	could	express	modified	versions	of	the	TFs	in	a	knockout	

background	under	the	control	of	a	vnd_743	or	ind_1.4	enhancer	respectively.	Or,	

even	better,	one	could	engineer	the	endogenous	locus	to	inducibly	exclude	

specific	domains	or	create	fusion	constructs	for	the	cell	fate	selecting	TFs	using	

homology	dependent	repair	by	CRISPR-Cas9.	Modification	of	the	endogenous	

locus	has	the	advantage	that	the	natural	regulatory	environment	would	be	

maintained	in	its	entirety,	reducing	eventual	artifacts.	For	example	one	could	

modify	the	TFs	to	lack	the	EH1	domain,	hence	rendering	them	unable	to	interact	

with	co-repressor	groucho	or	construct	groucho	fusion	constructs	so	that	

groucho	would	play	a	role	in	every	regulation	performed	by	the	respective	TF.	In	

such	embryos	one	could	test	whether	the	phenotypes	are	fully	WT	or	fully	

resemble	the	knockout	or	whether	intermediate	states	are	established.	Even	

better	would	be	genome	wide	profiling	of	gene	expression	of	DNA	binding	by	the	

modified	TF.	This	could	answer	the	question	whether	the	repressive	activity	of	

Vnd	or	Ind	are	necessary	or	sufficient	to	establish	the	column	specific	fates.	

	To	better	evaluate	the	effects	Vnd	or	Ind	exert	on	their	expression	domains	it	

would	be	interesting	to	profile	genome	wide	expression	levels	in	a	naiive	

neurogenic	ectoderm	state.	Such	a	tissue	would	recapitulate	all	in	vivo	

neurogenic	ectoderm	cues	but	lack	the	expression	of	any	cell	fate	selector	genes	

responsible	for	establishment	of	a	neurogenic	developmental	fate,	Vnd,	Ind,	Msh	

and	Ey.	A	Vnd	mutant	expressing	ind,	ey	and	msh	RNAi	constructs	might	be	

suitable	for	such	an	experiment.	Such	material	would	be	extremely	difficult	to	
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obtain	in	quantities	akin	to	the	experimental	workflow	implemented	in	this	

study,	but	as	we	are	able	to	profile	the	transcriptome	in	single	cells	(see	Chapter	

2)	it	seems	feasible	to	scale	down	the	required	input	material	substantially.	Even	

more	suitable	would	be	combinatorial	in	situ	labeling	of	hundreds	or	thousands	

of	transcripts.	This	could	conceivably	be	performed	on	individual	embryos	(K.	H.	

Chen	et	al.,	2018;	Shah,	Lubeck,	Zhou,	&	Cai,	2016;	X.	Wang	et	al.,	2018).	Indeed	

combinatorial	in	situ	labeling	of	hundreds	or	thousands	of	transcripts	seems	the	

most	suitable	approach	to	profile	global	gene	expression	in	the	developing	

nervous	system	as	spatial	information	is	maintained.	The	developing	NS	shows	

intricate	spatial	arrangements	of	cells	with	cells	developing	with	specific	fates	

that	are	determined	by	there	precise	location.	This	seems	an	ideal	system	to	

profile	gene	expression	while	maintaining	spatial	information.	

1.5.5 Eyeless	likely	plays	an	important	but	unrecognized	role	in	early	nervous	

system	development,	potentially	similar	to	that	of	Vnd	or	Ind	

Eyeless,	a	paired	box	homeodomain	transcription	factor	of	the	Pax6	family	is	a	

master	regulator	of	eye	development	across	a	broad	range	of	metazoans	and	has	

a	long	history	of	research	in	eye	development	(e.g.	Baker	et	al.,	2018;	Bürglin	&	

Affolter,	2016;	Davis	&	Rebay,	2017;	Halder,	Callaerts,	&	Gehring,	1995).	Pax6	is	

however	also	expressed	in	a	longitudinal	expression	domain	in	both,	the	

developing	Drosophila	nervous	system	and	the	developing	vertebrate	neural	

tube.	In	the	vertebrate	neural	tube	it	controls	progenitor	cell	identity,	motor	

neuron	and	ventral	interneuron	cell	fates	(Ericson	et	al.,	1997).	Surprisingly	its	

role	in	the	early	Drosophila	nervous	system	has	attracted	comparatively	little	

attention.		

We	find	that	ey	expression	is	expanded	into	the	VC	upon	knockout	of	Vnd.	At	

the	same	time	ectopic	expression	of	ey	in	the	VC	in	a	wild	type	background	

induces	a	CNS	phenotype	that	closely	resembles	the	Vnd	knockout	phenotype.	

We	find	that	in	Vnd	mutants	VC	NBs	are	largely	lost	while	in	embryos	ectopically	

expressing	ey	in	the	VC	NB	development	is	initially	normal	while	we	observed	

supernumerary	NBs	at	later	time	points	(Fig.	13	B.	and	C.).	These	findings	could	

be	consolidated	if	ectopic	ey	expression	in	ventral	NBs	changes	their	

characteristics.	It	is	conceivable	for	example	that	VC	NBs	initially	develop	at	



	 87	

normal	locations	due	to	regulation	by	Vnd	but	that	ectopic	ey	expression	in	the	

VC	modifies	their	identity.	These	NBs	and	their	offspring	might	behave	similar	to	

ey	positive	IC	NBs	including	the	path	finding	and	fasciculation	behavior	of	their	

neuronal	offspring.	This	is	indeed	an	attractive	explanation	as	it	would	resemble	

a	partial	duplication	of	IC	NBs	in	the	VC	that	might	strengthen	CNS	structures	

deriving	from	the	IC	while	abrogating	CNS	structures	deriving	from	the	VC,	

hence	a	phenotypic	similarity	with	the	phenotype	caused	by	a	loss	of	ventral	

NBs.	RNAi	of	Ey	in	the	VC	of	the	Vnd	mutant	did	not	reduce	the	phenotype	but	

worsened	it.	This	is	likely	because	the	CNS	phenotypes	of	ectopic	VC	expression	

of	ey	and	Vnd	mutants	are	produced	through	different	mechanisms.	The	

worsening	of	the	phenotype	might	either	derive	from	further	loss	of	VC	NBs	or	

changed	identity	of	residual	NBs	due	to	a	a	lack	of	ey	regulation.	It	might	

however	also	be	an	artifact.		

Kammermeier	et	al.	claimed	that	knockouts	of	the	Ey	gene	had	little	to	no	

effect	on	the	overall	physiology	of	the	embryonic	CNS	(Kammermeier	et	al.,	

2001).	In	contrast,	we	find	highly	variable	but	often	severe	CNS	phenotypes	

when	driving	UAS-ey-RNAi	constructs	in	its	expression	domain	(Fig.	S.	12	&&).	

The	two	mutants	used	in	the	Kammermeier	et	al.	study	eyJ	5.71	and	eyC	7.20	are	

reported	as	loss	of	function	alleles	and	were	reported	to	“probably”	be	protein	

null	mutants	as	they	showed	no	polyclonal	anti-Ey	immunoreactivity	

(Kammermeier	et	al.,	2001).	The	eyJ	5.71	mutation	was	also	reported	to	be	an	RNA	

and	protein	null	due	to	a	9kb	deletion	in	the	5’	region	(Punzo,	Kurata,	&	Gehring,	

2001).	Both	alleles	are	homozygous	lethal.	It	seems	very	unlikely	that	these	

alleles	are	not	in	fact	protein	null	alleles.	In	addition	Kammermeier	et	al.	tested	

double	knockdowns	of	ey	and	twin	of	eyeless	(toy),	a	close	homologue	of	ey	with	

a	similar	expression	pattern.	Also	in	these	embryos	they	reported	no	

morphological	abnormalities	of	the	CNS.		

On	the	other	hand	we	used	two	independent	RNAi	lines	that	target	different	

exons	of	the	ey	transcript	(eyHMS00489	and	eyJF02501).	Each	of	these	two	

experiments	produced	similar	CNS	phenotypes.	This	suggests	that	these	

phenotypes	were	not	caused	by	off-target	effects	of	the	RNAi	lines.	Toxicity	of	the	

driver	line	can	however	not	yet	be	completely	excluded.	Hence,	it	should	be	

further	validated	if	the	phenotypes	we	observed	were	indeed	caused	by	a	loss	of	
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Ey	function.	However,	whatever	the	result	may	be,	the	modification	of	the	Vnd	

mutant	phenotype	may	very	well	be	due	to	reduced	ey	levels	and	not	caused	by	

an	artifact.	This	should	also	be	further	confirmed	before	any	definitive	

conclusions	can	be	drawn.	However,	this	question	seems	less	important	as	we	

presume	that	Vnd	mutant	and	ectopic	ey	expression	in	the	VC	cause	a	similar	

phenotype	through	distinct	molecular	mechanisms.	

More	interesting	is	the	fact	that	Vnd	and	Ey	share	a	similar	binding	motif	and	

target	an	overlapping	set	of	genomic	regions	(Fig.	15	B.,	16	A-B.,	18,	S.	15	D-E.).	

The	similarity	likely	resembles	the	preferred	homeodomain	binding	sequence	of	

Ey,	while	the	preferred	paired	domain	binding	sequence	is	presumably	different.	

Ey,	as	Vnd	and	Ind,	has	been	shown	to	be	able	to	act	as	both,	activator	and	

repressor.	Paired	domain	usage	is	associated	with	activation	while	

homeodomain	usage	is	associated	with	repression	and	appears	to	be	dispensable	

for	eye	development	(Punzo	et	al.,	2001).	Interestingly	Ey	lacks	an	Eh1	domain	

(which	is	otherwise	typical	for	transcription	factors	of	the	Pax	family)	(reviewed	

in	Bürglin	&	Affolter,	2016)	suggesting	a	mode	of	regulation	of	target	genes	

differing	from	that	of	Vnd	or	Ind,	which	both	have	EH1	domains.	Yet,	this	suggest	

that	Ey	might	act	predominantly	as	a	repressor	at	target	sites	that	coincide	with	

Vnd	target	sites.	

We	may	therefore	reasonably	hypothesize	that	in	early	ventral	nerve	cord	

development,	the	competing	activities	of	the	(largely)	mutually	exclusively	

expressed	transcription	factors	Vnd	and	Ey	in	the	ventral	column	and	

intermediate	column,	respectively,	cross-regulate	a	common	set	of	target	genes.	

Ey	and	Vnd	may	competitively	bind	a	common	set	of	target	sites	upon	co-

expression.	Ey	might	for	example	inhibit	effects	exerted	by	Vnd	by	displacing	it	

from	shared	target	sites.		

Von	Ohlen	et	al.	proposed	that	eyeless	is	expressed	in	NB	3-2,3-3,4-2,4-4,5-3	

and	5-4	(T	Von	Ohlen	et	al.,	2007).	Interestingly	all	of	the	reported	fate	

conversions	in	VND	mutants	affect	NBs	residing	adjacent	to	proposed	ey	

expressing	NBs	and	the	markers	used	to	determine	the	fate	transformations	

showed	ectopic	expression	of	markers	specific	to	ey	expressing	NBs	(Chu	et	al.,	

1998;	McDonald	et	al.,	1998).	This	is	true	for	a	NB	at	the	location	1-1/7-1	that	

expressed	svp,	a	NB3-2	marker	and	a	NB	at	the	location	of	MP2	which	expressed	
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hkb,	a	NB4-2	marker.	In	addition	the	development	of	these	NBs	(in	the	case	of	

NB4-2)	or	the	expression	of	the	specific	marker	used	to	show	the	fate	

transformation	(in	the	case	for	NB3-2)	coincides	with	the	expression	of	ey	during	

stage	9.	It	is	therefore	conceivable	that	ey	plays	an	important	role	in	these	fate	

transformations.		

Importantly	Ey	has	also	been	shown	to	control	NB	proliferation	and	promote	

cell	migration	in	the	optic	lobe	(Morante	et	al.,	2011).	

Taken	together	we	believe	that	the	role	of	Ey	in	early	Drosophila	nerve	cord	

development	will	be	of	central	importance.	It	seems	likely	that	Ey	plays	a	similar	

role	during	NB	fate	determination	as	Ind	and	Vnd.	For	example	Ey,	as	Vnd,	

contacts	multiple	genes	of	the	E(SPL)-C	and	ac	and	sc,	suggesting	it	is	able	to	

regulate	lateral	inhibition	(Fig.	16).	The	effect	of	Ey	knockouts	on	the	nervous	

system	development	should	be	revisited.	The	study	performed	by	Kammermeier	

et	al.	was	limited	to	CNS	physiology	and	glia	cell	development.	The	development	

of	NBs	was	not	examined	in	depth,	however.	It	is	intriguing	that	no	CNS	

abnormalities	were	observed.	Nevertheless	examination	of	NBs	might	reveal	

more	subtle	changes	such	as	loss,	duplications	or	fate	conversions	of	specific	

NBs.	It	should	be	noted	that	several	genes	that	are	important	parts	of	the	eye	

developmental	gene	regulatory	network	(GRN)	(Davis	&	Rebay,	2017)	are	

expressed	in	the	neurogenic	ectoderm,	in	NBs	or	in	the	CNS.		Based	on	visual	

examination	of	expression	patterns	on	the	BDGP	(http://insitu.fruitfly.org/cgi-

bin/ex/insitu.pl).	This	is	true	for	dac,	dan,	toy,	tsh	and	tio.	Other	co-players	in	

this	GRN	are	however	not	expressed	in	the	developing	nervous	system,	such	as	

so,	eya,	Optix,	eyg	and	toe.	For	the	examination	of	effects	of	ey	mutations	on	NBs	

again	the	most	suitable	approach	would	be	combinatorial	in	situ	labeling	of	

hundreds	or	thousands	of	transcripts	in	single	embryos.	This	would	allow	

examination	of	all	NBs	in	parallel	and	allow	the	detection	of	more	subtle	changes	

than	is	possible	by	examination	of	a	limited	number	of	candidate	markers.	

Importantly	it	would	also	enable	systematic	examination	of	later	waves	of	NB	

delamination	(S3	to	S5)	which	are	significantly	more	challenging	than	the	earlier	

stages	due	to	the	larger	number	and	less	stereotypical	spatial	arrangement	of	

NBs.	Also	co-expression	of	Ey	and	Vnd	in	the	ventral	column	should	be	examined	

more	in	depth.	It	would	be	desirable	to	validate	that	VC	NBs	that	are	exposed	to	
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 Vnd and Ey target sites frequently coincide with Yki and GAF target sites.  Figure 18.

Five canonical Yki target genes were chosen exemplarily. Red lines were manually centered on Vnd 
peaks that overlapped with GAF and Yki peaks. These regions tend to reside at promoters. Scales on 
the x-axis are variable between panels. Scales on the y-axis are consistent throughout the figure as 
indicated in the right panel. 

1.5.6 Signaling	activity	in	the	neurogenic	ectoderm	

We	identified	multiple	signaling	cascades	that	had	extremely	distinct	

cumulative	expression	levels	when	compared	with	genes	that	are	part	of	the	

reactome	database	(Croft	et	al.,	2011)	and	that	were	also	significantly	

differentially	expressed	in	any	comparison.	We	validated	two	of	two	tested	

cascades	to	be	involved	in	NB	development.	EGF	signaling	had	been	well	known	

to	be	important	for	IC	and	VC	fate	determination	and	NB	development	(Golembo,	

Raz,	et	al.,	1996;	Raz	&	Shilo,	1993;	Rogers	et	al.,	2017;	J	B	Skeath,	1998).	

However	rho	expression	of	early	putative	NBs	or	dpERK	activation	of	rho	

positive	NBs	or	their	neighbors	has	not	been	demonstrated	yet	to	our	

knowledge.	The	loss	of	rho	and	dpERK	positive	NBs	in	Vnd	mutants	presumably	

reflects	absence	of	those	NBs	rather	than	NBs	that	loose	rho	expression	or	

dpERK	activation.	Importantly	our	analysis	outlines	a	number	of	further	

signaling	cascade	candidates	that	might	be	important	in	nervous	system	

development.	

1.5.6.1 Hippo signaling regulation is tightly linked with neuroblast formation 

Hippo	signaling	had	been	hypothesized	to	be	active	in	NBs	at	stage	11,	

therewith	excluding	Yki	from	nuclei	(Becker	et	al.,	2016).	Contrary	to	this	we	

found	pervasive	nuclear	Yki	localization	in	NBs	of	diverse	stages.	This	is	

interesting	because	it	strongly	suggests	that	Hippo	is	involved	in	NB	cell	volume	

increase	and	their	proliverative	potential	during	the	ensuing	asymmetric	cell	

divisions	that	commence	after	delamination	to	produce	the	appropriate	number	

of	neuroblasts.	

A	physical	interaction	between	Yki	and	GAF	has	been	demonstrated	in	the	

Drosophila	nervous	system	and	wing	immaginal	discs	(Hyangyee	Oh	et	al.,	

2013).	Interestingly	we	found	that	GAGA	rich	motifs	were	highly	enriched	in	Vnd	

peaks	(Fig.	15	B.	Motif	4).	In	accordance	with	this	observation,	we	also	found	
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frequent	overlaps	of	GAF,	Yki,	Vnd	and	Ey	peaks,	notably	also	at	multiple	

canonical	Yki	target	genes	(Fig.	18).	The	GAF	and	Yki	ChiP-seq	data	were	

obtained	from	8-16h	embryos	therefore	the	age	of	the	embryos	overlaps	

partially	with	our	data	(Hyangyee	Oh	et	al.,	2013).	GAF	has	also	been	shown	to	

be	present	in	neurogenic	ectoderm	cells	and	NBs	and	to	be	required	for	

expression	for	genes	involved	in	nervous	system	development	(Bhat	et	al.,	1996).	

A	common	thread	in	Hippo	signaling	is	that	it	is	highly	sensitive	to	structural	

information	about	the	cell,	such	as	cell-cell	contact,	polarity	and	F-actin	levels	

(reviewed	in	Staley	&	Irvine,	2012).	Multiple	Hippo	pathway	components	are	

linked	with	cell-cell	contacts	such	as	tight	junctions	that	are	reorganized	upon	

Hippo	signaling	(Sun,	Reddy,	&	Irvine,	2015).	This	suggests	a	linkage	between	

Hippo	signaling	regulation	and	NB	delamination.	It	seems	likely	that	release	of	a	

cell	from	the	epithelium	leads	to	inactivation	of	Hippo	signaling	because	Ds-Fat	

interaction	or	crb-crb	interactions	at	cell-cell	contacts	are	disrupted.	Because	of	

the	pervasiveness	of	feedback	loops	in	signaling	cascades	the	causality	might	

however	also	be	in	the	opposite	direction.	For	example,	Yki	activation	through	

Hippo	inactivation	can	also	affect	cell-cell	contacts	as	it	has	been	shown	to	

influence	protein-protein	interactions	at	apical	junctions	(Sun	et	al.,	2015).	

Indeed	a	link	between	Hippo	signaling	and	epithelial	to	mesenchyme	transition	

(EMT)	has	been	demonstrated	in	mammals	(Diepenbruck	et	al.,	2014).	Here	

nuclear	Yki	together	with	Tead2 and	Taz	caused	EMT.	Several	Hippo	components	

have	been	linked	with	NB	development	and	with	Notch	or	EGF	signaling	in	

Drosophila.	For	example	crumbs	(crb)	mutations	are	associated	with	

supernumerary	NBs	(Das	&	Knust,	2018).	In	this	paper	the	supernumerary	NBs	

were	explained	by	reduced	Notch	signaling	efficiency	due	to	the	Crb	mutation.	

Das	und	Knust	et	al.	reported	that	the	extracellular	domain	of	Crb	stabilizes	the	

Notch	receptor	and	thereby	ensures	Notch	signaling.	Also,	knock	out	of	echinoid	

(ed),	a	further	Hippo	component	associated	with	cell-cell	contacts	at	adherens	

junctions,	leads	to	neural	hyperplasia.	Escudero	et	al.	showed	cooperative	

promotion	of	bristle	development	between	ed	and	Notch	antagonistically	to	EGF	

signaling	(Escudero,	Wei,	Chiu,	Modolell,	&	Hsu,	2003).	Ed	colocalized	with	Notch	

at	the	zonula	adhaerens	but	a	physical	interaction	could	not	be	shown.	A	physical	

interaction	between	ed	and	EGF	has	been	proposed	independently	however	
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(Rawlins,	White,	&	Jarman,	2003;	S.	A.	Spencer	&	Cagan,	2003).	Notch	and	EGF	

also	work	antagonistically	upstream	of	the	Ey	developmental	GRN	with	Notch	

promoting	antenna	development	and	EGF	signaling	promoting	eye	development	

(Kumar	&	Moses,	2001). EGF	and	Notch	signaling	have	also	been	shown	to	

antagonistically	regulate	Vnd	and	Ind	expression	and	neuroblast	development	

(Orian	et	al.,	2007).	Vnd	and	Ind	regulatory	sequences,	are	competitively	bound	

by	dMyc	and	gro.	They	are	activated	by	dMyc	and	inhibited	by	gro.	Upsream	dMyc	

and	gro	are	regulated	by	Egf	and	Notch	signaling	respectively.	Orian	et	al.	

showed	that	dMyc	and	EGFR	act	synergistically	to	promote	neurogenesis	and	vnd	

or	ind	expression	and	Notch	and	gro	act	synergistically	to	inhibit	neurogenesis	

and	vnd	or	ind	expression	(Orian	et	al.,	2007).	dMyc	is	also	a	canonical	Yki	target	

gene. 

Taken	together	an	intriguing	comprehensive	but	as	yet	incomplete	picture	of	

NB	development	seems	to	emerge	that	calls	for	further	investigation.	Inhibition	

of	Notch	and	Hippo	signaling	in	NBs	seems	to	be	causally	linked,	potentially	

through	the	disassembly	of	cell-cell	contacts	and	potentially	promoted	by	EGFR	

activation.	Vnd	plays	a	crucial	role	in	the	regulation	of	Notch	signaling	and	

potentially	in	choosing	the	cell	that	adopts	a	NB	fate.	At	the	same	time	EGFR	

activation	promotes	Vnd	expression	in	cooperation	with	Yki	target	genes	and	

promotes	NB	development.	Upon	Hippo	inactivation	Yki	enters	the	nucleus	and	

interacts	with	GAF,	Med	and	Brm	subunits	potentially	effecting	chromatin	

remodeling	and	likely	a	gross	change	in	transcriptional	activity.	This	could	

conceivably	cause	cell	volume	increase,	reconfiguration	of	cell-cell	contacts,	

modification	of	the	cell	polarity	and	subsequently	asymmetric	cell	division.	Vnd	

frequently	contacts	the	same	loci	as	GAF	and	Yki	thereby	potentially	exerting	VC	

specific	regulatory	effects	synergistically	with	Yki.	Whether	a	physical	

interaction	between	Vnd	and	Yki	or	Vnd	and	GAF	takes	place	is	unknown	so	far.	

This	model	is	rife	with	molecular	links	that	might	constitute	feedback	loops	and	

that	we	can	now	begin	to	test.	

It	would	be	interesting	to	know	whether	Yki	activation	in	the	neurogenic	

ectoderm	context	is	sufficient	to	effect	NB	development,	as	this	would	

demonstrate	that	Hippo	activation	is	able	to	induce	disassembly	of	cell-cell	

contacts	and	would	further	support	that	nuclear	Yki	is	a	major	component	of	NB	
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development.	We	are	currently	working	to	express	a	constitutively	active	form	of	

Yki	(YkiCA)	in	the	entire	VC	in	Vnd	mutants.	A	better	experiment	would	be	to	

direct	YkiCA	to	individual	cells.	Such	a	driver	construct	is	currently	missing	

however.	It	would	also	be	interesting	to	further	study	the	interaction	between	

Vnd	and	Yki	or	Vnd	and	GAF.	One	could	perform	co-immunoprecipitation	and	

pull	down	with	a	Vnd	antibody	to	check	whether	GAF	can	be	detected	in	the	

precipitate.		

1.6 Outlook	

Profiling	of	genome	wide	expression	patterns	with	tissue	resolution	

constitutes	a	versatile	tool	to	unravel	molecular	mechanisms	that	govern	cell	or	

tissue	differentiation.	In	the	case	presented	here,	we	started	with	a	clear	model	–	

ventral	dominance	–	that	we	set	out	to	test.	Given	the	spatio-temporal	resolution	

of	the	neurogenic	transcriptomes	in	the	intermediate	column	and	ventral	

column,	it	became	clear	that	this	model	is,	at	best,	terribly	incomplete.	In	fact,	we	

believe	that	the	vast	majority	of	experimental	lines	of	evidence	that	let	

researches	formulate	the	ventral	dominance	model	are	correct,	but	the	

hypothesis	that	was	formed	relied	on	certain	(mis)conceptions	that	only	a	global,	

transcriptome-wide	picture	allows	us	to	recognize	as	this.	Among	them	are,	for	

example,	that	signaling	cascades	not	previously	appreciate	help	pattern	the	early	

nervous	system	primordia,	that	we	have	missed	important	contributions	of	

several	(and	potentially	dozens)	of	transcription	factors	like	eyeless,	and	that	

even	for	Vnd	itself	–	one	of	the	most	central	players	in	ventral	dominance	–	we	

have	simply	missed	one	of	its	major	roles	as	a	transcriptional	activator.	This	now	

lets	us	refine	our	regulatory	hypotheses	and	design	experimental	approaches	to	

probe	and	test	the	global	regulatory	interactions	that	drive	nervous	system	

patterning.		

However	also	from	this	thesis	it	becomes	apparent	that	tissue	resolution	is	

not	enough	as	cells	interact	through	intricate	mechanism	with	their	environment	

in	a	broad	range	of	cellular	arrangements.	It	is	clear	that	information	at	single-

cell	resolution	bears	profound	advantages	ideally	when	information	about	

spatial	arrangement	can	be	maintained	at	the	same	time.	In	fact,	we	would	argue	
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that	while	tissue	resolution	is	great	for	furthering	our	understanding	of	how	

regonal	identies	(e.g.	columnar	domains)	differentiate	from	each	other	and	gain	

their	specific	identities,	if	we	want	to	understand	the	decisions	that	individual	

cells	make	to	adopt	a	specific	granular	identity,	then	this	is	the	level	of	resolution	

we	will	need	to	strive	for.	For	example,	if	we	want	to	understand	why	neuroblast	

X-Y	for	example	expresses	ey	and	gives	rise	to	motor	neurons	that	project	and	

connect	with	body	wall	muscle	Z,	whereas	its	immediate	neighbor	brings	forth	a	

very	different	set	of	neuroglial	progeny,	we	will	need	to	analyze	these	

neuroblasts	with	single	cell	resolution.		
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2 CHAPTER	2		–		THE	DROSOPHILA	EMBRYO	AT	SINGLE-CELL	

TRANSCRIPTOME	RESOLUTION.	

2.1 Disclaimer	

The	work	presented	here	is	based	on	a	collaborative	project	with	the	

Rajewsky	group	and	has	been	published	(Nikos	Karaiskos	et	al.,	2017).	I	share	

the	first	authorship	with	Nikolaos	Karaiskos.	The	following	chapter	has	been	

copied	and	adapted	from	an	early	manuscript	that	I	helped	write	and	that	we	

initially	submitted	to	Nature	Genetics.	The	manuscript	was	later	published	in	

Science	in	altered	form.	For	specific	contributions	please	see	section	8.3	-	

Contributions	and	declarations.	

2.2 	Abstract	

Drosophila	is	a	premier	model	system	for	understanding	the	molecular	

mechanisms	of	development.	By	the	onset	of	morphogenesis,	~6	000	cells	

express	distinct	gene	combinations	according	to	embryonic	position.	However,	

despite	extensive	mRNA	in	situ	screens,	combinatorial	gene	expression	within	

individual	cells	is	largely	unknown.	Therefore,	it	is	difficult	to	find	the	coding	and	

non-coding	transcripts	that	drive	patterning	and	to	decipher	the	molecular	basis	

of	cellular	identity.	Here	we	single-cell	sequence	precisely	staged	embryos,	

measuring	>3	100	genes	per	cell.	We	create	a	virtual	embryo	where	3-D	

locations	of	sequenced	cells	are	confidently	identified.	Our	“Drosophila-Virtual-

Expression-eXplorer”	performs	virtual	in	situ	hybridizations	and	computes	

expression	gradients.	Using	DVEX,	we	predict	spatial	gene	expression	and	

discover	lncRNAs	with	patterned	expression.	By	querying	expression	patterns	of	

signaling	cascades	we	predicted	and	validated	Hippo	signaling	in	pre-cephalic	

regions	that	control	cell	cycling.	DEVX	is	sensitive	enough	to	detect	subtle	

evolutionary	changes	in	expression	patterns	between	Drosophila	species.	We	

believe	DVEX	is	a	prototype	for	powerful	single	cell	studies	in	complex	tissues.	  
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2.3 Introduction	

Heterogeneous	assemblies	of	cell	types	acting	in	concert	are	the	defining	

feature	of	complex	multicellular	life.	The	metazoan	embryo	subdivides	very	early	

into	distinct	germ	layers	that	give	rise	to	differentiated	cell	types,	tissues	and	

organs;	a	process	of	specialization	that	requires	intricate	regulatory	networks	

within	and	among	cells.	Cell	types	differ	in	gene	expression	programs	that	

determine	fundamental	features	from	morphology	to	biochemical	repertoire,	

allowing	them	to	fulfill	distinct	physiological	roles.	In	efforts	to	better	

understand	the	underlying	gene	expression	programs	that	define	cell	types,	

significant	efforts	have	been	made	to	dissect	and	compare	tissue	specific	

materials,	either	by	surgical	dissection	or	genetic	and	biochemical	manipulation	

(Bowman	et	al.,	2014;	Christiaen	et	al.,	2008;	Soshnikova	&	Duboule,	2009;	A	

Stathopoulos	et	al.,	2002).	This	has	yielded	extraordinary	insights	into,	for	

example,	the	gene	expression	dynamics	over	the	course	of	differentiation	and	the	

transcriptomic	differences	between	tissues;	however,	caveats	such	as	cellular	

heterogeneity	within	dissected	tissues	(Soshnikova	&	Duboule,	2009)	and	loss	of	

biological	integrity	upon	genetic	manipulation	(A	Stathopoulos	et	al.,	2002)	have	

proven	difficult	to	overcome.	One	approach	to	avoid	heterogeneity	is	cell	culture	

(Barski	et	al.,	2007;	Cherbas	et	al.,	2011;	Creyghton	et	al.,	2010;	Heintzman	et	al.,	

2009;	Lupianez	et	al.,	2015;	Mikkelsen	et	al.,	2007;	Riddle	et	al.,	2011),	but	the	

amount	of	genomic	and	transcriptomic	variation	within	most	cell	lines	has	been	

shown	to	be	substantial	and	cultured	cells	are	often	poor	in	vivo	proxies.		

An	alternative	is	isolation	of	specific	cell	types	based	on	expression	of	markers	

via	cell	sorting.	This	approach	has	been	adapted	to	genomic	studies	of	complex	

tissues,	including	embryos	(Bonn	et	al.,	2012;	Handley,	Schauer,	Ladurner,	&	

Margulies,	2015;	Schauer	et	al.,	2013;	Weake	et	al.,	2011).	However,	cells	are	still	

examined	in	pools,	thus	obscuring	their	significant	transcriptomic	heterogeneity,	

which	has	only	recently	become	appreciable	(Jaitin	et	al.,	2014;	Shekhar	et	al.,	

2016).	The	obvious	caveat	of	pooled	cell	data	is	that	the	averaged	signatures	

cannot	be	de-convolved	to	the	single	cell	level.	For	example,	specific	expression	

in	small	subsets	of	cells	may	not	be	detectable,	while	gene	expression	

relationships	such	as	exclusivity	and	concomitancy	cannot	be	distilled.	This,	in	
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turn,	limits	our	ability	to	infer	regulatory	mechanisms	driving	gene	expression,	

as	well	as	to	predict	the	functional	roles	cells	play,	how	they	integrate	with,	and	

how	they	shape	their	tissue	environment.		

It	is	now	becoming	possible	to	investigate	the	transcriptomic	landscape	of	

complex	cell	mixtures	with	single	cell	resolution	(Achim	et	al.,	2015;	Satija,	

Farrell,	Gennert,	Schier,	&	Regev,	2015).	Early	high	throughput	single	cell	

expression	profiling	studies	have	already	allowed	for	unprecedented	insights,	

from	defining	the	unique	relationships	between	specific	cells	along	

differentiation	paths,	to	unveiling	lineage	branch	points,	to	detecting	entirely	

new	cell	types	in	complex	mixtures	of	cells	(Grun	et	al.,	2015,	2016;	Klein	et	al.,	

2015;	Macosko	et	al.,	2015;	Shekhar	et	al.,	2016).	Single	cell	transcriptomes	thus	

allow	for	novel	insights	into	the	intricacies	of	biological	specimen	and	will	be	

essential	to	reveal	the	true	complexity	of	even	extensively	studied	model	

systems	like	the	Drosophila	embryo.		

The	Drosophila	melanogaster	(D.	mel.)	embryo	has	long	been	an	exquisite	

model	for	the	patterning	principles	that	shape	cellular	identities.	The	embryo	

undergoes	14	rapid	nuclear	cleavage	cycles	before	cells	form	during	

developmental	stage	5.	The	resulting	~6	000	cells	in	the	bilaterally	symmetric	

embryo	are	morphologically	largely	equivalent,	but	within	a	few	minutes	cells	

along	the	cephalic	and	ventral	furrows	invaginate	and	the	germ	band	extends	

dorsally	(stage	6);	cells	within	the	embryo	thus	begin	to	act	in	a	coordinated	

fashion	to	drive	morphogenesis.	At	stage	5/6,	each	of	the	~3	000	unique	cells	

occupies	a	specific	position	along	the	anteroposterior	(AP)	and	dorsoventral	

(DV)	axes	and	interprets	positional	information	into	transcriptional	responses	so	

that	any	cell’s	transcriptomic	fingerprint	should	be	a	direct	corollary	of	its	

position	within	the	embryo.	Spatially	restricted	gene	expression	in	early	

Drosophila	development	has	been	extensively	studied,	including	efforts	to	

systematically	analyze	and	annotate	the	expression	of	a	majority	of	genes	

(Lecuyer	et	al.,	2007;	Tomancak	et	al.,	2002,	2007).	While	available	in	situ	

databases	reveal	spatial	transcription	of	a	host	of	individual	genes,	they	stop	far	

short	of	(i)	single	cell	resolution,	(ii)	allowing	the	direct	comparison	of	many	

genes,	(iii)	covering	transcription	of	the	entire	genome	(including	non-coding	

RNAs),	and	(iv)	allowing	for	quantitative	comparison	of	gene	expression.		
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Given	the	relative	structural	simplicity	of	the	early	6	000	cell	embryo	and	the	

wealth	of	gene	expression	data	available,	the	Drosophila	embryo	should	serve	as	

an	ideal	model	for	understanding	transcriptomic	complexity	in	a	differentiating	

tissue.	We	show	that	single	cell	gene	expression	profiling	of	the	early	embryo	

allows	assaying	the	transcriptomic	state	of	individual	cells	genome-wide,	

quantitatively	and	without	bias.	Droplet	based	sequencing	(Drop-seq)	enables	

gene	expression	profiling	of	thousands	of	fixed	cells	from	dissociated	embryos	at	

low	cost.	In	fact,	Drosophila	is	particularly	well	suited	for	Drop-seq,	because	its	

small	genome	allows	for	sequencing	at	comparatively	high	depth	and	

reproducibility.	Previously	described	approaches	to	spatially	resolve	single	cell	

transcriptome	data	(Achim	et	al.,	2015;	Satija	et	al.,	2015)	are	not	directly	

applicable	for	a	tissue	of	our	complexity	and	for	the	desired	spatial	resolution;	

we	therefore	advanced	the	mapping	strategy	by	implementing	a	diffused	

mapping	approach	based	on	Matthews	correlation	between	single	cell	

transcriptomes	and	a	published	marker	gene	set	mapped	quantitatively	and	with	

single	cell	resolution	(Fowlkes	et	al.,	2008).	The	resulting	transcriptome	map	of	

the	stage	5/6	Drosophila	embryo	allows	us	to	query	the	expression	patterns	of	

any	given	gene	and	map	its	expression	confidently	with	near-cellular	resolution.	

We	verify	the	predicted	expression	of	known	and	unknown	gene	expression	

patterns,	including	those	of	long	non-coding	RNAs	(lncRNAs).	We	provide	an	

online	resource	(www.dvex.org)	that	allows	for	querying	the	single	cell	

expression	atlas	within	a	virtual	embryo	gene	by	gene	and	combinatorially.	The	

resources	provided	will	not	only	be	useful	for	the	Drosophila	community,	but	will	

allow	insights	into	patterning	principles	more	broadly.	The	efficacy	of	such	high-

resolution	transcriptome	maps	is	highlighted	in	that	a	comparison	of	two	

Drosophila	species	at	the	mapped	single	cell	level	allows	for	the	identification	of	

evolutionary	changes	in	gene	expression	patterns.	This	emphasizes	the	general	

applicability	of	single	cell	transcriptome	maps	for	understanding	spatial	gene	

expression	dynamics	globally,	whether	the	‘challenges’	are	evolutionary	time,	

environmental	stress,	or	genetic	aberrations.	The	mapping	and	analysis	

approaches	described	should	be	broadly	applicable	for	other	systems	where	

complex	patterned	tissues	are	to	be	resolved	at	the	transcriptome	level	with	

cellular	resolution.	



	100	

2.4 Results	

2.4.1 Deconstructing	the	embryo	to	high	quality	single	cell	transcriptomes	with	

Drop-seq	

Drosophila	embryogenesis	initiates	with	the	fertilized	egg	undergoing	14	

rapid,	largely	synchronous	nuclear	cleavage	cycles,	resulting	in	a	syncytial	

embryo	of	~6	000	nuclei.	By	the	end	of	developmental	stage	5,	the	blastoderm	

embryo	has	cellularized	and	spatial	gene	expression	patterns	emerge	along	the	

AP	and	DV	axes,	delineating	tissue	anlagen,	such	as	the	mesoderm	(ME)	

ventrally,	the	neurectoderm	(NE)	laterally,	and	the	dorsal	ectoderm	(DE)	

dorsally.	Stage	6	commences	right	after	cellularization	completes,	marked	by	the	

first	morphogenetic	movements	such	as	ventral	and	cephalic	furrow	

invagination	and	germ	band	extension.	Gene	expression	around	this	stage	has	

been	assayed	in	whole	embryos	(Graveley	et	al.,	2011;	Nordman,	Li,	Eng,	

Macalpine,	&	Orr-Weaver,	2011),	in	maternal	effect	mutants	that	convert	entire	

embryos	to	individual	germ	layers	(A	Stathopoulos	et	al.,	2002),	as	well	as	in	

dissected	slices	along	the	AP	axis	(Combs	&	Eisen,	2013).	These	approaches	have	

yielded	valuable	insights	into	spatial	expression	dynamics,	but	do	not	allow	for	

cellular	resolution.	Additionally,	removal	of	an	entire	body	axis	by	genetic	

manipulation	calls	into	question	the	biological	identities	of	the	cells	and	overall	

integrity	of	the	tissue.	On	the	other	hand,	large	scale	in	situ	hybridization	

projects	(Lecuyer	et	al.,	2007;	Tomancak	et	al.,	2002,	2007)	capture	embryonic	

expression	dynamics	of	many	genes,	but	this	data	is	neither	resolved	at	the	

single	cell	level,	nor	is	it	quantitative.	

In	order	to	assess	wild	type	transcriptome	diversity	genome-	and	embryo-

wide	at	the	single	cell	level,	we	hand-selected	embryos	just	after	onset	of	

gastrulation	(stage	6,	Fig.	19A).	Embryos	were	dissociated	to	single	cells	by	

dounce	homogenization	on	ice	and	methanol	fixed	to	‘freeze’	cells	in	their	

developmental	state	{FormattingCitation}(Alles	et	al.,	2017).	Single	cell	

transcriptomes	were	resolved	by	droplet-based	sequencing	(Drop-seq),	which	

employs	single	cell	encapsulation,	droplet-contained	cell	lysis	and	capture	of	

polyadenylated	transcripts	by	capture	probes	covalently	linked	to	beads.	The	

capture	probes	are	designed	to	facilitate	first	strand	synthesis	and	unambiguous	
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cell	assignment	(‘stamp’	barcodes)	and	elimination	of	library	amplification	

artifacts	using	unique	molecular	identifiers	(‘UMIs’).	We	optimized	the	Drop-seq	

procedure	(Macosko	et	al.,	2015)	to	maximize	sequencing	quality	and	minimize	

doublet	rates	(Suppl.	Methods).	Across	7	Drop-seq	runs	corresponding	to	5	

biological	replicates	(Table	10),	>5	000	precisely	staged	D.	mel.	embryos	were	

dissociated	into	single	cells	(Fig.	19A,	left,	Materials	and	Methods	for	details),	

resulting	in	a	total	of	~7	975	sequenced	D.	mel.	cells	(Table	11).	To	assess	

doublet	rates,	2	of	the	replicates	contained	mixtures	of	cells	from	D.	mel.	and	

Drosophila	virilis	(D.	vir.)	embryos,	two	species	that	are	separated	by	>	40	million	

years	of	evolution.	Accordingly,	species	specific	alignments	reveal	whether	

stamp-specific	UMIs	align	to	D.	mel.,	D.	vir.,	or	both	–	we	observed	species	

doublet	rates	of	~6.2%	and	~3.9%	for	the	two	runs	(Fig.	20A,	Table	10	and	11).	

Thus,	the	vast	majority	(>	90%)	of	the	sequenced	cells	represent	true	single	cell	

transcriptomes.	

For	all	replicates,	we	observed	that	the	cumulative	fraction	of	reads	as	a	

function	of	the	number	of	sequenced	cells	had	a	well-defined	inclination	point	

(‘knee’,	see	Fig.	S.	13).	We	defined	cutoffs	for	the	number	of	UMIs	per	cell.	On	

average,	each	run	yielded	~1	546	cells	containing	an	average	median	of	~2	040	

genes/cell	and	~5	430	UMIs/cell	(excluding	mixed-species	events,	Table	11).	By	

essentially	reconstituting	the	embryo	in	silico	(merged	UMIs),	we	found	that	

Drop-seq	replicate	correlation	was	generally	high	at	R	>	0.94	(Fig.	20B,	Fig.	

S13B),	as	was	correlation	between	Drop-seq	samples	and	stage-matched	whole	

unfixed	embryos	that	were	poly-A	sequenced	in	bulk	with	R	>	0.88	(Fig.	20B,	Fig.	

S13B).	Comparison	of	the	expression	levels	of	individual	genes	(UMIs	merged	

across	stamps)	and	absolute	quantification	of	selected	genes	in	individual	stage-

matched	embryos	by	N-Counter	(Sandler	&	Stathopoulos,	2016)	shows	that	the	

positive	quantitative	correlation	holds	true	for	tissue-specifically	expressed	

genes.	(Fig.	S13C).	We	conclude	that	Drop-seq	data	accurately	reflects	the	

transcriptomic	state	at	the	embryo	level,	which	indicates	that	individual	cells	are	

sequenced	at	random	without	bias	for	any	particular	cellular	identity.	

Furthermore,	principle	component	analysis	shows	that	cells	do	not	separate	

along	principles	components	by	biological	replicate	(Fig.	S13F),	which	

underscores	the	technical	reproducibility	of	Drop-seq.	
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 Taking the embryo apart and putting it back together.  Figure 19.

A. For each Drop-seq replicate, ~1 000 hand picked stage 6 embryos are dissociated → cells are 
counted and fixed → single cells are combined with barcoded capture beads in a microfluidic device, 
followed by library preparation and sequencing. → Single cell transcriptomes are deconvoluted in 
silico resulting in a digital gene expression matrix. The PCA shows separation of cells based on 
transcriptome, coloring based on expression of marker genes (ME, mesoderm, green; NE, neurogenic 
ectoderm, purple; DE, dorsal ectoderm, red). B. The transcriptomes of sequenced cells are combined 
with high resolution gene expression patterns(Fowlkes et al., 2008)  across 84 marker genes, → which 
allows positional mapping to a virtual embryo. → Virtual in situ hybridization (vISH) predicts which 
cells express any given gene and where they map within the embryo. 

	

2.4.2 In	silico	dissection	of	the	embryo	

Principal	component	analysis	was	performed	on	the	transcriptomes	of	D.	mel.	

cells	that	scored	high	regarding	DE,	NE	and	ME	markers	(Fig.	S13E),	and	were	

identified	as	doublets	(Fig.	S13D),	pole,	or	yolk	cells	(Table	12).	The	analysis	

reveals	several	very	distinct	cell	populations	(Fig.	20C).	For	example,	the	first	

principal	component	clearly	separates	pole	cells	(Fig.	20C,	blue)	according	to	

abundant	and	distinctive	expression	of	specific	marker	genes	such	as	primordial	

germ	cells	(pgc)	(Table	12).	Pole	cells	constitute	the	Drosophila	germ	line	and	are	

the	first	to	cellularize	at	the	posterior	dorsal	tip	of	the	embryo	at	stage	5.	They	

constitute	a	discrete	cellular	lineage	from	stage	5	onwards	and	contribute	to	no	

other	developmental	fate	(Underwood,	Zinzen,	&	McEachern,	2004).	Similarly,	

yolk	nuclei	primarily	play	a	supportive	role	aiding	in	yolk	digestion	and	energy	
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metabolism,	but	do	not	participate	in	patterning	(Riparbelli	&	Callaini,	2003).	

Marker	analysis	shows	that	yolk	nuclei	separate	along	PC5	(Fig.	20C,	pink).	t-

distributed	stochastic	neighbor	embedding	(t-SNE),	which	reduces	the	

dimensionality	of	the	7	975	single	cell	transcriptomes	along	principal	

components	lends	further	support	for	the	distinctiveness	of	the	pole	cells	and	

yolk	nuclei,	as	both	form	coherent	clusters	(Fig.	20C	inset).	Other	clusters	that	

are	readily	apparent	are	cells	specifically	expressing	DE	marker	genes	(Fig.	20C	

inset,	tan	cluster),	ME	marker	genes	(inset,	green	cluster),	or	NE	marker	genes	

(Fig.	20C	inset,	pale	blue	cluster).	Hence,	both	PCA	and	t-SNE	readily	separate	

cells	according	to	biologically	meaningful	patterns,	including	positional	DV	

identity.		

An	immediate	benefit	of	the	single	cell	sequencing	data	is	that	it	enables	‘in	

silico	dissection’	of	the	embryo	–	based	on	marker	gene	sets,	individual	cells	can	

be	identified	and	their	average	gene	expression	profiles	can	be	generated	by	

merging	sequencing	reads	from	defined	sets.	We	first	examined	the	exclusivity	of	

marker	genes	that	are	expressed	in	largely	abutting	domains	along	the	DV	axis	of	

the	embryo	(Table	12)	on	a	cell-by-cell	basis.	Ternary	analysis	shows	that	cells	

expressing	ME,	NE,	or	DE	marker	genes	are	well-segregated	from	each	other	

(Fig.	S.	13E),	which	highlights	the	specificity	of	the	marker	gene	sets	and	the	

faithfulness	of	the	single	cell	sequencing	data.	We	aggregated	the	single	cell	

transcriptomes	of	these	3	marker-based	sets	of	cells	into	regional	expression	

profiles.	The	resulting	transcriptome	tracks	accurately	recapitulate	the	

exclusivity	of	known	marker	genes;	for	example,	snail,	Dichaete	and	zerknüllt	are	

specifically	expressed	in	the	ME,	NE,	or	DE,	respectively	(Fig.	20D).	In	effect,	we	

conducted	a	marker-based	dissection	of	the	intact	wild	type	embryo	and	

obtained	tissue	specific	transcriptomes	–	something	not	possible	with	

conventional	methods.	A	major	benefit	is	that	the	cell	population	of	interest	

could	be	refined	by	any	combination	of	marker	genes	and	even	by	thresholding	

on	expression	levels,	for	example.	

For	further	analysis,	we	focus	on	the	cells	most	likely	to	harbor	unambiguous	

patterning	information.	As	such,	we	eliminated	pole	cells	as	well	as	yolk	cells	

from	further	consideration	because	they	constitute	distinct	lineages	that	do	not	

shape	embryonic	patterning	of	the	embryo.	Additionally,	we	aimed	to	identify	
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potential	doublets	to	avoid	inconsistent	transcriptome	information.	Cells	within	

the	central	t-SNE	cluster	(Fig.	20C	inset,	salmon)	express	several	marker	genes	

belonging	to	different	DV	domains	(Fig.	S.	13D)	and	likely	represent	same-

species	doublets	(~2%).	Furthermore,	we	only	considered	cells	with	≥12	500	

UMIs	to	assure	sufficient	patterning	information	(see	Materials	and	Methods	for	

details).	The	remaining	highest-confidence	set	encompasses	~1	300	cells	(‘high	

quality	cells’,	HQCs)	with	a	median	unique	transcript	number	of	>	20	800	

UMIs/cell	mapping	to	3	131	genes/cell	(Fig.	21A).	It	should	be	noted	that	the	

sequencing	depth	per	cell	is	substantial	for	single	cell	approaches,	in	particular	

given	that	the	Drosophila	genome	is	comparatively	small	with	only	~14	000	

coding	genes.	Principal	component	analysis	of	the	HQC	transcriptomes	(Fig.	21B)	

readily	identifies	the	biological	variation	due	to	germ	layer	(DV)	identity	along	

the	first	two	principal	components,	with	ME,	NE,	and	DE	marker	genes	clearly	

separating.	Additionally,	we	scored	the	cells	expressing	DsRed,	a	transgene	

present	in	the	sequenced	embryos	under	control	of	a	characterized	vnd	enhancer	

(Markstein	et	al.,	2004)	that	directs	expression	in	the	ventral	neurogenic	

ectoderm	(Fig.	S.	14A).	DsRed	transcripts	are	detected	in	a	subset	of	cells	that	

also	score	highly	for	NE	markers	and	sequester	in	an	NE	subcompartment	in	

principle	component	analysis	(Fig.	21B),	further	underscoring	that	Drop-seq	

data	faithfully	resolves	cell-specific	transcriptomes.	
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 Drop-seq reproducibly resolves single-cell transcriptomes and identifies Figure 20.
distinct cell populations.  

A. Species separation plot for one of the D.mel–D.vir replicate. The mixed species doublet ratio is < 
4%. Same species doublets would be expected at a similar rate. Grey colored cells contain less than 1 
000 UMIs. B. Correlation of aggregate gene expression between independent Drop-seq replicates (top) 
and between Drop-seq replicates and bulk mRNA sequencing from live and intact embryos; Pearson 
correlation shown on the top. C. Outset: principal component analysis of 1 369 cells showing 
separation of pole cells (PO) and yolk cells (YO) along PCs 1 and 5. Cell types colored as indicated 
according to marker gene expression, or being identified as a doublet (DB). Inset: t-SNE analysis of the 
same cells shows clustering of cell types as indicated. Doublets expressing multiple marker classes 
cluster centrally. D. Genome browser tracks at 3 genes, expressed in DV domains. Whole embryo 
mRNA sequencing is shown (bulk, grey), as are the aggregate transcriptomes of cells expressing dorsal 
ectodermal (DE, red), neurectodermal (NE, purple), or mesodermal (ME, green) marker genes (in silico 
tissue dissection). 
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2.4.3 Single	cell	clustering	resolves	spatial	identities	

t-SNE	analysis	of	the	HQCs	identifies	at	least	10	coherent	clusters	of	cells	

isolated	from	stage	5/6	embryos	(Fig.	21C).	Among	the	most	specific	genes	that	

drive	t-SNE	clustering	are	many	that	are	well-known	for	their	roles	in	embryonic	

patterning	and	tissue	specification	(Table	13).	For	example,	the	gene	sna	encodes	

a	Zn-finger	transcription	factor	(TF)	known	for	its	early	requirement	in	ventral	

mesoderm	development	as	it	represses	more	dorsal	fates;	sna	is	among	the	15	

genes	most	specific	for	cluster	4.	Similarly,	the	homeodomain	TF	zen2	is	known	

to	be	expressed	dorsally	in	regions	that	give	rise	to	the	dorsal	epidermis	and	

extra-embryonic	membranes,	whereas	the	SOX	TF	SoxN	is	expressed	broadly	and	

laterally	in	the	presumptive	neurogenic	ectoderm;	the	genes	SoxN	and	zen2	are	

among	the	most	specific	genes	for	clusters	3	and	6,	respectively.	In	fact,	the	most	

specific	genes	(driver	genes)	within	each	cluster	are	specifically	expressed	in	

overlapping	spatial	domains,	and	while	some	of	those	cluster-specific	expression	

domains	are	patterned	along	the	DV	axis,	others	are	patterned	along	AP.	Thus,	t-

SNE	clusters,	which	group	cells	according	to	transcriptome	similarity,	appear	to	

reveal	basic	patterning	domains	within	the	embryo.	However,	the	t-SNE	cluster	

calling	shown	in	Fig.	21C	demonstrates	that	it	does	not	fully	resolve	the	spatial	

organization	of	the	embryo	–	even	within	clusters	such	as	cluster	3,	finer	

organization	is	apparent.	For	example,	when	scoring	cells	for	expression	of	the	

DsRed	reporter	gene	(Fig.	21C,	black	squares),	DsRed	is	clearly	enriched	in	a	

subset	of	cluster	3,	which	is	spatially	confined	in	the	t-SNE	map.	This	is	in	

agreement	with	genes	like	SoxN	marking	the	entirety	of	the	NE,	while	the	vnd	

enhancer	drives	DsRed	expression	only	in	the	ventral-most	third	of	the	NE.	While	

clusters	are	defined	by	driver	genes,	their	expression	is	not	cluster-exclusive:	for	

example,	SoxN,	sna,	and	zen2	are	drivers	of	clusters	3,	4,	and	6,	respectively,	their	

expression	can	also	be	detected	in	cells	of	other	clusters	(Fig.	21D).	This	

demonstrates	that	clustering	reveals	transcriptome	similarity	according	to	

multiple	patterning	cues	(e.g.	along	the	AP	and	DV	axes),	thus	resolving	a	more	

finely	grained	spatial	identity	of	participating	cells.		

Four	observations	regarding	the	most	highly	cluster-specific	genes	(Table	13)	

should	be	noted:	(i)	A	majority	of	cluster	drivers	encode	TFs	(which	is	not	

unexpected).	(ii)	Several	of	the	highly	variable	genes	remain	un-	or	understudied	
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in	early	development	(e.g.	DNaseII,	Z600,	Meltrin,	mtt,	Atx-1,	as	several	CGs),	

though	their	specific	expression	might	implicate	them	in	fundamentally	

contributing	to	cell	identity.	(iii)	Eight	of	the	most	variable	genes	(fkh,	kni,	grn,	hb	

,	Abd-B,	ken	oc,	and	toy,	see	Table	13)	are	TFs	that	occur	among	the	most	variable	

genes	in	>	1	cluster,	highlighting	the	impact	and	importance	of	combinatorial	

gene	regulation	for	cluster	and	cell	identity;	and	(iv)	a	surprising	number	of	

genes	among	the	most	variable	genes	are	non-coding	RNAs	(CR45361,	CR44683,	

CR43302,	CR43279,	CR41257,	CR45185,	CR45185),	which	may	indicate	a	more	

central	role	for	lncRNAs	in	early	embryonic	patterning	and	development.		

When	considering	GO-term	enrichment	among	genes	up-regulated	in	specific	

clusters,	all	are	enriched	for	terms	indicating	transcriptional	regulation	(Fig.	S.	

15A).	In	fact,	the	only	non-transcriptional	regulation	related	terms	are	growth	

factor	signaling	terms	in	cluster	3.	This	supports	the	spatial	association	of	cluster	

3	in	lateral	domains,	as	the	NE	is	a	source	of	FGF	and	EGF	signaling	molecule	(A	

Stathopoulos	&	Levine,	2004;	Zinzen,	Cande,	Ronshaugen,	Papatsenko,	&	Levine,	

2006).Considerably	more	complex	and	broadly	informative	are	GO-term	

enrichments	for	biological	function	(Figs.	S15B,	S16).	For	example,	cluster	3	was	

enriched	in	terms	relating	to	the	nervous	system	(ventral	cord,	neuroblasts,	

neurogenesis,	CNS).	Similarly,	mesodermal	terms	are	primarily	associated	with	

cluster	4,	placing	those	cells	ventrally.	Terms	referring	to	the	extra-embryonic	

membranes	(amnioserosa,	dorsal	closure)	should	place	cells	in	cluster	6	dorsally,	

while	hindgut	terms	should	place	cluster	8	cells	in	posterior	regions.	Though	

these	terms	generally	highlight	the	clusters’	likely	spatial	association	within	the	

embryos,	enriched	terms	often	do	not	lend	themselves	to	simple	spatial	

assignment	–	cells	belonging	to	a	single	cluster	may	be	associated	with	terms	

indicative	of	several	distinct	regions,	and	separate	clusters	can	be	associated	

with	terms	indicative	of	the	same	region.	Clusters	3,	6,	and	8,	for	example,	are	all	

enriched	for	“generation	of	neurons”,	which	are	likely	lateral	terms;	however,	

cluster	6	is	also	enriched	for	genes	associated	with	”heart	development”	(likely	

mesodermal)	and	“amnioserosa”	(dorsal	ectoderm),	while	cluster	8	is	enriched	

for	genes	annotated	to	be	involved	in	“head	development”	(anterior)	and	

“hindgut”	(posterior)	(Fig.	S15B).	Naturally,	attempting	such	spatial	inferences	

pushes	the	information	value	of	GO	terms	beyond	their	intended	limits,	but	it	
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does	demonstrate	that	spatial	information	is	captured	by	clustering.	To	truly	

understand	the	spatial	relationship	of	transcriptional	programs,	it	was	necessary	

to	map	cells	back	onto	the	embryo,	and	we	aimed	to	do	that	solely	based	on	the	

single	cell	transcriptomes.	

	

 High-quality transcriptomes resolve the embryo spatially.  Figure 21.

A. Violin plots showing the distributions of gene (top) and UMI (bottom) number detected per cell for 
the ~1 300 highest quality cells used for spatial mapping. B. Principal components PC1 and PC2 
separate DE, NE, and ME. Color assigned according to marker genes; grey cells could not be assigned. 
Black boxes indicate cells highly expressing the vnd::DsRed reporter gene and are correctly located in 
the NE population. C. t-SNE analysis clusters the ~1 300 cells based on highly variable genes into 
major clusters. D. Examples of highly variable genes specifically expressed in t-SNE clusters. These 
gnenes are known to have specific patterned expression, indicating that t-SNE clusters resolve 
spatially. Cells expressing the indicated genes highly are marked in red. 

	

	

2.4.4 Reconstructing	the	embryo	by	computational	spatial	mapping	

Motivated	by	previous	efforts	in	the	early	zebrafish	embryo	and	the	central	

nervous	system	of	the	marine	annelid	Platynereis	dumerilii	(Achim	et	al.,	2015;	

Satija	et	al.,	2015),	we	reasoned	that	given	our	single	cell	transcriptome	data	and	

a	sufficient	number	of	gene	expression	patterns	resolved	at	the	single	cell	level,	

we	should	be	able	to	map	cells	back	into	the	embryo;	the	degree	of	mapping	

confidence	should	be	directly	dependent	on	the	accuracy	and	the	combinatorial	

complexity	(entropy)	of	the	reference	mapping	dataset.	If	successful,	a	virtual	

embryo	would	emerge	where	all	spatial	positions	can	be	queried	for	gene	
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expression	(Fig.	19B).	The	Berkeley	Drosophila	Transcription	Network	Project	

(BDTNP)	has	registered	in	situ	hybridization	data	for	the	relative	spatial	

expression	of	84	individual	genes	in	the	early	embryo,	resulting	in	a	quantitative	

gene	expression	reference	map	of	a	virtual	embryo	(Fowlkes	et	al.,	2008).	We	

wondered	whether	given	the	spatially	and	quantitatively	resolved	expression	

profiles	of	84	marker	genes	measured	across	6	000	cells	(positional	bins)	by	the	

BDTNP,	we	would	be	able	to	accurately	place	randomly	selected	positional	bins	

back	at	their	original	location.	To	minimize	the	combinatorial	complexity,	we	

first	binarized	gene	expression	into	ON	and	OFF	states	for	each	of	the	84	genes	

and	each	of	the	6	000	positional	bins	in	the	BDTNP	reference	atlas	(Fig.	22A,	I);	

the	binarization	thresholds	were	chosen	manually	and	for	each	gene	

independently	to	recapitulate	de	facto	expression	as	revealed	by	RNA	in	situ	

hybridization	(Lecuyer	et	al.,	2007;	Tomancak	et	al.,	2002).	

We	find	that	the	positional	information	encoded	among	the	84	mapped	genes	

is	sufficient	to	map	single-cell	transcriptomes	back	to	their	original	location	

within	2-3	cell	diameters	(Fig.	22B,	green).	When	considering	all	3	000	

bilaterally	symmetric	positional	bins,	we	find	that	our	mapping	coverage	is	very	

high	throughout	the	embryo	(Fig.	22C,	blue	regions),	with	few	small	regional	

exceptions	where	the	embryo	coverage	is	below	average	(Fig.	22C,	white	

regions).	

To	map	each	of	our	1	300	high	quality	transcriptomes	to	positional	bins,	we	

binarized	the	Drop-seq	data	to	the	BDTNP	reference	atlas	(Fig.	22A,	II)	(see	

Suppl.	Materials	and	Methods	for	details).	We	then	compared	the	expressions	of	

each	cell	across	all	positional	bins	and	collected	the	(mis)matches	into	confusion	

matrices,	which	allowed	us	to	assign	cell-bin	scores	by	computing	the	Matthews	

correlation	coefficients	(MCCs)	(Fig.	22A,	III).	The	result	is	a	diffused	mapping	

score	for	any	given	sequenced	cell	across	all	positions	in	the	embryo	(Fig.	22A,	

IV).	Fig.	22B	demonstrates	that	sequenced	cells	are	mapped	to	a	territory	of	only	

a	few	cell	diameters	with	high	confidence	(Fig.	22B,	red),	whereas	mapping	

positions	for	cells	with	randomized	scores	are	spread	throughout	the	whole	

embryo	(Fig.	22B,	blue).	Our	mapping	algorithm	allows	us	to	compute	the	spatial	

expression	of	a	gene	at	any	position	by	carefully	combining	the	normalized	gene	

expression	with	the	MCC	scores	(see	Suppl.	Materials	and	Methods	for	details).	
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Doing	this	separately	for	all	positional	bins	produces	what	we	call	a	“virtual	in	

situ	hybridization”	(vISH)	(e.g.	Fig.	23A).	

Calculating	the	average	mapping	scores	per	bin	across	all	cells	belonging	to	a	

cluster	produces	a	spatial	signature	for	each	cluster	(Fig.	22D).	Accordingly,	cells	

of	clusters	2,	8,	and	7	map	along	the	AP	axis	to	terminal	and	distinct	sub-terminal	

regions,	while	clusters,	such	as	3,	4,	and	6	map	along	the	DV	axis	to	ventral,	

lateral	and	dorsal	regions,	respectively.	Several	clusters	appear	to	be	the	result	

of	converging	AP	and	DV	patterning	mechanisms:	clusters	5	and	9	are	both	found	

in	anterior	regions,	but	while	9	is	exclusively	ventral,	5	appears	only	lateral	and	

dorsal.	Interestingly,	cluster	identity	and	mapping	position	is	not	mutually	

exclusive.	For	example,	cells	of	clusters	4	and	9	map	to	overlapping	ventral	

domains,	which	may	suggest	substantial	regional	transcriptomic	heterogeneity	

not	previously	appreciated.	
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 Reconstruction of the D. melanogaster embryo.  Figure 22.

A. Mapping procedure overview. (I) The 84 digitized BDTNP gene expression patterns were binarized. 
(II) Gene expression across the ~1 300 cells was binarized to maximize marker gene correlation guided 
by the BDTNP reference atlas. (III) Confusion matrices are calculated scoring expression 
(dis)agreement between the binarized transcriptomes and the ~3 000 positional bins of the reference 
atlas. The Mathews correlation coefficient (MCC) is calculated for every cell and every bin. (IV) 
Positional assignment for each cell is diffused, based on its MCCs across all bins. B. Density plot 
showing mapping confidence in terms of mean Euclidean distance between a cell's highest scoring 
location and the following six ones. Drop-seq data shown in red; mapping of BDTNP bins onto 
themselves (green) and mean Euclidean distance between random bins (blue) serve as positive and 
negative control respectively. C. Mapping coverage across the embryo. More than 87% locations of the 
embryo are covered (blue regions), as their highest score is significantly higher than those obtained by 
chance (p-value < 0.05, see Suppl. Materials and Methods for details). D. Averages of diffused scores 
of cells within t-SNE clusters 2-10 reveal spatially localized cell populations. 

	

	

2.4.5 vISH	accurately	predicts	spatial	gene	expression	

We	have	mapped	each	of	the	1	300	HQCs	to	the	embryo,	allowing	to	resolve	

the	local	transcriptome	state.	The	Drosophila	Virtual	Expression	eXplorer	

(DVEX)	tool	provided	online	(www.dvex.org),	allows	the	generation	of	vISHs	for	

any	gene	detected.	vISH	patterns	for	single	or	even	multiple	genes	can	be	

queried	and	displayed	on	a	virtual	embryo	in	multiple	views	(dorsal,	lateral,	

ventral,	anterior	and	posterior,	see	Fig.	23A);	a	threshold	selection	option	allows	

the	user	to	adjust	the	mapping	scores	to	be	visualized.	Additionally,	expression	

gradients	can	be	estimated	(Fig.	23B)	along	the	AP	and	DV	axes.	Furthermore,	

DVEX	provides	an	interactive	environment	to	explore	the	t-SNE-generated	

clusters,	genes	that	drive	the	clustering,	and	which	cells	in	which	clusters	

express	any	gene	of	interest	(Fig.	23C).		
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 Drosophila Virtual Expression eXplorer (DVEX).  Figure 23.

DVEX (www.dvex.org) is an online resource allowing visualization of mapped single cell sequencing 
data. A. Virtual in situ hybridization (vISH) for 2 sample genes, the pair rule gene ftz and the 
mesodermal gene sna (red and green, respectively, overlap in cyan) in five representative views. B. 
Expression along the DV axis of sna (left) in the ventral mesoderm and the DsRed transgene under 
control of a vnd enhancer (right) in the ventral NE; the vnd enhancer is known to be repressed by sna. 
DVEX allows for similar visualization along the AP axis. C. Cells expressing individual genes (ftz, 
sna, vnd) marked in t-SNA cluster context; expression level (relative UMIs) shown in red. 

	

We	generally	observe	close	concordance	between	vISH	predictions	and	de	

facto	expression	as	detected	by	RNA	in	situ	hybridization.	This	holds	true	for	

marker	genes	expressed	in	a	wide	variety	of	AP	and	DV	patterns,	such	as	stumps	

expression	in	the	mesoderm,	SoxN	in	the	lateral	ectoderm,	gcm	in	an	

anterolateral	patch,	Oaz	in	an	antero-dorsal	patch,	Kruppel	in	a	gap	pattern	and	

eve	in	a	primary	pair	rule	pattern	(Fig.	24A,	Fig.	S.	17).	For	several	genes	where	
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ISH	images	were	not	available,	we	have	made	de	novo	predictions	by	vISH	and	

confirmed	their	accuracy	by	RNA	ISH.	For	example,	our	dsRED	transgene	was	

correctly	mapped	to	the	ventral	neurogenic	ectoderm	(Fig.	24B	and	Fig.	S.	18,	

also	see	Fig.	S.	14).	CG4500	appeared	strongly	expressed	by	virtual	embryo	

dissection	in	cells	positive	for	mesodermal	markers	and	shows	a	vISH	pattern	in	

the	presumptive	mesoderm;	this	is	in	concordance	with	RNA	ISH	(Fig.	24B,	S.	

18).	Similarly,	vISH	predictions	were	in	agreement	with	measured	in	vivo	

expression	for	the	weakly	expressed	genes	ana	in	the	dorsal	ectoderm	and	babos	

in	a	stripe-modulated	pattern	in	ventral	regions	with	stronger	expression	

anteriorly	than	in	the	trunk	of	the	embryo	(Fig.	24B,	S.	18).	We	were	especially	

surprised	by	the	vISH	accuracy	for	CG16886,	which	was	projected	to	be	

expressed	in	3	small	dorsal	patches.	In	fact,	we	detected	specific	and	strong	

expression	as	predicted	(Fig.	24B,	S.	18),	highlighting	the	signal:noise	advantage	

of	single	cell	sequencing,	as	signatures	are	not	diluted	over	populations	of	cells.	

Furthermore,	CR45693,	a	non-coding	lncRNA	was	detected	in	our	single	cell	data.	

We	noted	that	it	appeared	to	be	expressed	only	weakly;	in	fact,	it	was	not	called	

as	expressed	in	early	whole	embryo	sequencing	data	(Graveley	et	al.,	2011).		

However,	vISH	as	well	in	silico	dissection	predicted	it	to	be	expressed	in	

dorsal	regions	(Fig.	24B,	S.	18).	Indeed,	RNA	ISH	against	CR45693	shows	weak,	

but	detectable	and	reliable	expression	with	specific	cytoplasmic	signal	in	a	

dorsal	stripe	at	stage	5/6	(Fig.	24B,	Fig.	S.	18).	Similarly,	we	could	confirm	a	

second	lncRNA,	CR44691,	to	be	weakly	expressed	in	the	dorsal	ectoderm	as	

predicted	(Fig.	S.	17).	A	third	lncRNA	expression	prediction	was	only	partially	

confirmed.	The	lncRNA	CR44917	was	expected	by	vISH	to	be	stripe	modulated	

with	expression	in	2	AP	stripes	in	lateral	and	dorsal	regions,	as	well	as	a	

posterior	patch	(Fig.	S.	18).	The	RNA	ISH	showed	weak	general	expression,	but	

we	could	neither	confirm	the	anterior	stripe	nor	the	posterior	patch	expression.	

Only	the	post-cephalic	stripe	and	the	mesodermal	exclusion	aspects	of	the	

predicted	pattern	appear	to	hold	true	(Fig.	S.	18).	A	further	discrepancy	between	

detected	(i.e	BDTNP	measured)	and	predicted	expression	we	observed	was	for	

the	gene	rhomboid	(rho).	The	measured	expression	was	present	in	3	domains,	2	

lateral	stripes	in	the	ventral	NE	and	a	single	stripe	in	the	DE	(Fig.	S.	14B,	top).	

Predicted	rho	expression	by	vISH	showed	the	same	general	3	domains,	but	the	
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lateral	stripes	were	noticeably	more	‘patchy’	and	modulated	along	AP	(Fig.	S.	

14C,	right).	We	assessed	rho	expression	by	RNA	ISH	more	carefully	and	found	

that	rho	expression	is	highly	dynamic	at	stage	5-6	–	early	stage	5	exhibits	near	

uniform	lateral	stripes	along	AP,	but	this	pattern	quickly	becomes	stripy	and	

patchy	by	stage	6	(Fig.	S.	14C).	Thus,	the	vISH	prediction	was	not	only	in	

concordance	with	observed	rho	expression,	but	the	fact	that	a	more	uniform	rho	

pattern	was	part	of	the	BDTNP	mapping	atlas	indicates	that	the	mapping	

algorithm	using	a	set	of	84	measured	expression	guides	does	not	force	pattern	

predictions	to	conform	to	mapping	guides.	Taken	together,	we	demonstrate	that	

single	cell	transcriptome	data	once	mapped	back	to	its	point	of	origin	can	

reliably	predict	gene	expression	patterns	and	aid	in	the	identification	of	new	

marker	genes	with	distinct	spatial	behaviors.	This	should	prove	especially	useful	

where	expression	is	weak	or	spatially	limited.	As	we	can	readily	produce	a	vISH	

for	every	gene	detected	in	our	data,	we	predicted	the	spatial	expressions	of	the	

476	most	highly	varied	genes.	We	clustered	their	correlation	matrix	and	

identified	10	parental	branches	(Fig.	S.	19).	Averaging	the	vISHs	of	the	genes	

within	each	branch	generated	archetypes	of	expression	patterns,	spanning	the	

different	spatial	domains	(Fig.	S.	19),	which	enables	a	comprehensive	

classification	of	genes	falling	within	an	archetypal	expression.	
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 vISH accurately predicts spatial gene expression patterns.  Figure 24.

A. vISH predictions of genes with known expression patterns (left) and in vivo expression by in situ 
hybridization (right). Embryo orientations anterior left, DV rotation is indicated. (Kr, stumps, Oaz 
images from BDGP). B. De novo spatial expression predictions by vISH (left) and in vivo validation by 
in situ hybridization (right). Embryo orientations anterior left, DV rotation is indicated. 

	

2.4.6 Hippo	signaling	disrupts	cell	cycle	synchronicity	in	procephalic	cells	

Patterned	expression	of	TFs	by	st.6	establish	germ	layers	and	basic	primordia;	
further	tuning	of	spatial	identities	requires	communication	among	cells	via	
deployment	of	signaling	pathways.	Using	the	virtual	embryo,	we	queried	where	
ligands,	ligand	modulators,	receptors	and	signal	transducers	are	expressed,	thus	
placing	signaling	pathway	components	into	spatial	context.	The	HIPPO	signaling	
pathway	is	a	major	regulator	of	organ	size,	cell	cycle	and	proliferation	(H	Oh	&	
Irvine,	2008;	F.-X.	Yu	&	Guan,	2013),	but	has	to	our	knowledge	not	been	
implicated	in	the	early	embryo.	However,	we	could	identify	patterned	expression	
of	all	major	HIPPO	signaling	components	along	the	AP	axis,	with	overlapping	
expression	primarily	in	an	anterior	pre-cephalic	domain	(Fig.	25A).	Co-
expression	of	these	molecules	may	promote	HIPPO	signaling,	which	includes	the	
phosphorylation	of	the	TF	Yki,	thereby	diminishing	Yki’s	nuclear	localization	(H	
Oh	&	Irvine,	2008;	F.-X.	Yu	&	Guan,	2013).	Using	Yki	antibodies,	we	detected	
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 Hippo signaling disrupts cell cycle synchronicity in procephalic cells.  Figure 25.

A. Schematic representation of the Hippo signaling cascade. vISH predictions of Hippo constituents 
suggest spatial modulation of Hippo activity in pre-cephalic regions. Ubiquitous pathway components 
are indicated. B. Costaining of Yki and H3S10-P antibody in a pre-caphalic region of a stage 7 embryo. 
The cephalic furrow is indicated by a dashed line. Nuclear Yki localization coincides with H3S10-P 
staining which marks cells undergoing mitosis.  
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sizes,	as	well	as	where	these	clusters	map	onto	a	virtual	Drosophila	embryo	

(compare	Fig.	20E,	21C	with	23B).	Correlation	of	gene	expression	between	

merged	transcriptome	data	of	both	Drosophilids	was	high	(Pearson	R	=	0.77).	

While	the	vast	majority	of	vISHs	generated	for	the	respective	homologous	genes	

agree	in	terms	of	expression	prediction,	we	searched	for	genes	that	change	vISH-

predicted	expression	between	the	two	species.	A	small	number	of	genes	was	

found	to	be	expressed	in	one,	but	not	the	other	species,	while	another	small	

number	of	genes	were	predicted	to	change	expression	patterns	between	species.	

Though	these	vISH	comparisons	are	based	on	relatively	few	sequenced	cells,	we	

tested	the	putative	expression	divergence	of	the	gene	pairs	CG6660	/	GJ14350	

and	fok	/	GJ17890.	

GJ14350	and	CG6660	were	determined	to	be	homologous	based	on	protein	

conservation	and	synteny	(Table	15	(digital	appendix)),	but	while	CG6660	was	

predicted	to	not	be	expressed	in	D.	mel.	(no	UMIs	detected)	(Fig.	26B,	left),	its	

homolog	GJ14350	was	reasonably	abundant	(576	UMIs	total)	in	D.vir.	single	cell	

sequencing	data.	vISH	predicted	GJ14350	to	be	expressed	in	an	AP	stripe	

modulated	pattern,	primarily	in	two	stripes	posterior	to	the	cephalic	furrow	(Fig.	

26C,	left).	We	found	no	detectable	expression	for	CG6660	at	stage	6	(Fig.	26B,	

right),	whereas	its	homolog	GJ14350	was	expressed	in	several	stripes	and	most	

strongly	in	two	stripes	(Fig.	26C,	right),	as	predicted.	For	the	homologous	pair	

fok	/	GJ17890	(see	Table	15	(digital	appendix)),	fok	was	predicted	and	verified	to	

be	expressed	in	an	anterior	ventral	patch	in	D.mel.	(Fig.	26D),	whereas	D.	vir.	

vISH	suggested	absence	of	the	anterior	patch	and	weak	expression	posteriorly.	

While	there	is	a	tendency	for	low	posterior	expression	as	early	as	stage	6/7,	this	

is	highly	variable	and	robust	posterior	staining	is	not	seen	until	stage	8.	

However,	the	absence	of	the	specific	anterior	staining	in	D.	vir.	was	clearly	

confirmed	(Fig.	26E).	Therefore,	vISH	can	serve	as	an	invaluable	resource	for	the	

prediction	of	evolutionary	changes	in	spatial	gene	expression	dynamics.	
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 vISH detects evolutionary changes in gene expression patterns.  Figure 26.

A. t-SNE clustering of cells from stage 6 D. vir. embryos; spatial localization of each cell population 
on the embryo is indicated as in Fig. 22D. B – E. Gene expression divergence between homologous 
gene pairs predicted by vISH (left) and experimentally validated by RNA ISH (right) for the D. mel. 
genes CG6660 (B) and fok (D) and their respective D. vir. homologs GJ14350 (C) and GJ17890 (E).  
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2.5 Discussion	

Here	we	have	disassembled	the	stage	6	Drosophila	embryo,	sequenced	its	

constituent	cells,	and	reconstructed	the	embryo	to	arrive	at	the	transcriptomic	

makeup	of	a	~6	000	cell	tissue	with	unprecedented	spatial	resolution.	We	show	

that	the	expression	data	faithfully	recapitulates	know	patterning	domains,	

qualitatively	and	quantitatively.	Single	cell	transcriptome	data	generally	allows	

for	in	silico	dissection	of	specific	cell	types	based	on	marker	genes,	such	as	the	

average	transcriptomes	of	even	(eve+)	vs.	odd	(odd+)	pair	rule	stripes,	for	

example	–	a	dissection	that	would	not	be	possible	physically	or	genetically.	An	in	

silico	dissection	along	the	DV	axis	conforms	extremely	well	with	known	spatial	

gene	expression	limits,	but	further	filtering	by	markers	combinatorially	would	

allow	for	an	ever	finer-grained	analysis	only	limited	by	the	number	of	cells	

sequenced.	Cell	types	that	can	not	develop	properly	without	the	correct	tissue	

context,	are	thus	finally	accessible	for	genomic	studies	via	single	cell	sequencing.	

From	a	gene	regulatory	perspective,	single	cell	transcriptomes	make	it	possible	

to	accurately	distill	rules	of	gene	expression	–	gene	sets	that	are,	for	example,	

concomitantly	or	mutually	exclusively	expressed	can	be	defined,	which	opens	a	

new	avenue	to	extract	regulatory	rules	in	complex	tissues.	

Using	known	markers,	we	were	able	to	confidently	map	single	cells	to	their	

most	probable	embryonic	positions	of	origin,	which	in	turn	allows	for	the	

accurate	prediction	of	previously	untested	gene	expression	patterns.	Due	to	the	

improved	signal:noise	ratio	compared	to	whole	embryos,	expression	that	is	

characteristic	to	only	a	small	subset	of	cells	can	be	reliably	detected	and	

projected	onto	the	regions	of	origin.	The	Drosophila	germ	line	(pole	cells)	for	

example	proved	to	be	a	small	but	highly	distinct	cell	population,	which	would	be	

severely	diluted	in	whole	embryo	studies;	in	fact,	pole	cells	were	so	

fundamentally	different	in	terms	of	their	transcriptome,	that	we	decided	to	

exclude	them	from	further	analysis	early	on,	simply	to	avoid	them	skewing	any	

comparative	approaches.	The	capability	of	rigorously	identifying	features	shared	

by	only	a	small	subset	of	cells	may	be	especially	important,	because	several	of	

the	lncRNAs	(which	are	finally	accessible)	show	not	only	highly	specific	

expression	in,	for	example,	distinct	t-SNE	clusters,	but	are	often	expressed	rather	
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lowly.	Given	recent	studies	regarding	their	roles	in	gene	and	genome	regulation	

from	the	regulation	of	TFs	to	genome	organization,	reliably	identifying	and	

characterizing	lncRNAs	will	be	crucial.	The	approach	used	here	combines	the	

unbiased	nature	of	whole	genome	sequencing	with	the	spatial	resolution	of	in	

situ	hybridization,	which	opens	the	transcriptional	output	of	the	coding	as	well	

as	the	non-coding	genome	to	systematic	interrogation.	

As	individual	cells,	rather	than	pools,	become	the	focal	points	of	investigation,	

entirely	new	questions	regarding	how	a	tissue	becomes	organized	are	now	

possible.	Starting	with	understanding	tissue	heterogeneity,	but	leading	to	

questions	about	how	cells	communicate	and	behave	in	spatial	relation	to	each	

other.	We	show	that	comparative	approaches	can	distill	evolutionary	changes	in	

spatial	gene	expression	from	mapped	single	cell	transcriptome	data,	but	the	

same	analysis	will	enable	unprecedented	insights	into	the	cell-specific	responses	

to	environmental,	chemical,	and	genetic	challenges.		
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3 MATERIALS	AND	METHODS		

3.1 	Materials	and	Methods	for	Chapter	1	

3.1.1 Fly	husbandry	and	genotypes	

Flies	 were	 kept	 at	 25	 °C	 for	 expansion	 and	 experiments	 or	 18	 °C	 for	
storage,	maintenance	or	synchronization,	with	~	60%	humidity	on	standard	fly	
food.	 Fly	 stocks	 were	 transferred	 into	 new	 vials	 every	 2-4	 weeks	 for	
maintenance.	
Flylines	used	in	this	study	include:	

1) yellow-white	-	y1	w1118	

2) IC::GFP	-	y1	w1118	;	;	P{3x	ind_1.4::GFP}	

3) IC::dsRed	-	y1	w1118	;	P{ind_1.4::dsRed};	

4) VC::dsRed	-		y1	w1118	;	;	P{vnd_743::dsRED}	

5) vnd_KO;	VC::DsRed	-	y1	w1118	vndΔ6/FM7c,twi::eGFP;;	P{vnd_743::dsRED-NLS}	

6) PhiC31	-	w[-]	vas-phiC31(3P3-dsRED)	;	attP-VK37	;	attP2	

7) Ey	 RNAi	 1:	 P{y[+t7.7]	 v[+t1.8]=TRiP.JF02501}attP2/TM3Sb	 Bloomington	

#29339	

8) Ey-RNAi	 2:	 y[1]	 sc[*]	 v[1];	 P{y[+t7.7]	 v[+t1.8]=TRiP.HMS00489}attP2	

Bloomington	#32486	

9) VC::Gal4:	P{VC:Gal4}	(FlyZ-389)	

10) 	IC::Gal-4:	w	P{IC:Gal4,	w[mc]}	(FlyZ-195)	

11) UAS-ey:	attp{UAS-ey}.	flyorf.ch	#F000616	

3.2 Generation	of	transgenic	reporter	lines	

3.2.1 Generation	of	transformation	vectors	

For	the	generation	of	the	vnd	and	ind	enhancer	reporter	lines,	P	element	
mediated	 random	 insertions	 were	 used	 as	 described	 in	 (Bachmann	 &	 Knust,	
2008).	To	this	end	the	enhancers	vnd_743	(Markstein	et	al.,	2004)	or	 ind_1.4	(A	
Stathopoulos	 &	 Levine,	 2005)	 were	 cloned	 into	 the	 pRed	 H-Stinger	 vector	 (S	
Barolo,	 Castro,	 &	 Posakony,	 2004)	 and	 the	 vectors	were	 injected	 into	 y1	w1118	
flies	together	with	a	helper	plasmid	(Turbo)	expressing	the	transposase.	
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For	 site	directed	 insertions,	 enhancer	 candidates	were	 cloned	 into	a	 custom	
vector	 (pDuo2n-attB,	 (Zinzen	 et	 al.,	 2009))	 in	 front	 of	 a	minimal	eve	 promoter	
driving	lacZ	as	reporter	gene.	 

3.2.2 Injections	and	homozygosing	of	fly	lines	

Transgenic	 fly	 lines	 were	 generated	 by	 microinjections	 as	 described	 in	
(Rubin	 &	 Spradling,	 1982).	 In	 short,	 embryos	 were	 collected	 after	 three	 1-hr	
prelays	 on	 agar	 plates,	 dechorionated	 in	 bleach	 (~6%	 sodium	 hypochloride),	
poured	into	a	sieve	and	washed	extensively	in	water.	Embryos	were	transferred	
to	blue	agar	 slices	and	aligned	along	an	edge,	 transferred	 to	a	 coverslip	where	
the	 edge	 was	 coated	 in	 glue,	 dissicated	 to	 reduce	 turgor	 pressure,	 covered	 in	
halocarbon	oil	and	injected	under	a	scope	using	a	broken	glass	capillary	loaded	
with	 DNA.	 P-element	 vectors	were	 co-injected	with	 a	 non-transposable	 helper	
plasmid	to	allow	transposition	of	the	reporter	construct,	while	attB	vectors	were	
injected	 into	 embryos	 from	 fly	 stocks	 expressing	 the	 PhiC31	 integrase	 in	 the	
germline.		

The	 overall	 procedure	 for	 site	 directed	 mutagenesis	 was	 the	 same	 as	
described	above	but	the	vector	was	injected	into	the	fly	line	PhiC31	(a	kind	gift	
from	the	Rumpf	lab),	which	contains	two	attp	landing	sites.	The	constructs	were	
integrated	 into	 the	 genome	 at	 chromosomal	 position	 51C	 via	 attB/phiC31-
mediated	 integration	(Brown	et	al.,	2016).	Transgenic	survivors	were	balanced	
and	homozygosed	on	chromosome	two.	Enhancer	activity	was	determined	by	in	
situ	 hybridization	 using	 an	 antisense	 probe	 for	 lacZ.	 As	 control	 it	 was	 shown	
previously,	 that	 transformation	with	 an	 empty	 vector	 does	 not	 drive	 any	 gene	
activity	(Zinzen	et	al.,	2009).	

3.2.3 Embryo	collection	and	dechorionization	

Embryos	were	collected	on	apple	juice	agar	plates	and	dechorionated	on-
plate	 for	 1	 –	 2	min	 in	~	 6%	 (v/v)	Na-hypochlorite	 (bleach)	 as	 in	 (Rothwell	 &	
Sullivan,	 2007a,	 2007b).	 Then	 washed	 into	 a	 fine	 meshed	 sieve	 or	 Nitex	
membrane	 and	 dried	 by	 gently	 pressing	 the	 embryos	 into	 a	 clump	 and	 gently	
pressing	 the	 clump	on	paper	 towels.	 If	 tight	 temporal	 collections	were	needed	
flies	were	provided	with	 fresh	apple	 juice	agar	plates	 three	 times	 for	one	hour	
prior	 to	collection.	Then	 fresh	plates	were	provided	 for	 the	desired	period	and	
the	plates	were	aged	in	accordance	to	the	requirements	of	the	experiment.	
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3.3 Immunohistochemistry	and	RNA	in	situ	hybridization	(ISH)	

3.3.1 Embryo	fixation	

Embryos	 were	 fixed	 in	 one	 of	 two	 ways	 for	 antibody	 staining	 or	 in	 situ	
hybridization.	

1. Antibody	staining:	 	Embryos	were	transferred	 into	a	solution	containing	
one	 part	 3.7%	 (v/v)	 formaldehyde	 in	 PBS	 and	 one	 part	 n-heptane	 and	
shaken	for	12	min	on	an	orbital	shaker	at	full	speed.	Once	the	organic	and	
aqueous	 phase	 separated,	 the	 lower	 organic	 phase	 was	 removed.	 The	
tube	 was	 filled	 with	 methanol	 (at	 least	 50%	 v/v)	 and	 the	 vitelline	
membrane	was	 removed	by	 shaking	 vigorously	 for	2	min.	The	 embryos	
were	washed	 three	 times	with	 pure	methanol	 and	were	 then	 stored	 in	
methanol	at	-20	°C	until	use.	

2. In	 situ	 hybridization	 (this	 procedure	 was	 also	 used	 when	 in	 situ	
hybridization	and	Ab	staining	was	combined):		Embryos	were	transferred	
into	a	solution	containing	one	part	9.25%	(v/v)	formaldehyde	in	PBS	and	
one	 part	 n-heptane	 and	 shaken	 for	 25	min	 on	 an	 orbital	 shaker	 at	 full	
speed.	Once	the	organic	and	aqueous	phase	separated,	the	lower	organic	
phase	was	removed.	The	tube	was	filled	with	methanol	(at	least	50%	v/v)	
and	 the	 vitelline	 membrane	 was	 removed	 by	 shaking	 vigorously	 for	 2	
min.	The	embryos	were	washed	three	times	with	pure	methanol	and	were	
then	stored	in	methanol	at	-20	°C	until	use.	

3.3.2 Immunohistochemistry	

Antibody	 staining	 was	 performed	 according	 to	 standard	 procedure	 the	
protocol	is	available	upon	request	from	the	Zinzen	lab.	

Table 4.  Antibody list with reference to the source and dilutions used. 

Target	 Source	 Used	 at	

(dilution)	

antibody	type	 source	

animal	

Ind	 Lea	

Daempfling	

1:300*	 primary	 guinea	Pig	

Vnd	 Lea	

Daempfling	

1:1000*	 primary	 guinea	Pig	

Msh	 Lea	

Deampfling	

1:500	 primary	 guinea	Pig	

GFP	 LifeTech	

A10262	

1:1000	 primary	 chicken	
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GFP	 LifeTech	

G10362	

1:1000	 primary	 rabbit	

HRP	 Jackson	Labs	

123-545-021	

1:1000	 primary	 goat	

Yki	 Kenneth	Irvine	 1:200	 primary	 rabbit	

Wor	 Abcam	196362	 1:400	 primary	 rat	

Rabbit	IgG	 Life	

Technologies	

A-21244	

1:500	 Secondary	Rb-647	 	

Rabbit	IgG	 Life	

Technologies	

A-21429	

1:500	 Secondary	RB-555	 	

Guinea	pig	

IgG	

Life	

Technologies	

A-21450	

1:500	 Secondary	GP-647	 	

DsRed	 Abcam	

#ab62341	

1:500	 Primary	Rb-555	 Rabbit	

Eagle	 Abcam	

#ab201327	

1:500	 primary	 Mouse	

* Ind-GP and Vnd-GP antibodies were preabsorbed with 0-2h aged embryos 

incubated at 4°C over night. 

3.3.3 In	situ	hybridization	

In	 Situ	 Hybridization	 was	 performed	 as	 described	 in	 (Kosman	 et	 al.,	
2004).	In	brief	embryos	were	collected	at	the	desired	stages	and	dechorionatd	as	
described	 in	 “Embryo	 collection	 and	 dechorionization”.	 Probes	 (see	 Table	
XXX&&)	 were	 either	 transcribed	 from	 linearized	 ESTs	 obtained	 from	 the	
Drosophila	Gene	Collection	(ordered	from	DGRC,	created	by	BDGP),	or	from	PCR	
products	 containing	T7	promoters	at	 the	3’	 end	of	 the	 respective	gene,	or	PCR	
products	were	cloned	into	the	pTOPO®	vector	and	transcribed	after	linearization	
of	 pTOPO®	using	 the	 Sp6	 or	 T7	 promoter	 depending	 on	 the	 orientation	 of	 the	
product.	PCR	products	were	generated	either	from	genomic	DNA	or	cDNA	from	
wild	 type	 flies	 as	 indicated	 in	 Table	 5.	 All	 DNA	 fragments	 used	 for	 ISH	 probe	
generation	were	sequence	verified.	Probes	were	labeled	with	flourescin-,	biotin-	
or	 digoxigenin-UTP	 during	 in	 vitro	 transcription	 according	 to	 standard	
procedures.	Hybridization	was	performed	either	at	55°C	or	65°C	over	night	and	
visualization	 was	 performed	 either	 colorimetircally	 or	 fluorescently	 while	 co-
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visualizing	 appropriate	 marker	 genes	 according	 to	 standard	 procedure.	
Colorimetric	staining	was	done	using	DIG	antibodies	covalently	linked	to	alkaline	
phosphatase	 (Roche)	 followed	 by	 NBT+BCIP	 staining.	 Staining	 was	monitored	
under	a	dissection	microscope	and	stopped	by	adding	PBT,	embryos	were	then	
equilibrated	 to	 ethanol,	 washed	 with	 xylene	 and	 mounted	 in	 Permount.	 For	
fluorescence	ISH	the	same	procedure	was	performed	but	the	1°	antibody	was	an	
anti-hapten-HRP	conjugate	(Roche)	and	visualization	was	achieved	by	tyramide	
signal	 amplification	 with	 FitC	 or	 Cy3	 (Perkin	 Elmer).	 Mounting	 was	 done	
according	to	standard	procedures	with	ProLong	Gold	with	DAPI	(ThermoFisher)	
for	 fluorescence.	 Probes	 and	 primers	 used	 are	 listed	 in	 Table	 5.	 The	 detailed	
protocols	 for	 probe	 labeling	 and	 in	 situ	 hybridization	 are	 available	 from	 the	
Zinzen	lab	upon	request.	 

 

3.3.4 The	Vnd	lesion	

The	 vndΔ6	 mutation	 was	 generated	 by	 x-ray	 exposure	 and	 described	 to	 be	
homozygous	 lethal	(Lefevre,	1981).	We	sequenced	the	mutant	 line	with	a	tiling	
sequencing	approach	(see	Table	6.	for	primers	used)	and	found	a	T	to	G	mutation	
at	 the	 end	 of	 exon	 2,	which	 converts	 a	 tryptophan	 to	 a	 premature	 stop	 codon	
(chrX:594,283	C>T,	dm6).	Therefore,	the	protein	expressed	would	be	truncated	
and	lack	the	DNA	binding	domain,	thus	rendering	vnd6	a	true	null.	The	mRNA	is	
likely	to	be	subject	to	nonsense-mediated	decay.	

Table 5. Probes and primers used for in situ hybridization 

probe	 Primer	sequences	/	Clone	ID	

vnd	 F:	CCGTGAATGCCAGTTCCTAGC	

R:	GCGATGTCTGGCAGTTGGAACC	

ind	 F:	GCTCATCTCGAGATCAGTTGG	

R:	GAAGGTTGAGGCGTAGAATC	

ey	 F:	ACTGCAGGACGTCATTCTCA		
R::	NNNNTAATACGACTCACTATAGGGCTCTGCTCAAATCGCCAGTC		

CR33938/	

pncr002:3R	

F:	TGCAACCACGAGTTCGATAAAC			

R:NNNNTAATACGACTCACTATAGGGGTATAAATAGCAGGCAGGGGC

T		

eve	 Vector	of	unknown	origin	available	from	the	lab	

CR34335	 F:	TTCCCGAAGTGGTGCCTTTAAA			
R:	
NNNNTAATACGACTCACTATAGGGCGGACCAAGAACTTTGAACTGG			
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Table 6. Primers used for PCR amplification and sanger sequencing of the entire 
genebody of Vnd 

Zinzen	stock	number	/	name	 Sequence	

270	 vndA/B_2_for GGAGCCATCTTTATACTCGGGG 
272	 vndA/B_3.1_for GCCTTTCCATTCTGTAGGACCA 
274	 vndA/B_3.2_for TCACTTGGTTGCCCTAAATGGA 
271	 vndA/B_2_rev TTCCTGCGGACTTCATTGATGA 
273	 vndA/B_3.1_rev AGCGCTAGTAGGGGTTTGTATG 
275	 vndA/B_3.2_rev GGTCTTTCGGTTCTCATGGGAT 
266	 vndB_1_for CTTTTCGCGGACAGATTGTTGT 
267	 vndB1_rev CGTCGGCTCATTTTTGATTCGT 
268	 vndA1_for TATTGGCTGTTCTGAAGCGACT 
269	 vndB1_rev CAAACGTATTGTCGGTGGTCAG 

3.4 Generation	of	tissue-specific	transcriptome	data	

3.4.1 Experimental	procedure	to	extract	tissue	specific	RNA	

The	 final	data	 set	generated	and	used	 in	 this	 study	comprised	42	 tissue	
specific	 RNA-seq	 samples.	 For	 all	 conditions,	 at	 least	 a	 set	 of	 2	 biological	
replicates	 was	 produced,	 but	 3	 for	 most	 cases	 (see	 Table	 7).	 The	 material	
represents	a	 time	course	consisting	of	 two-hour	bins	4-6h,	6-8h	or	8-10h	after	
egg	 deposition.	 All	 replicates	 are	 biological	 replicates	 generated	 from	 unique	
embryo	populations	generated	on	different	days.	All	buffers	used	are	specified	in	
(McCorkindale	et	al.,	2018).		
	

Table 7.  Number of replicates by timepoint and conditions 

	 4-6h	 6-8h	 8-10h	

wt-ic	 2	 2	 3	

wt-vc	 3	 3	 2	

wt-ic-depleted	 4	 4	 4	

wt-vc-depleted	 3	 5	 4	

ko-vc	 -	 -	 4	

ko-vc-depleted	 -	 -	 5	
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3.4.2 Preparation	of	cells	from	aged	embryos	

The	embryos	were	collected	and	dechorionated	as	described	in	“Embryo	
collection	 and	 dechorionization”.	 Experiments	 were	 performed	 so	 that	 the	
embryos	 were	 transferred	 to	 a	 15	 ml	 dounce	 homogenizer	 (Wheaton,	 cat	 #	
357544)	containing	15	ml	ice	cold	RNAse	free	PBS	and	immediately	disrupted	at	
the	respective	timepoint. 
From	here	on	throughout	the	protocol	the	material	was	always	kept	at	0°	or	

4°C.	 All	 reagents	 were	 RNase	 free	 and	 all	 machines	 used	 were	 cleaned	 with	
RNAse	away	and	precooled	to	4°	or	0°C.	
Embryos	were	dissociated	with	>15	gentle	strokes	with	the	loose	pestle	until	

most	 embryos	were	 disrupted.	 It	 was	 taken	 care	 that	 the	 pestle	 never	 hit	 the	
bottom	 of	 the	 homogenizer.	 The	 solution	 was	 then	 poured	 through	 a	 20μm	
miracloth	 funnel	 (2	 sheets,	 rotated	 by	 90°,	 folded	 into	 a	 funnel)	 into	 a	 15ml	
centrifuge	 tube	 and	 subsequently	 centrifuged	 for	 3min	 at	 40g	 to	 remove	 large	
debris.	The	supernatant	was	transferred	to	a	fresh	15ml	centrifuge	tube	and	the	
cells	 pelleted	 for	 5min	 at	 1000g.	 The	 supernatant	 containing	 small	 debris	was	
removed	 and	 10ml	 fresh	 PBS	 was	 added.	 The	 PFA	 was	 added	 to	 a	 final	
concentration	 of	 4%	 and	 the	 samples	 were	 incubated	 at	 4°C	 for	 15min	 while	
agitating.	To	stop	the	 formaldehyde	crosslinking	2.5ml	Quenching	Buffer	(2.5M	
Glycine	in	PBS)	were	added	and	further	incubated	for	2min	while	agitating.	Fixed	
cells	were	washed	twice	in	PBS	by	pelleting	for	3min	at	3000g	and	exchange	of	
the	supernatant.	After	that	the	cell	pellet	was	re-suspended	in	1ml	RNAlater	and	
stored	at	4°C	for	up	to	3	nights	before	further	processing.	At	this	point	antibody	
staining	could	be	performed	as	described	in	(McCorkindale	et	al.,	2018).	

3.4.3 FACS	

Cells	 obtained	 from	 fly	 lines	 expressing	 a	 DsRed	 reporter	 gene	 were	
sorted	using	 the	endogenous	 signal.	 Cells	obtained	 from	 the	 ind-GFP	 line	were	
sorted	 using	 the	 signal	 amplified	 by	 α-GFP	 antibody	 staining	 as	 described	 in	
(McCorkindale	et	al.,	2018).	
Cells	were	filtered	through	a	70μm	nylon	mesh	into	a	Polystyrene	tube	on	ice.	

The	volume	was	adjusted	so	that	a	flow	rate	>20,000	events/s	was	not	exceeded.	
	

Gating	strategy	for	DsRed	expressing	cells:	

I FSC-A	vs.	SSC-A	–	selection	of	cells	vs.	large	and	small	debris	
II FSC-A	vs.	FSC-W	–	selection	of	single	cells	vs.	doublets	
III SSC-A	vs.	SSC-W	–	selection	of	single	cells	vs.	doublets	
IV FSC-A	vs.	FITC-A	–	removal	of	autoflourescent	cells	
V FSC-A	 vs.	 DsRed	 –	 collection	 of	 positive	 (high	 DsRed)	 and	 negative	 (low	
DsRed	populations	
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Gating	strategy	for	cells	stained	for	GFP:	

a) FSC-A	vs.	SSC-A	–	selection	of	cells	vs.	large	and	small	debris	
b) FSC-A	vs.	FSC-W	–	selection	of	single	cells	vs.	doublets	
c) SSC-A	vs.	SSC-W	–	selection	of	single	cells	vs.	doublets	
d) FSC-A	vs.	DsRed	–	removal	of	autoflourescent	cells	
e) FSC-A	vs.	FITC-A	–	collection	of	positive	(high	FITC-A)	and	negative	(low	

FITC-A)	populations	

3.4.4 Isolation	of	cells	after	FACS	

The	collection	tubes	from	the	FACS	were	centrifuged	for	10	min	at	3000	g	
to	pellet	cells.	Supernatant	was	removed.	Cells	were	resuspended	in	500	μl	PBS	
and	transferred	in	a	microtube.	An	additional	500	μl	PBS	was	used	to	resuspend	
remaining	 cells	 from	 the	 collection	 tube	and	 transfer	 them	 into	 the	microtube.	
Cells	were	again	pelleted	for	5	min	at	3000	g	using	a	swing	bucket	centrifuge	(to	
ensure	pelleting	in	the	bottom	of	the	tube)	and	the	supernatant	was	removed.		

3.4.5 Reverse	cross-linking	of	formaldehyde	cross-linked	cells	

The	 pellet	 was	 then	 resuspended	 in	 200	 μl	 Digestion	 Buffer	 and	 4	 μl	
ProteinaseK	was	added	plus	RNAsein	at	1:100.	The	cells	were	then	incubated	for	
15	 min	 at	 50°C	 (proteinase	 digestion)	 and	 subsequently	 for	 15	 min	 at	 80°C	
(reverse-cross-linking).	 The	 samples	were	 then	 immediately	 transferred	 to	 ice	
and	600	μl	TRIZOLTM	LS	was	added.		

3.4.6 Extraction	of	RNA		

RNA	 was	 always	 extracted	 using	 the	 Zymo	 DirectZol	 RNA	 MicroPrep		
protocol.	 The	 optional	 DNAse	 treatment	 step	 was	 always	 performed.	 RNA	
concentration	 was	 determined	 using	 the	 QubitTM	 RNA	 HS	 Assay	 Kit	 and	 RNA	
integrity	was	determined	using	 the	Agilent	RNA	6000	Nano	Kit	or	Agilent	RNA	
6000	Pico	Kit	on	the	Agilent	2100	Bioanalyzer	System.	RNA	was	then	stored	at	-
80°C	until	further	processing.	

3.4.7 Library	preparation	for	RNA-seq	from	fixed	tissue	specific	cells	

Libraries	 were	 prepared	 according	 to	 the	 “Protocol	 for	 use	 with	
NEBNext®	Poly(A)	 mRNA	 Magnetic	 Isolation	 Module	 (NEB	 E7490)	 and	
NEBNext®	Ultra	RNA	Library	Prep	Kit	for	Illumina®	(E7530)”.	
For	every	sample	the	starting	material	was	≥20	ng	total	RNA.	
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3.4.8 Generation	of	vnd	Chip-seq	data	

ChiP-seq	libraries	were	prepared	as	described	in	(Bonn	et	al.,	2012)	but	using	
an	antibody	raised	agains	Vnd	in	our	lab.	

3.5 Imaging	

Confocal	Z-stacks	were	acquired	being	careful	not	to	saturate	signal,	Confocal	

stacks	were	intensity	projected	using	FIJI(ImageJ)	(Schindelin	et	al.,	2012).	

3.5.1 Sorting	of	embryos	according	to	genotype	

Embryos	were	transferred	to	~50	ml	PBT	in	50ml	conical	tubes	at	room	
temperature	 (RT)	 approximately	 1h	 before	 T0	 and	 vortexed	 briefly	 avoid	
clumping	of	embryos	immediately	before	ey	were	loaded	into	the	BioSorter.	
Two	gates	were	used.	Gate	1	was	used	to	enrich	for	embryos	over	bubbles	and	

debris	and	Gate	2	was	used	to	enrich	for	GFP-	embryos	(Sup.	Fig.	1A).	
Sorted	 collections	 were	 examined	 under	 a	 dissection	 microscope	 and	

remaining	GFP+	embryos	were	selected	away	by	hand	thus	a	purity	approaching	
100%	was	achieved	(Sup.	Fig.	1B)	
	

Settings:	

Mixer:	40%,		

Pressure:	

Sample	cup	pressure	was	adapted	 to	maximize	embryo	 flow	rate	while	staying	

below	30	ev/s.	Usually	pressure	was	around	0.43psi.	Diverter	pressure:	3	psi,	

Sheath	flow	rate:	54%,		

Sorting:	

Drop	Width	13,000mS,	Sort	Delay	20,000mS,	

Acquisition	parameters:	

Signal	 threshold:	 750	 mV,	 Min.	 time	 of	 flight:	 300	 *.2μS,	 Trigger	 source:	

Extinction	

Laser:	

488,	Power:	80,	Gains:	1,	PMT	Volts:	500	
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3.5.2 Sequencing	

Libraries	 were	 sequenced	 on	 the	 Illumina	 HiSeq2500	 as	 single	 end	 50	

nucleotide	read	length.			

3.6 Computational	analysis	of	RNA-seq	data	

3.6.1 Correlation	of	published	and	whole	embryo	data	sets	

For	 the	 correlation	 analysis	 (Fig.	 3A)	 four	 datasets	 representing	 whole	
embryos	collected	and	aged	in	two	hour	bins	(2-4h,	4-6h,	6-8h	8-10h)	(Graveley	
et	 al.,	 2011)	 were	 downloaded	 from	 Gene	 Expression	 Omnibus	 (GEO)	 (Edgar,	
Domrachev,	 &	 Lash,	 2002)	 (accession	 numbers:	 SRR1197336	 (2-4h),	
SRR1197338	(4-6h),	SRR1197333	(6-8h),	SRR119733	(8-10h)).	
For	 all	 samples	 transcript	 level	 expression	 values	were	 estimated	 using	 the	

rsem	 software	 package	 (Fuda	 et	 al.,	 2015).	 The	 index	 was	 assembled	 using	
Drosophla	 genome	 and	 annotation	 file	 BDGP6	 Ensembl	 release	 81	 using	 the	
“rsem-prepare-reference”	 function.	 Next	 expression	 levels	 were	 calculated	 on	
the	sequencing	results	files	with	“rsem-calculate-expression”	with	the	arguments	
“--calc-ci	 --output-genome-bam	 --estimate-rspd”.	 Pearson	 correlation	 of	 log2	
transformed	expression	values	(TPM)	were	calculated	on	every	possible	pair	of	
samples.	

3.7 Demultiplexing	FastQC	Mapping	(including	Index	generation)	

3.7.1 Sample	Quality	Control	

The	 sequencing	 files	 were	 demultiplexed	 using	 bcl2fastq	 (v.2.19)	 and	
sequence	 data	 quality	 control	 was	 assessed	 using	 FastQC		
[https://www.bioinformatics.babraham.ac.uk/projects/fastqc/],	 and	 transcript	
integrity	 number	 (TIN)(L.	Wang	 et	 al.,	 2016).	 TIN	 is	 a	 entropy	 based	measure	
used	for	quantification	of	RNA	degradation,	based	on	the	uniformity	of	coverage	
profiles.	

Reads	were	mapped	to	an	index	file	of	the	Drosophila	reference	genome	
dm6	BDGP6	version	81	using	STAR	(v2.4.2)(Dobin	et	al.,	2013).	
For	the	index	ribosomal	genes	were	excluded	from	the	reference	genome.		

3.7.2 RNA	-	seq	Analysis	

RNA	 -	 seq	 data	 was	 mapped	 to	 the	 Drosophila	 melanogaster	 reference	
genome	 (dm6)	 using	 the	 STAR	 aligner	 (Dobin	 et	 al.,	 2013)	 (v2.4.2),	 with	 the	
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following	parameters:	--outReadsUnmapped	Fastx			--outFilterMultimapNmax	10			
--outFilterMismatchNoverLmax	0.05.		
STAR	Drosophila	 genome	 index	was	 constructed	with	 gene	 annotation	 version	
BDGP6,	downloaded	from	the	ENSEMBL	(Zerbino	et	al.,	2018)	database	version	
81.	
Mapped	 reads	 were	 converted	 into	 bigWig	 (Kent,	 Zweig,	 Barber,	 Hinrichs,	 &	
Karolchik,	2010)	 format,	 and	visualized	using	 the	 Integrative	Genomics	Viewer	
(Robinson	et	al.,	2011).	
Typically	around	85%	of	the	reads	were	uniquely	mapped	to	the	genome	with	

excluded	 ribosomal	 genes.	 The	 libraries	 usually	 comprised	 between	 5.000.000	
and	300.000.000	reads	with	4.700.000	and	120.000.000	uniquel	mapped	reads.	
Find	detailed	mapping	statistics	in	Appendix	Table	14.	

3.7.3 Expression	quantification		

Gene	 expression	 was	 quantified	 using	 the	 SummarizeOverlaps	 function	
from	the	GenomicAlignments	 (Zerbino	et	al.,	2018)	Bioconductor	 (Huber	et	al.,	
2015)	 package,	 in	 an	 unstranded	 mode.	 Representative	 gene	 models	 were	
constructed	by	taking	the	union	of	exon	coordinates,	for	each	gene.	

To	 control	 for	 possible	 contamination	 with	 early	 drosophila	 embryos,	
early	 embryonic	 expression	 signature	 was	 removed	 from	 the	 data	 set.	
Expression	data	from	Gravely	et	al.	(Graveley	et	al.,	2011)was	downloaded,	and	
all	genes	whose	average	expression	value	in	column	depleted	conditions	were	at	
least	two	fold	higher	than	the	expression	in	the	0	-	4	hour	embryo	were	kept	for	
further	analysis	(e.g.	(column-depleted	/	0	-	4h)	>	2	were	kept.).	The	final	data	
set	contained	12041	drosophila	genes.	

3.7.4 Removal	of	early	embryo	genes	

To	 control	 for	 possible	 contamination	 with	 early	 drosophila	 embryos,	
early	 embryonic	 expression	 signature	 was	 removed	 from	 the	 data	 set.	
Expression	data	from	Gravely	et	al.	(Graveley	et	al.,	2011)	was	downloaded,	and	
all	 genes	where	 the	average	expression	value	 from	 the	non-sorted	cells	was	at	
least	two	fold	higher	than	the	expression	in	the	0	-	4	hour	embryo,	were	kept	for	
further	 analysis	 (e.g.	 (non-sorted	 /	 0	 -	 4h)	 >	 2	were	 kept.).	 The	 final	 data	 set	
contained	12041	drosophila	genes.	

3.7.5 DeSeq	

Differential	expression	analysis	was	performed	on	gene	level	counts	using	
DeSeq	 (Love	 et	 al.,	 2014).	 Date	 of	 sample	 sequencing	 was	 taken	 a	 batch	
covariate.	 Samples	 corresponding	 to	 different	 developmental	 time	 points,	 and	
same	 tissue	 of	 origin,	 were	 regarded	 as	 biological	 replicates.	 Estimated	
expression	values	were	obtained	through	variance	stabilizing	transformation.		
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The	batch	 effects	were	 subsequently	 removed	 from	 the	 expression	data	
using	Combat	(Johnson	et	al.,	2007)	from	the	sva	package(Leek,	Johnson,	Parker,	
Jaffe,	&	Storey,	2012).	
The	SVA	output	table	was	used	as	“surrogate	variables”	for	the	DeSeq	analysis.	

The	conditions	used	for	DeSeq	analysis	were	the	tissues	of	interest	regardless	of	
the	 time	 bin	 they	 belonged	 to	 i.e.	 WT_IC_plus,	 WT_VC_plus,	 WT_IC_minus,	
WT_VC_minus,	 KO_VC_plus,	 KO_VC_minus.	 Genes	 were	 considered	 to	 be	
significantly	differentially	expressed	at	an	adjusted	p-value	cutoff	of	<0.05	and	a	
log2foldchange	 of	 >1.	 Using	 this	 requirement	 we	 determined	 sets	 of	 tissue	
specific	genes:	

3.7.6 Definition	of	gene	sets	

Gene	sets	were	defined	by	scoring	differential	expression	between	tissue	

conditions	each	gene	according	to	Table	8.	

	

Signaling	components	

A	list	of	genes	constituting	signaling	pathways	was	assembled	manually	from	

the	Kegg	 and	Thieffry	 databases	 (Kanehisa	&	Goto,	 2000;	Mbodj,	 Junion,	Brun,	

Furlong,	&	Thieffry,	2013).	This	list	is	available	from	the	Zinzen	lab	upon	request	

(smb://mdc-berlin.net/fs/ag_zinzen/Wahle_Philipp/Thesis	 repository/Digital	

Appendix/Table	20	Signaling.csv)	and	it	is	deposited	in	the	digital	appendix	table	

1.	

	

Table 8. Definition of tissue specific gene sets. Genes were assigned to gene sets 
(rows) based on whether they were significantly over (“up”) or under 
(“Down”) represented in the respective comparisons (columns). 

	 wt-ic/wt-
ic-depleted	

wt-ic	/	wt-
vc	

wt-vc/	 wt-
vc-depleted	

ko-vc	/	ko-
vc-depleted	

ko-vc	
/	wt-vc	

ICexc	 “Up”	 “Up”	 /	 /	 /	
VCexc	 /	 “Down”	 “Up”	 /	 /	
NEURO	 “Up”	 “No”	 “Up”	 /	 /	
INUS	 “Down”	 /	 “Down”	 /	 /	
KO-VCgained	 /	 /	 /	 “Up”	 “Up”	
KO-VCdown	 /	 /	 /	 “Up”	 “Dow

n”	
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3.8 Analysis	of	expression	distinctiveness	of	signaling	cascades.		

3.8.1 The	“squared	normalized	Manhattan	distance”	

As	 measure	 for	 a	 distinctive	 expression	 pattern	 of	 each	 pathway	 we	
calculated	 the	 “squared	 normalized	Manhattan	 distance”.	 Manhattan	 distances	
were	calculated	gene	by	gene	or	 for	groups	of	genes	constituting	a	pathway	as	
indicated.	 To	 make	 values	 comparable,	 the	 Manhattan	 distance	 of	 groups	 of	
genes,	 was	 normalized	 by	 the	 number	 of	 genes	 involved	 (either	 the	 reactome	
pathways	data	base	of	 the	manually	 assembled	 list:	 digital	 appendix	 “Table	19	
Signaling”).	 These	 values	 were	 then	 squared.	 In	 each	 case	 we	 calculated	 the	
squared	 normalized	 Manhattan	 distance	 for	 specific	 condition	 contrasts	 as	
indicated	in	the	figures	and	the	text	where	applicable.	We	calculated	these	values	
for	 (i)	 all	 individual	 genes	 overlapping	 between	 our	 dataset	 and	 the	 reactome	
databse	((Manhattan	distances/1)^2”)	and	having	a	log2FC	of	>=1	and	a	p-value	
of	<0.05	in	at	least	one	condition	comparison	(ii)	all	groups	of	genes	constituting	
signaling	pathways	or	metabolic	processes	with	more	than	one	gene	overlapping	
between	 our	 expression	 matrix	 and	 the	 reactome	 databse.	 (iii)	 all	 groups	 of	
genes	constituting	signaling	pathways	and	overlapping	between	our	expression	
matrix	and	the	manually	assembled	signaling	pathways	list.	
The	p-values	in	Figure	14	A	and	B	were	calculated	with	a	one	sided	Wilcoxon	

signed-rank	test.	To	this	end	the	Manhattan	distance	of	each	individual	gene	of	a	
given	 signaling	pathway	of	 the	manually	 assembled	 list	was	 tested	 against	 the	
Manhattan	distances	of	all	genes	having	a	log2FC	of	>=1	and	a	p-value	of	<0.05	in	
at	 least	 one	 condition	 comparison	 and	 overlapping	 between	 the	 reactome	
pathways	 database	 and	 our	 expression	 matrix.	 This	 was	 done	 separately	 for	
every	condition	contrast.	

3.8.2 TF	selection	

The	Drosophila	transcription	factor	gene	list	was	obtained	from	FlyMine(Lyne	et	
al.,	2007)		

3.8.3 ChIP	-	seq	analysis	

VND	 ChIP	 -	 seq	 data	 was	 processed	 with	 PiGx	 -	 ChIPseq	 pipeline.	 The	
reads	 are	mapped	 to	 the	 genome	using	Bowtie2	 (Langmead	&	Salzberg,	 2012)	
with	-k1.	For	visualization	purposes	the	reads	are	extended	towards	the	3’	end	to	
200bp,	 normalized	 to	 the	 library	 size,	 and	 converted	 into	 bigWig	 format.	 Peak	
calling	 was	 performed	 using	 MACS2	 (v2.1.0.2,	 https://github.com/taoliu/MACS)	
with	--keep-dup	auto,	and	-q	0.05	
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3.8.4 Motif	discovery	

DNA	 sequence	 was	 extracted	 in	 a	 region	 +/-	 100bp	 around	 the	 peak	
centers	of	1000	topmost	ranked	peaks	(ranked	by	p	value).		Motif	discovery	was	
performed	using	MEME	 (v4.10.1)	 (Bailey,	 Johnson,	 Grant,	&	Noble,	 2015)	with	
the	 following	 parameters:	 -nmotifs	 15	 -minw	5	 -maxw	15	 -revcomp.	 Resulting	
motif	were	annotated	with	known	drosophila	transcription	binding	models	using	
TomTom.	
 
Regions	 of	 +/-	 100bp	 around	 ChIP-seq	 peak	 centers	were	 scanned	with	 novel	
binding	motifs	using	the	TFBStools	(Tan	&	Lenhard,	2016)package.	A	motif	was	
considered	present	 if	 the	underlying	sequence	had	a	 relative	score	bigger	 than	
80%	of	the	maximum	motif	score.	
Motif	positions	around	the	peaks	were	visualized	fusing	the	genomation	(Akalin,	
Franke,	Vlahovicek,	Mason,	&	Schubeler,	2015)	package.	

3.8.5 Conservation	analysis	

D.	 melanogaster	 (dm6)	 phastCons	 score	 was	 downloaded	 from	 the	 UCSC	
Browser	Database	(Haeussler	et	al.,	2018).Average	phastCons	profile	around	the	
ChIP	-	seq	peak	centers	were	constructed	using	the	genomation	package.	

3.8.6 Eyeless	integration	

Processed	 eyeless	 ChIP	 -	 seq	 data	 was	 downloaded	 from	 the	 GEO	 dataset:	
GSE112868.	 The	 data	was	 transferred	 to	 dm6	 using	 CrossMap	 (H.	 Zhao	 et	 al.,	
2014).Correspondence	 of	 eyeless	 and	 vnd	 binding	 was	 visualized	 using	 a	
histogram	of	nearest	neighbour	distances.	
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3.9 Materials	and	Methods	for	Chapter	2	

3.9.1 Fly	Strains	and	in	situ	hybridizations	

The	Drosophila	strains	used	were	D.	virilis	we	(Drosophila	Species	Stock	

Centre,	#	15010-1051.17)	and	D.	melanogaster	y1	w1118	;	P{st.2::Gal4}	;	

P{vnd::dsRED},	where	st.2::Gal4	was	crossed	in	from	a	kind	gift	by	Steve	Small	

(NYU)	and	vnd::dsRED	was	created	by	standard	P-element	transgenesis	(Rubin	&	

Spradling,	1982)	after	placing	the	early	vnd	enhancer	(Markstein	et	al.,	2004)	

into	pRED-HStinger	(S	Barolo	et	al.,	2004).		 	
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Target gene 	

probe 
generated 
by 
(EST/PCR) 	

primer sequences (5’ → 3’)  
or EST ID 	

dsRED 	 PCR	 5’-CTGTTTAATTCGCCCTTCACCG-3’ 

5’-TACAGGAACAGGTGGTGGCG-3’	

CR45693 	 PCR	 5’-TGACAGCCTTCTGACAGGTTTT-3’ 

5’-TAATACGACTCACTATAGGGAGCAACGTCCTTCAATGGTTTG-3’	
gcm 	 EST	 RT 01048	
SoxN 	 EST	 RH 18247	
CG4500 	 EST	 RE 63419	
ana 	 EST	 RH 40649	
CG16886 	 EST	 RH 73259	

CG6660
  

PCR 
5’-TAGACTGTGCTTTCGAGCAGTT-3’ 

5’-

ACGTATAATACGACTCACTATAGGGATTTTGTGGCGATGAAACGGAG-3’       

fok PCR 
5’-TTCACACGTAGGCACATGAGAA-3’ 

5’-
ACGTATAATACGACTCACTATAGGGACAGCTGAGTCTGAACACCAAA-3’      

GJ14350 PCR 
5’-ACGAAAGGAAAGCCAGAATCCT-3’ 

5’-
ACGTATAATACGACTCACTATAGGGGGCTTAGTGTTTGGCAAGGTCAG-
3’ 

GJ17890 PCR 
5’-CAAAGCTACGCATCGCGAAA-3’ 

5’-ACGTATAATACGACTCACTATAGGGTCCCGCAAGCAAAATGTCTG-
3’ 

stumps EST PC00427 (image from BDGP ISH database)  

Oaz EST AT08673 (image from BDGP ISH database) 

Kr EST RE30918 (image from BDGP ISH database) 

eve PCR 
5’-CAGTCTTGTAGGGCTTGAAGAGC-3’ 

5’-CTTTGAATCACAAGACGCATACC-3’ 

babos EST GH11432 
m4 EST FI14216 
CR44691 PCR 5’-GCTGGTTTCCAAAACGTCATGT-3’	

5’-TCTCCCTCTCTCTCTCACACTG-3’ 
CR44917 PCR 5’-ATAAAACCATCAACTGCGTGGC-3’ 

5’-TACCTTTGGGCAATGGTCACTT-3’ 

Table 9. RNA in situ hybridization probe information is supplied.  
Probes were either generated from expressed sequence tags (DGRC clone identifiers listed), 
or from PCR products cloned into pCRII-Topo (PCR primers listed). 3 images corresponding 
to stumps, Oaz, and Kr ISHs were downloaded from the BDGP ISH database (Tomancak et 
al., 2002, 2007). 
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RNA	in	situ	hybridizations	were	done	according	to	standard	procedures	

(Kosman	et	al.,	2004).	Briefly,	embryos	of	the	genotypes	used	for	cell	isolation	

were	collected	for	ca.	1.5hrs,	aged	for	another	2.5hrs,	then	dechorionated	and	

chemically	cross-linked	in	4%	formaldehyde	for	25	minutes	before	washing	and	

dechorionation;	fixed	embryos	were	stored	at	-20°C	until	use.	Antisense	RNA	in	

situ	probes	were	generated	by	in	vitro	transcription	using	either	ESTs	obtained	

from	the	Drosophila	Gene	Collection	(DGRC	and	BDGP),	from	PCR	products	using	

T7	priming	sequences	encoded	in	the	reverse	primers,	or	after	T/A-cloning	into	

pCRII	(TOPO-Dual,	Invitrogen).		In	all	cases,	inserts	and	orientations	were	

sequence	verified.	Anti-sense	probes	were	transcribed	with	DIG-UTP,	hybridized	

overnight,	and	visualized	using	anti-DIG	antibodies	covalently	linked	to	alkaline	

phosphatase	in	the	presence	of	NBT+BCIP.	Immunohistochemistry	was	done	

according	to	standard	procedures,	using	over-night	incubation	with	1°	

antibodies	Rabbit-α-Yki	(from	Julia	Zeitlinger,	Stowers	(Ikmi	et	al.,	2014))	at	

1:1000,	and	Mouseanti-HistoneH3-phospho-S10	(Abcam	#14955)	at	1:1000.	2°	

antibodies	were	Alexa555	or	Alexa	488	conjugates	(LifeTechnologies).	Probes	

and	primers	are	listed	In	Table	9.	Standard	imaging	was	done	using	Nomarski	

contrast	on	a	Leica	DMi8	microscope.	

3.9.2 Embryo	collection	and	cell	isolation	for	sequencing	

For	bulk	sequencing,	~40	D.	mel.	or	D.	vir.	stage	6	embryos	were	collected	as	

described	below.	PBT	was	removed,	embryos	were	shock	frozen	in	liquid	

nitrogen	and	broken	up	using	pestles.	RNA	was	extracted	by	standard	TRIZOL®	

extraction.	Quality	of	extracted	RNA	was	assessed	using	a	BioAnalyzer	(Agilent	

Technologies,	Wilmington,	DE,	USA).	Libraries	were	generated	from	200ng	

extracted	RNA	with	the	NEBNext®	Ultra™RNA	Library	Prep	Kit	for	Illumina®	

using	poly(A)	mRNA	magnetic	isolation.	Samples	were	sequenced	on	the	

Illumina	NextSeq500	platform	using	75bp	single	end	sequencing	chemistry.	Bulk	

sequencing	libraries	are	deposited	in	GEO	under	accession	numbers	

GSM	2494790	(D.	mel.,	mel_bulk)	and	GSM	2494791	(D.	vir.,	vir_bulk).	

For	single	cell	sequencing,	D.	mel.	or	D.	vir.	were	allowed	to	lay	eggs	on	apple	

juice-agar	plates	for	1	hr	intervals	and	aged	for	~2:30hrs	(D.mel.)	or	~3:30hrs	
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(D.vir)	at	room	temperature.	Embryos	were	dechorionated	for	1	min	in	~4%	

NaOCl	and	extensively	washed	with	deionized	water	and	rinsed	with	PBT	

(1xPBS,	0.1%	Triton	X100).	Excess	liquid	was	removed	and	embryos	were	

transferred	to	5%	agarose	gel	slices	stained	light	blue	with	Coomassie	Brilliant	

Blue	for	contrast.	Embryos	were	monitored	under	a	stereomicroscope	and	stage	

6	embryos	were	hand-picked	by	morphological	markers	(beginning	ventral	

invagination,	start	of	germ	band	extension,	no	visible	transverse	furrow)	and	

immediately	transferred	to	ice-cold	PBT	(1xPBS,	0.1%	Triton	X100).	

Approximately	100	-	200	st.6	embryos	were	collected	prior	to	dissociation.	

Embryos	were	washed	thoroughly	using	ice	cold	cell	culture	grade	PBS	to	

remove	any	residual	detergent,	resuspended	in	1ml	ice	cold	dissociation	buffer	

(cell	culture	grade	PBS,	0.01%	molecular	biology	grade	BSA)	and	dissociated	in	a	

dounce	homogenizer	(Wheaton	#357544)	with	gentle,	short	strokes	of	the	loose	

pestle	on	ice	until	all	embryos	were	disrupted.	The	suspension	was	transferred	

into	a	1.5	ml	microfuge	tube,	cells	were	pelleted	for	3’	at	1	000g	at	4°C.	The	

supernatant	was	exchanged	for	1	ml	fresh	dissociation	buffer.	Cells	were	further	

dissociated	using	20	gentle	passes	through	a	22G	x	2”	needle	mounted	on	a	5	ml	

syringe.	The	cell	suspension	was	then	gently	passed	through	a	20	µm	cell	

strainer	(Merck,	NY2002500)	into	a	fresh	1.5ml	microfuge	tube,	residual	cells	

were	washed	from	strainer	using	a	small	amount	of	dissociation	buffer.	Cells	

were	pelleted	again	for	3’	at	1	000g	at	4°C	and	resuspended	in	100µl	fresh	

dissociation	buffer.	The	cell	concentration	was	determined	using	a	Neubauer	

counting	chamber.	Samples	were	fixed	(Alles	et	al.,	2017)	80%	methanol	in	PBS)	

and	thoroughly	mixing	with	a	micropipette.	Cells	were	stored	at	-20°C	(up	to	

several	weeks	without	any	noticeable	decline	in	sequencing	quality).		

For	Drop-SEQ	runs,	samples	from	8	to	10	handpicking	sessions	were	

combined	into	batches.	D.	mel.	and	D.	vir.	samples	were	prepared	separately	and	

combined	just	before	a	Drop-seq	run.	For	rehydration,	cells	were	moved	to	4°C	

and	kept	in	the	cold	throughout	the	procedure.	Cells	were	pelleted	at	3	000g	

(1	000g	for	rep.1)	for	5	minutes,	resuspended	in	PBS	+	0.01%	BSA,	centrifuged	

again,	passed	through	a	35	µm	cell	strainer,	counted	and	diluted	for	Drop-SEQ	as	

described	below.	Single	cell	sequencing	digital	gene	expression	(DGE)	matrixes	

are	deposited	in	GEO	under	accession	IDs	GSM	2494783	–	GSM	2494789	as	
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indicated	in	Table	10.	An	additional	DGE	of	only	the	HQCs	described	in	the	paper	

(including	their	t-SNE	cluster	assignment)	is	available	in	GEO	under	accession	ID	

GSE	95025.	

	

Table 10.  Replicate run information for Drop-seq. CR_Hyd, number of cells 
recovered after rehydration;  CR_CAF, number of cells recovered in 
combined aqueous flow.  

3.9.3 Drop-seq	procedure,	single	cell	library	generation	and	sequencing.		

Monodisperse	droplets	of	about	1	nl	in	size	were	generated	using	microfluidc	

PDMS	devices	(Drop-SEQ	chips,	FlowJEM,	Toronto,	Canada;	either	self-coated	or	

pre-coated	with	Aquapel).	Barcoded	microparticles	(Barcoded	Beads	SeqB;	

ChemGenes	Corp.,	Wilmington,	MA,	USA)	were	prepared	and	flowed	in	using	a	

self-build	Drop-seq	set	up	according	to	Macosko	et	al.	2015	(Macosko	et	al.,	

2015).	(Online-Dropseq-Protocol-v.-	3.1,	http://mccarrolllab.com/dropseq/).	

Cells	were	loaded	according	to	the	table	below	in	1x	PBS	+	0.01%	BSA.	Droplets	

were	collected	in	50	ml	Falcon	tubes;	typically,	the	collection	tube	was	

exchanged	every	~12.5	minutes,	corresponding	to	~1	ml	of	combined	aqueous	

flow	volume	(1	ml	cells	and	1	ml	of	beads).	Droplets	were	broken	promptly	after	

collection	and	barcoded	beads	with	captured	transcriptomes	were	reverse	

transcribed,	exonuclease-treated	and	further	processed	as	described	(Macosko	

et	al.,	2015).	The	1st	strand	cDNA	was	amplified	by	equally	distributing	beads	

run ID 
Drop-seq 
Run ID 

Drop-seq 
Date 

species 
mix 

CR_Hyd 
 CR_CAF 

final 
conc. 

(cells/µl) 

GEO 
accession 

ID 

rep.1 ds015 2016-04-19 yes 
(1:2) 175 000 118 456 68 

GSM 
2494783 

rep.2 ds022_mix 2016-07-05 yes 
(2:1) 100 000 72 360 40 

GSM 
2494784 

rep.3 ds022_mel 2016-07-05 no 82 500 59 697 33 
GSM 

2494785 

rep.4 ds024a 2016-09-02 no 
sample 1: 

320 000 

83 750 50 
GSM 

2494786 

rep.5 ds024b 2016-09-02 no 83 750 50 
GSM 

2494787 

rep.6 ds024c 2016-09-02 no 
sample 2: 

212 500 

58 625 35 
GSM 

2494788 

rep.7 ds024d 2016-09-02 no 58 625 35 
GSM 

2494789 

   Total: 890 000 535 263   
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from	one	run	to	48	PCR	reactions	(50	µl	volume;	4	+	9	cycles).	10	µl	fractions	of	

each	PCR	reaction	were	pooled	(total	=	480	µl),	then	double-purified	with	0.6x	

volumes	of	Agencourt	AMPure	XP	beads	(Beckman	Coulter,	A63881)	and	eluted	

in	12	µl.	1	µl	of	the	amplified	cDNA	libraries	were	quantified	on	a	BioAnalyzer	

High	Sensitivity	Chip	(Agilent).	600	pg	cDNA	library	were	fragmented	and	

amplified	(12	cycles)	for	sequencing	with	the	Nextera	XT	v2	DNA	sample	

preparation	kit	(Illumina)	using	custom	primers	enabling	3’-targeted	

amplification	as	described	(Macosko	et	al.,	2015).	The	libraries	were	double-

purified	with	0.6x	volumes	of	AMPure	XP	Beads,	quantified	and	sequenced	

(paired	end)	on	Illumina	Nextseq500	sequencers	(library	concentration	1.8	pM;	

Nextseq	500/550	High	Output	v2	kit	(75	cycles)	in	paired-end	mode;	read1	=	20	

bp	using	the	custom	primer	Read1CustSeqB(Macosko	et	al.,	2015)	,	read	2	=	64	

bp).	

	

run ID Species Cell     
number Genes UMIs Reads GEO accession 

rep.1 
D.mel. 
D.vir. 
mixed 

1119 
1857 

198 

1170 
1042 

— 

4290 
3445 

— 

36254 
30524 

— 
GSM 2494783 

rep.2 
D.mel. 
D.vir. 
mixed 

1104 
990 

84 

1464 
1393 

— 

6253 
6115 

— 

21300 
22199 

— 
GSM 2494784 

rep.3 D.mel. 1563 1319 5814 36729 GSM 2494785 

rep.4 D.mel. 1257 1286 5490 25908 GSM 2494786 

rep.5 D.mel. 1044 1132 4340 26527 GSM 2494787 

rep.6 D.mel. 826 705 1943 18674 GSM 2494788 

rep.7 D.mel. 1062 1041 4007 25020 GSM 2494789 

sum 
D.mel. 
D.vir. 
mixed 

7975 
2847 

282 
 

31575 
9560 

— 

190412 
30524 

— 
 

Table 11. Drop-Seq statistics for stamps (cells) below the ‘knee’ and with >1000 UMIs.  
Genes, median number of genes/cell; UMIs, median number of UMIs/cell; Reads, median 
number of reads/cell. 

3.9.4 Single	cell	RNA-seq:	data	processing,	alignment	and	gene	quantification.	

The	prepared	libraries	were	sequenced	in	paired-end	mode.	We	chose	read	1	

to	be	20bp	long,	which	sequences	the	cell	barcode	‘stamp’	at	positions	1-12	and	

the	UMI	at	positions	13-20	(Macosko	et	al.,	2015),	while	avoiding	reading	into	

the	poly(A)	tail.	The	remaining	64	sequencing	cycles	were	used	for	read	2.	
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Sequencing	quality	was	assessed	by	FastQC,	while	special	attention	was	paid	to	

the	base	qualities	of	read	1	to	assure	accurate	cell	and	UMI	calling.	The	last	base	

of	the	UMIs	generally	showed	a	higher	than	expected	T-content;	we	used	the	

Drop-seq	tools	v.	1.12	to	trim	poly(A)	stretches	and	potential	SMART	adapter	

contaminants	from	read	2,	to	add	the	cell	and	molecular	barcodes	to	the	

sequences	and	to	filter	out	barcodes	with	low	quality	bases.	The	reads	were	then	

aligned	to	a	combined	FASTA	file	of	the	Drosophila	reference	genomes	(dm6;	

GCA_000005245)	using	STAR	v.	2.4.0j	with	default	parameters	(Dobin	et	al.,	

2013).	Typically,	around	85%	of	the	reads	were	found	to	uniquely	map	to	either	

of	the	species’	genomes;	reads	not	uniquely	mapping	to	a	given	genome	were	

discarded.	The	Drop-seq	toolkit	was	further	used	to	add	gene	annotation	tags	to	

the	aligned	reads	and	to	identify	and	correct	bead	synthesis	errors,	in	particular	

base	missing	cases	in	the	cell	barcode.	The	Ensembl	annotations	BDGP6.86	and	

GCA_000005245.1.33	were	used	for	melanogaster	and	virilis	respectively.	Cell	

numbers	were	estimated	by	plotting	the	cumulative	fraction	of	reads	per	cell	

against	the	cell	barcodes	and	calculating	the	inflection	point.	The	

DigitalExpression	tool	was	used	to	obtain	the	digital	gene	expression	matrix	

(DGE)	for	each	sample.		

3.9.5 Species	separation,	cell	filtering	and	data	normalization.	

For	efficient	handling	of	mixed	species	samples	and	a	first	view	of	gene	

quantification,	basic	statistics	and	the	doublet	rates	we	used	dropbead	

(https://github.com/rajewsky-lab/dropbead)	(Alles	et	al.,	2017).	

A	threshold	of	90%	(UMIs	mapping	to	one	species)	was	selected	to	

confidently	declare	reads	corresponding	to	a	single	stamp	as	not	representing	a	

mixed-species	doublet.	In	silico	separation	of	the	species	under	this	threshold	

resulted	in	7	individual	DGEs	for	D.	mel.	and	2	for	D.	vir.	(see	tables	10	and	11),	

which	were	subsequently	pooled	together	by	species,	giving	7	975	and	2	847	

cells,	respectively.	Within	the	pooled	DGEs,	cells	containing	more	than	5	UMIs	for	

mesodermal	and	dorsal	ectodermal	marker	genes	(see	Table	12)	were	removed	

as	potential	doublets.	Pole	cells	were	identified	by	containing	at	least	3	UMIs	of	

pgc	(GJ22404	in	D.	vir)	and	were	removed	prior	to	clustering	analysis	and	spatial	

mapping.	Similarly	yolk	nuclei	were	identified	by	having	at	least	10	UMIs	of	yolk	
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specific	markers	(see	Table	12).	We	further	discarded	cells	expressing	less	than	

any	5	of	the	reference	atlas	genes	used	for	mapping	(threshold:	1	UMI),	as	our	

confidence	in	their	mapping	accuracy	would	be	accordingly	low.	Genes	mapping	

to	the	mitochondrial	genome	or	with	biotypes	other	than	protein	coding,	lncRNA	

or	pseudogene	were	also	removed	from	the	DGE.	We	normalized	the	UMI	counts	

for	every	gene	per	cell	by	dividing	its	UMI	count	by	the	sum-total	UMIs	in	that	

cell,	and	multiplying	it	by	the	number	of	UMIs	that	the	deepest	cell	contained.	

Downstream	analysis	was	performed	in	log	space.	

3.9.6 Correlation	of	gene	expression	measurements.		

Correlations	of	gene	expression	levels	between	single-cell	samples	were	

computed	by	first	sub-setting	the	DGEs	of	the	two	samples	to	the	intersection	of	

the	genes	captured	in	both	libraries	(typically	~10,000)	and	then	computing	the	

sum	of	gene	counts	across	all	cells	in	each	library.	Plotting	of	correlations	is	

shown	in	log-space.	For	the	correlation	of	our	single-cell	libraries	against	mRNA-

seq,	we	converted	the	gene	counts	of	the	latter	one	into	RPKMs	and	used	the	

mean	value	of	all	isoforms	for	a	given	gene.	

3.9.7 Marker	genes	and	germ	layer	assignment.		

We	compiled	sets	of	genes,	which	are	well-known	to	be	expressed	specifically	

in	the	presumptive	mesoderm	(ME,	ventral),	neurogenic	ectoderm	(NE,	lateral),	

or	dorsal	ectoderm	(DE)	(see	Table	12).	Cells	were	then	classified	with	respect	to	

gross	DV	origin	by	computing	a	column-specific	score	per	cell	reflecting	the	

average	expression	of	any	column's	markers	present	in	that	cell.	The	scores	were	

scaled	and	centered	across	every	cell	and	subsequently	across	the	three	germ	

layers.	Cells	scoring	higher	than	1.3	in	one	of	the	columns	were	assigned	to	that	

column;	otherwise	they	were	designated	‘undetermined’.	
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Cell population Genes 

Dorsal 
ectoderm Ance, CG2162, Doc1, Doc2, egr, peb, tok, ush, zen 

Neurogenic 
ectoderm ac, brk, CG8312, l(1)sc, mfas, Ptp4E, sog, SoxN, vnd 

Mesoderm CG9005, Cyp310a1, GEFmeso, ltl, Mdr49,  Mes2, NetA, ry, sna, stumps, 
twi, wgn, zfh1 

Yolk cells beat-IIIc, CG8129, CG8195, Corp, CNT1, sisA, ZnT77C  

Pole cells Pgc 

Table 12. Drosophila embryo germ layer marker genes (stage 5). 

3.9.8 Identification	of	highly	variable	genes,	PCA	and	t-SNE	clustering.		

We	used	Seurat	(Satija	et	al.,	2015)	for	identifying	the	highly	variable	genes,	

i.e.	genes	with	relatively	high	average	expression	and	variability,	in	each	of	the	

pooled	DGEs.	Those	sets	were	subsequently	projected	along	the	first	few	

principal	components	to	encompass	more	genes	(see	Satija	et	al.,	2015	for	more	

details	on	this	procedure).	Principal	component	analysis	was	performed	over	

these	extended	sets.	The	first	16	or	18	principal	components	were	identified	as	

statistically	significant	and	were	used	as	input	for	t-SNE	clustering	of	D.	mel	or	D.	

vir.	cells,	respectively.	We	used	Seurat	to	identify	the	marker	genes	for	each	of	

the	clusters	in	the	t-SNE	representation.	
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tSNE 
Cluster Genes 

1 spict, Ada1-1, CG18130, Klp10A, mbl, srl, sktl, mrn, CG13300, CR41257, 
CG7546, CG32243, phyl, CG2837, CG3184 

2 Aldh, ImpE2, mtt, hkb, ImpL3, CG31038, CG5656, croc, CG13101, fkh, CG8468, 
CG17119, CG12541, Hsp83, kni 

3 ind, CG34224, ths, sad, ac, gsb, ImpL2, pyr, Atx-1, pDsRed, SoxN, Dr, sca, 
Meltrin, sog 

4 tin, Act87E, twi, CG1673, sprt, CG14687, Mef2, Ilp4, CG14688, sna, CR45361, 
stumps, CG12177, Mes2, Nplp2 

5 hbn, fd102C, CG14204, Optix, nrm, fj, eya, oc, Bili, yellow-e, amd, toy, CG3502, 
Gasp, Adgf-A 

6 peb, zen2, dap, zen, C15, CG13653, ana, Alk, CG16886, CG43725, Z600, kay, 
Doc3, CG6753, CG42666 

7 Pdp1, CG2930, DNaseII, ps, CG32053, CG18754, Gmap, CG7191, Ptx1, Fas2, 
fkh, mnd, MRE23, CG31431, a 

8 klg, byn, ken, cad, disco, hb, dpn, CG31871, salm, Blimp-1, rib, D, Abd-B, 
CG42762, apt 

9 gcm, ham, ttk, CrebA, shep, RhoL, fok, knrl, kni, zfh1, CG33099, CR44683, srp, 
btd, NetB 

10 CR45185, grn, so, CR43302, Oaz, lov, SP2353, toy, Hmx, tll, oc, CG15236, 
CG42342, Ance, Dll 

11 rau, Abd-B, grn, CR43617, cic, run, ken, CG32483, EcR, CG34232, veil, hb, 
CR43279, CG11966, CG10176 

Table 13. Highly variable genes in tSNE clusters. 

3.9.9 Binarization	of	the	BDTNP	reference	atlas.	

The	BDTNP	reference	atlas	(Fowlkes	et	al.,	2008)	quantifies	the	relative	

mRNA	levels	of	84	genes	in	the	context	of	a	virtual	stage	5	D.	mel	embryo	at	

pseudo-nuclear	resolution.	We	selected	the	latest	of	the	6	time	points,	i.e.	stage	5	

with	~100%	cellularization,	for	mapping,	as	this	is	the	closest	match	to	our	data	

–	the	earliest	we	were	able	collect	embryos	was	beginning	developmental	stage	

6,	because	cellularization	in	the	Drosophila	embryo	does	not	complete	until	the	

end	of	stage	5,	which	means	our	embryos	are	developmentally	within	~10	

minutes	of	the	high	resolution	BDTNP	marker	gene	atlas	used.	Due	to	bilateral	

symmetry	only	half	of	the	embryo	is	relevant	for	spatial	mapping;	hence	we	

selected	the	first	3	039	nuclei.	We	converted	the	continuous	gene	expression	

levels	into	binarized	on/off	states	that	would	guide	spatial	mapping.	We	chose	a	

binarization	threshold	for	each	gene	individually,	by	inspecting	a	range	of	

thresholding	values	and	comparing	the	resulting	pattern	with	published	in	situ	

hybridizations	(Tomancak	et	al.,	2002,	2007).	In	cases	where	the	BDTNP	atlas	

thresholding	resulted	in	clear	discrepancy	with	published	in	situ	data,	the	

reported	expression	was	given	primacy	and	the	atlas	was	manually	adjusted.	Out	



	 145	

of	3	039	locations	of	the	gene	atlas,	2	937	exhibit	unique	gene	combination	

patterns	upon	binarization.	The	final	position	dependent	expression	matrix	of	

the	binarized	in	situs	used	for	spatial	mapping	is	included	in	Table	13.	

3.9.10 Binarization	of	Drop-seq	data.		

We	binarized	the	gene	expression	levels	for	the	84	genes	that	guided	the	

mapping	as	follows.	First,	we	computed	the	gene	correlation	matrix	of	the	84	

genes	with	the	binarized	version	of	the	BDTNP	atlas.	Next,	for	a	given	gene	and	

only	considering	the	Drop-seq	cells	expressing	it	we	computed	a	quantile	value	

above	(below)	which	the	gene	would	be	designated	ON	(OFF).	We	sampled	a	

series	of	quantile	values	and	each	time	the	gene	correlation	matrix	based	on	this	

binarized	version	of	our	data	versus	the	binarized	BDTNP	atlas	was	computed	

and	compared	by	calculating	the	mean	square	root	error	between	the	elements	

of	the	lower	triangular	matrices.	Eventually,	we	selected	the	quantile	value	0.23,	

as	it	was	found	to	minimize	the	distance	between	the	two	correlation	matrices.	

3.9.11 Spatial	mapping	algorithm.		

Having	binarized	the	BDTNP	atlas	and	our	data	as	described	above,	we	aimed	

at	assigning	a	probability	score	for	each	of	our	cells	to	each	of	the	3	039	bins	of	

the	database	as	follows.	We	compared	a	given	cell	to	all	bins	by	counting	the	

number	of	genes	found	ON	(OFF)	in	both	the	cell	and	a	given	bin,	as	well	as	the	

number	of	genes	which	disagreed	between	the	cell	and	the	given	bin.	This	led	to	

a	calculation	of	3	039	confusion	matrices	for	each	cell.	In	a	given	cell-bin	

combination,	we	interpreted	the	OFF-OFF	cases	as	true	negatives	(tn),	the	ON-

OFF	cases	as	false	positives	(fp),	the	OFF-ON	cases	as	false	negatives	(fn)	and	the	

ON-ON	cases	as	true	positives	(tp).	We	employed	the	Mathews	correlation	

coefficient	(MCC)	to	weight	the	confusion	matrices	and	assign	a	cell-bin	score.	

The	MCC	scores	were	subsequently	exponentiated.	

3.9.12 Simulations	to	assess	bin	coverage	&	cell	mapping	confidence.		

In	general	a	given	cell	exhibited	high	scores	with	more	than	one	positional	

bins	(see	also	heat	map	of	MCC	scores	in	Fig.	22A).	We	performed	simulations	to	

assess	whether	the	obtained	high	scores	could	have	been	generated	by	chance.	



	146	

First,	we	permuted	the	values	of	the	84	genes	for	every	cell	of	our	data	100	

times,	generating	thus	129	700	simulated	cells.	We	mapped	the	simulated	cells	

onto	the	reference	atlas	via	the	algorithm	described	above	and	calculated	then	

the	maximum	MCC	scores	per	bin.	Their	distribution	was	significantly	lower	than	

the	corresponding	distribution	arising	from	the	mapping	of	real	cells	(data	not	

shown).	Particularly,	more	than	87%	of	the	bins	had	at	least	one	MCC	score	with	

a	p-value	smaller	than	0.05,	leading	to	the	conclusion	that	we	effectively	covered	

more	than	87%	of	the	embryo	with	high	confidence	(Fig.	22C).	Similarly,	we	

permuted	the	84	genes	40	times	for	every	bin	of	the	reference	atlas,	generating	

thus	121	560	simulated	bins,	upon	which	we	mapped	our	Drop-seq	data.	

Comparing	the	distribution	of	the	maximum	MCC	scores	with	the	one	

corresponding	to	the	real	bins,	we	assessed	that	878	cells	were	assigned	to	the	

embryo	with	very	high	confidence	(p-value	<	0.05,	data	not	shown).	

3.9.13 Computation	of	gene	expression	patterns.		

For	the	majority	of	the	cells,	several	positional	bins	scored	highly.	Therefore,	

we	adopted	a	probabilistic	mapping	strategy,	instead	of	fixing	every	cell	to	only	

its	highest	probability	location.	For	a	given	gene,	we	multiply	the	vector	of	its	

normalized	expression	across	cells	with	the	MCC	scores	per	bin.	This	

multiplication	is	element-wise	and	penalizes	cases	for	which	the	gene	is	either	

very	lowly	expressed	(even	though	the	scores	for	that	cell	could	be	very	high)	or	

the	score	for	a	bin	is	very	low	(indicating	that	the	cell	expresses	the	gene	but	

maps	better	to	another	bin).	We	sum	the	products	row-wise,	obtaining	thus	a	

number	for	each	bin.	We	then	binarize	the	vector	of	normalized	gene	expression	

and	repeat	the	above	process,	resulting	in	a	second	3309	dimensional	vector.	We	

divide	the	first	vector	by	the	second,	element-wise,	to	account	for	the	different	

number	of	cells	that	could	express	the	gene.	The	resulting	vector,	q,	is	further	

normalized	through	q/(1+q)	to	reduce	outlier	effects.	A	threshold	is	then	

imposed	that	sets	the	values	of	q	to	zero	that	lie	below	the	quantile	

corresponding	to	that	threshold.	
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3.9.14 Plotting	of	gene	expression	patterns.	

	We	used	the	coordinate	system	of	the	sixth	time	point	of	the	BDTNP	database	

to	depict	our	computed	expression	patterns.	As	the	embryo	is	bilaterally	

symmetric	and	we	mapped	our	cells	to	the	first	3	039	bins,	we	mirrored	the	final	

scores	for	the	remaining	3	039	bins	across	the	A/P-D/V	plane	to	obtain	a	

complete	picture	of	the	embryo.	For	the	lateral	view,	we	display	the	first	3	039	

bins	plotted	in	x	and	z.	For	the	ventral	and	dorsal	views,	the	bins	with	z<0	or	z>0	

were	selected	and	their	x/y	coordinates	were	plotted.	For	the	anterior	and	

posterior	view,	the	bins	with	x<0	or	x>0	were	selected	and	their	y/z	coordinates	

were	plotted.	The	red	to	grey	color	scale	shows	high	to	low	expression	per	

positional	bin.	

3.9.15 Noise	simulations	to	assess	vISH	threshold	values.	

We	performed	simulations	in	order	to	identify	meaningful	threshold	values	

when	computing	a	vISH.	Using	the	raw	data	of	the	1	297	cells,	we	generated	for	

every	gene	and	for	every	cell	a	random	Poisson	number,	with	a	mean	and	

variance	equal	to	the	number	of	UMIs	for	that	cell	and	gene;	we	repeated	this	

process	50	times.	We	verified	that	the	correlations	of	gene	expression	levels	

were	high	across	the	samples	(Pearson	R	>	0.97,	data	not	shown),	but	the	cell-to-

cell	correlations	were	much	lower	(Pearson	R	~	0.7,	data	not	shown).	We	

spatially	mapped	these	50	simulated	samples.	For	a	given	gene	we	computed	a	

vISH	for	thresholds	in	the	range	[0.5,	0.98]	with	steps	of	0.01.	We	then	computed	

the	per	bin	standard	deviations	across	the	50	calculated	vISH	and	their	sum.	As	

higher	thresholds	imply	fewer	bins,	this	sum	is	expected	to	minimize	for	

threshold=0.98.	However,	for	some	genes,	especially	the	well-expressed	ones,	

the	distribution	of	these	sums	against	the	threshold	values	showed	local	minima,	

which	in	some	cases	were	even	global	(Fig.	S	18A),	revealing	robustness	of	these	

threshold	values	against	Poisson	noise	simulated	data.	Visualizing	the	vISHs	with	

these	obtained	values	and	comparing	the	patterns	with	in	vivo	spatial	expression	

data	(Tomancak	et	al.,	2002,	2007)	showed	good	agreement.	For	the	lowly	

expressed	genes	our	simulations	could	not	provide	useful	insights	on	threshold	

values,	even	when	modeling	noise	with	a	negative	binomial	distribution,	

allowing	for	different	variances.	
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3.9.16 Clustering	and	discovery	of	archetypal	in	situ	patterns.	

Having	computed	a	set	of	gene	expression	patterns,	we	computed	their	

distance	matrix	in	order	to	discover	gene	expression	archetypes.	The	gene	set	

was	selected	as	the	union	of	the	highly	variable	genes,	the	three	column	markers	

and	the	genes	used	for	the	spatial	mapping.	Agglomerative	clustering	was	

performed	to	identify	the	number	of	parent	clusters.	We	averaged	the	expression	

patterns	of	the	genes	belonging	to	each	of	the	parent	clusters,	thus	producing	10	

representative	in	situs	of	the	corresponding	identified	archetypal	classes	(Fig.	S	

19B).	

3.9.17 Discovery	of	new	markers	with	localized	expression	patterns.	

We	restricted	our	survey	for	new	markers	of	expression	patterns	to	genes	

either	not	reported	in,	or	annotated	as	‘no	staining’	in	the	BDGP	in	situ	database.	

We	computed	the	expression	patterns	for	this	large	set	of	genes	and	visually	

inspected	these	virtual	in	situ	hybridizations.	For	validation,	we	chose	genes	with	

distinct	localized	expression	patterns.	 	

3.9.18 Correlation	of	Drop-Seq	and	nCounter	gene	expression	analysis.	

To	assess	the	quantitativeness	of	the	Drop-Seq	data	gene	expression	data	with	

respect	to	NanoString	nCounter	data	from	individual	stage-matched	embryos	

(beginning	gastrulation)	(Sandler	&	Stathopoulos,	2016),	the	DGE	was	subsetted	

to	the	genes	included	in	the	nCounter	analysis.	For	each	gene	a	total	count	across	

all	cells	was	calculated.	The	gene	Fdy	was	excluded	because	it	resides	on	the	Y-

chromosome	and	the	nCounter	value	based	on	3	embryos	cannot	be	

representative	of	a	random	male/female	mixture	of	cells.	For	genes	which	were	

counted	using	two	primer	pairs	in	the	nCounter	experiment	(genes)	the	higher	

value	was	used	in	each	case,	assuming	that	this	reflects	expression	values	

obtained	by	poly-A	selection	more	closely	due	to	inclusion	of	more	transcript	

isoforms.	For	each	gene,	the	total	DGE	counts	and	the	total	nCounter	

(gastrulation	stage)	counts	were	converted	to	relative	expressions	by	dividing	

each	gene	count	by	the	sum	of	all	genes	in	the	respective	dataset.	Correlation	

plot	is	shown	in	log-space.	
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3.9.19 Gene	Ontology	Term	Enrichment	analysis	

For	the	GO	term	analysis	the	Comprehensive	R	Archive	Network	(CRAN)	

package	“gProfileR”	was	used.	All	genes	detected	in	the	Drop-seq	experiment	

were	used	as	the	background	model.	For	the	cluster-specific	GO	term	

enrichments,	a	list	of	genes	identified	as	significantly	overrepresented	in	a	

cluster	was	assembled	for	each	cluster	using	the	“FindAllMarkers”	function	from	

Seurat	(Satija	et	al.,	2015)	and	requiring	an	average	difference	(avg_diff	)	>	0	and	

a	p-value	(p_val)	<	0.05.	Cluster	specific	enrichment	of	terms	is	displayed	on	a	

blue	scale	where	p-value	>	0.05	and	on	a	red	scale	were	p-value	<	0.05	(Fig.	S	15	

and	S	16).	P-values	are	displayed	as	-log10	(p-value).	Rows	are	clustered	by	

complete	linkage	clustering.	The	inclusive	heatmap	for	biological	process	terms	

(Fig.	S.	16)	was	subsetted	to	exclude	less	meaningful	terms	and	is	shown	in	Fig.	S	

15.	
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increments from ylleow to red, sub significance threshold enrichment in blue. 

-
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P"I"P *DEFG<,%,P",.<TR=G9;,<CRG<AAD=?,MS9?E<A,[D@SD?,9?B,:<@[<<?,@DAAF<A",,

Log2 fold change between earliest and latest timepoints. (I) wt-vc vs wt-vc-depleted. Genes in the 
bottom left corner are high in the early timepoint and low in the late time point, genes in the upper right 
corner are low early and high late, in each case consistently between wt-vc and wt-vc-depleted. Most 
genes change expression levels consistently in wt-vc and wt-vc depleted. (II) temporal expression 
changes between wt-ic and wt-vc. Most genes do not change significantly or change consistently 
between wt-vc and wt-ic conditions. (III) same as (II) but genes are marked in black if they are part of 
the NEURO gene set. A few gene do change expression levels inconsistently between wt-ic and wt-vc. 
These are labeled with names. wntD changes consistently but the change is extreme in wt-ic and mild 
in wt-vc. Scatterplots were generated by Vedran Framke 
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P"I"U *DEFG<,%,U",J<9@T9R,=>,bO,@DAAF<,AR<MD>DM,.*A",,

83 TFs were identified that fall into one of the identified gene sets as indicated. Heatmap was 
generated by Vedran Franke 
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P"I"W *DEFG<,%,W",(E,5A/<B,M=A@9D?D?E,D?,3.,9?B,V?BjW,<T:GQ=A",,

Eg DsRed costaining reveals increased overlap of Eg positive and DsRed positive cells without 
apparent increase in EG positive cells in total. This presumably reflects the ventral shift of the IC. 

-

-
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4.1.7 Figure	S	7.	Eyeless	knockdown	in	the	IC.		

IC-Gal4;UAS-ey-RNAi (Bloomington #29339) produces a highly variable but severe CNS phenotype. 
Neurons are entirely disarranged. Images of the second IC-Gal4;UAS-ey-RNAi (Bloomington #32486) 
experiment with an independent UAS-ey-RNAi line are still missing. Experiment and staining was 
performed by Konstantinos Papadakis. 
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P"I"b *DEFG<,%,b",5RR,9?B,(+*,ADE?9;D?E,M=?A@D@F<?@,S<9@T9RA",,

Z-score heatmaps of Dpp and EGF signaling constituents as of the assembled Signaling constituents. 
Barplot decoration indicates average expression levels across all samples. The table with all signaling 
constituents is deposited on the Zinzen lab server under smb://mdc-
berlin.net/fs/ag_zinzen/Wahle_Philipp/Thesis repository/Digital Appendix/Table 20 Signaling.csv  

-

56768 *DEFG<,%,f",/S=T:=DB,<CRG<AAD=?,D?,3.,9?B,V?BjW,<T:GQ=A",**

rhomboid ISH reveals rho positive putative NBs located in the VC. These cells are always missing in 
vnd!6 embryos at stage 9. 

-
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R=D?@",,,

A. wntD shows early expression in the mesoderm and mesectoderm. Expression then expands into the 
VC and is subsequently reduced in the mesoderm (not visible) and the VC. ISH taken from BDGP 
(http://insitu.fruitfly.org/cgi-bin/ex/insitu.pl). B. Our data perfectly recapitulate this dynamic temporal 
expression. All tissue conditions show progressively lower expression levels but the effect is low in wt-
vc. wt-ic shows low signal early presumable because the wntD expression domain borders the IC early 
on while it does not at later timepoints. Notably wntD signal is entirely absent in ko-vc. Rna-seq tracks 
are scaled to the same relative hight. 

-

P"I"II *DEFG<,%,II",JDRR=,ADE?9;D?E,D?,A@9E<,II,?<FG=:;9A@A",,

A. Nuclear Yki localization is prevalent at stage 11. Dashed box on the right is magnified on the left in 
4 separate Z-stack sections. Exemplary cells with nuclear Yki and Wor staining are indicated with 
arrows. B. CycE, a canonical Yki target gene is expressed specifically in NBs at stage 9, further 
supporting activated Yki in early NBs. 
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P"I"IN *DEFG<,%,IN",5<,?=V=,T=@D>,<?GDMST<?@,D?,6?B,R<9^A",&",,

Representation of the 15 most significantly enriched motifs by de novo motif discovery with MEME. 
B. peak enrichment of the 8 most enriched motifs reveals that Motif 1 and 2 have the strongest peak 
enrichment. C. PhastCon scores around peak centers with Vnd motif 2 match show stronger sequence 
conservation than peaks without Vnd motif 2 supporting the biological relevance of this motif over 
other Vnd binding events. 

-
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P"I"IO *DEFG<,%,IO",6?B,:D?BD?E,=V<G;9RA,[D@S,(Q<;<AA,:D?BD?E",,

A. Vnd shares a number of binding sites with Ey. 2395 of 3562 Ey peaks lie within 1kb of a Vnd peak. 
Among these peaks there is a strong tendency to be located at the exact same spot. B. VT51761 drives 
expression in the ey expression pattern. 

-

Table 14. Mapping statistics 

%*3'+"$ 3*''".$ 7#&%$ ?2"W$
U=X)7X3X:8HX::8888$ 3*'Y.@%7$ BABK<K$ 8Y8::$
U=X)7X3X:8HXE88888$ 3*'Y.@%7$ ::<QCK$ 8Y8::$
U=X)7X3X:8HX<88888$ 3*'Y.@%7$ BK:EBB$ 8Y8:$
U=X)7X'X:8HX::8888$ 3*'Y.@%7$ E;B;C$ 8Y8:B$
U=X)7X'X:8HXE88888$ 3*'Y.@%7$ K;:88<$ 8Y8:C$
U=X)7X'X:8HX<88888$ 3*'Y.@%7$ CC8:QA$ 8Y88;$
I&X@7X3X:8HX:B8B:E$ 3*'Y.@%7$ BBCBC;$ 8Y88Q$
I&X@7X3X:8HXB88C:E$ 3*'Y.@%7$ KQCK8K$ 8Y8:;$
I&X@7X3XEHX:88C:E$ 3*'Y.@%7$ :<<QKQK$ 8Y8:$
I&X@7X3XEHX:B8B:E$ 3*'Y.@%7$ CKQQBE$ 8Y88Q$
I&X@7X'X:8HX8;8C:E$ 3*'Y.@%7$ K8A:EE$ 8Y8::$
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wt_vc_m_8h_020516	 map.disc	 100018	 0.013	
wt_vc_p_6h_120416	 map.disc	 762466	 0.011	
ko_vc_m_10h_010111	 map.disc	 1017635	 0.005	
ko_vc_m_10h_020222	 map.disc	 748100	 0.003	
ko_vc_m_10h_030333	 map.disc	 1142277	 0.004	
ko_vc_p_10h_010111	 map.disc	 568447	 0.005	
ko_vc_p_10h_020222	 map.disc	 494149	 0.002	
ko_vc_p_10h_030333	 map.disc	 1017800	 0.004	
wt_ic_p_6h_130316	 map.disc	 4479730	 0.015	
wt_ic_p_8h_081215r3	 map.disc	 2964875	 0.012	
wt_vc_p_6h_050216	 map.disc	 3141894	 0.011	
ko_vc_m_10h_110000	 map.mult	 1091949	 0.036	
ko_vc_m_10h_600000	 map.mult	 335309	 0.032	
ko_vc_m_10h_700000	 map.mult	 982640	 0.031	
ko_vc_p_10h_110000	 map.mult	 257268	 0.048	
ko_vc_p_10h_600000	 map.mult	 698004	 0.035	
ko_vc_p_10h_700000	 map.mult	 1496834	 0.023	
wt_ic_m_10h_130316	 map.mult	 1094801	 0.027	
wt_ic_m_10h_300516	 map.mult	 1296243	 0.088	
wt_ic_m_6h_100516	 map.mult	 7510755	 0.043	
wt_ic_m_6h_130316	 map.mult	 2046926	 0.03	
wt_ic_p_10h_090516	 map.mult	 788697	 0.041	
wt_vc_m_8h_020516	 map.mult	 381666	 0.05	
wt_vc_p_6h_120416	 map.mult	 2697323	 0.038	
ko_vc_m_10h_010111	 map.mult	 10428720	 0.054	
ko_vc_m_10h_020222	 map.mult	 10012696	 0.042	
ko_vc_m_10h_030333	 map.mult	 15718847	 0.06	
ko_vc_p_10h_010111	 map.mult	 963725	 0.009	
ko_vc_p_10h_020222	 map.mult	 636514	 0.003	
ko_vc_p_10h_030333	 map.mult	 11699359	 0.045	
wt_ic_p_6h_130316	 map.mult	 19580460	 0.064	
wt_ic_p_8h_081215r3	 map.mult	 8768166	 0.036	
wt_vc_p_6h_050216	 map.mult	 9444253	 0.034	
ko_vc_m_10h_110000	 map.total	 29181379	 0.956	
ko_vc_m_10h_600000	 map.total	 9979040	 0.964	
ko_vc_m_10h_700000	 map.total	 30580625	 0.974	
ko_vc_p_10h_110000	 map.total	 4997441	 0.925	
ko_vc_p_10h_600000	 map.total	 18461411	 0.926	
ko_vc_p_10h_700000	 map.total	 63035773	 0.975	
wt_ic_m_10h_130316	 map.total	 38640533	 0.968	
wt_ic_m_10h_300516	 map.total	 14046263	 0.957	
wt_ic_m_6h_100516	 map.total	 120508129	 0.696	
wt_ic_m_6h_130316	 map.total	 66400085	 0.976	
wt_ic_p_10h_090516	 map.total	 18806422	 0.97	
wt_vc_m_8h_020516	 map.total	 7436316	 0.968	
wt_vc_p_6h_120416	 map.total	 67923609	 0.967	
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ko_vc_m_10h_010111	 map.total	 53365449	 0.275	
ko_vc_m_10h_020222	 map.total	 24052978	 0.1	
ko_vc_m_10h_030333	 map.total	 33162451	 0.128	
ko_vc_p_10h_010111	 map.total	 63725955	 0.578	
ko_vc_p_10h_020222	 map.total	 37289656	 0.177	
ko_vc_p_10h_030333	 map.total	 36654544	 0.142	
wt_ic_p_6h_130316	 map.total	 65933641	 0.215	
wt_ic_p_8h_081215r3	 map.total	 56724045	 0.234	
wt_vc_p_6h_050216	 map.total	 86337937	 0.313	
ko_vc_m_10h_110000	 map.uniq	 28089430	 0.92	
ko_vc_m_10h_600000	 map.uniq	 9643731	 0.932	
ko_vc_m_10h_700000	 map.uniq	 29597985	 0.943	
ko_vc_p_10h_110000	 map.uniq	 4740173	 0.877	
ko_vc_p_10h_600000	 map.uniq	 17763407	 0.891	
ko_vc_p_10h_700000	 map.uniq	 61538939	 0.952	
wt_ic_m_10h_130316	 map.uniq	 37545732	 0.941	
wt_ic_m_10h_300516	 map.uniq	 12750020	 0.869	
wt_ic_m_6h_100516	 map.uniq	 112997374	 0.652	
wt_ic_m_6h_130316	 map.uniq	 64353159	 0.946	
wt_ic_p_10h_090516	 map.uniq	 18017725	 0.93	
wt_vc_m_8h_020516	 map.uniq	 7054650	 0.918	
wt_vc_p_6h_120416	 map.uniq	 65226286	 0.928	
ko_vc_m_10h_010111	 map.uniq	 42936729	 0.221	
ko_vc_m_10h_020222	 map.uniq	 14040282	 0.059	
ko_vc_m_10h_030333	 map.uniq	 17443604	 0.067	
ko_vc_p_10h_010111	 map.uniq	 62762230	 0.57	
ko_vc_p_10h_020222	 map.uniq	 36653142	 0.174	
ko_vc_p_10h_030333	 map.uniq	 24955185	 0.097	
wt_ic_p_6h_130316	 map.uniq	 46353181	 0.151	
wt_ic_p_8h_081215r3	 map.uniq	 47955879	 0.198	
wt_vc_p_6h_050216	 map.uniq	 76893684	 0.278	
ko_vc_m_10h_110000	 reads.total	 30526617	 1	
ko_vc_m_10h_600000	 reads.total	 10350973	 1	
ko_vc_m_10h_700000	 reads.total	 31397277	 1	
ko_vc_p_10h_110000	 reads.total	 5402119	 1	
ko_vc_p_10h_600000	 reads.total	 19936963	 1	
ko_vc_p_10h_700000	 reads.total	 64645107	 1	
wt_ic_m_10h_130316	 reads.total	 39911817	 1	
wt_ic_m_10h_300516	 reads.total	 14676096	 1	
wt_ic_m_6h_100516	 reads.total	 173221175	 1	
wt_ic_m_6h_130316	 reads.total	 68015275	 1	
wt_ic_p_10h_090516	 reads.total	 19379464	 1	
wt_vc_m_8h_020516	 reads.total	 7681375	 1	
wt_vc_p_6h_120416	 reads.total	 70254677	 1	
ko_vc_m_10h_010111	 reads.total	 194231649	 1	
ko_vc_m_10h_020222	 reads.total	 239518490	 1	
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ko_vc_m_10h_030333	 reads.total	 259917165	 1	
ko_vc_p_10h_010111	 reads.total	 110175588	 1	
ko_vc_p_10h_020222	 reads.total	 210541878	 1	
ko_vc_p_10h_030333	 reads.total	 258359654	 1	
wt_ic_p_6h_130316	 reads.total	 306713041	 1	
wt_ic_p_8h_081215r3	 reads.total	 241915320	 1	
wt_vc_p_6h_050216	 reads.total	 276204521	 1	

Table description: reads.total - total number of sequenced reads; map.uniq - number of uniquely 
mapped reads; map.mult - number of multi mapping reads; map.disc - number of unmapped reads; 
map.total - total number of mapped reads; cnts - column contains the numbers; freq - column contains 
percentages 

 

Table 15. Sequencing info 

Sample	ID	 Sample	
Name	

Index	 SampleConc.	
(ng/µl)	

LibrarySize	 lane	 sequencing	
run	

vcKO_8to10h_plus_01_01_11	 RZ_PW_054	 1	 5.48		 376	 lane1	 1	
vcKO_8to10h_minus_01_01_11	 RZ_PW_055	 2	 7.12		 337	 lane1	 1	
vcKO_8to10h_plus_02_02_22	 RZ_PW_056	 3	 4.46		 403	 lane1	 1	
vcKO_8to10h_minus_02_02_22	 RZ_PW_057	 4	 18.1		 355	 lane1	 1	
vcKO_8to10h_plus_03_03_33	 RZ_PW_058	 5	 8.78		 357	 lane1	 1	
vcKO_8to10h_minus_03_03_33	 RZ_PW_059	 6	 10.8		 334	 lane1	 1	
ic_4to6h_minus_13_03_16	 RZ_PW_060	 7	 1.78		 400	 lane1	 1	
vc_4to6h_plus_05_02_16	 RZ_PW_061	 8	 4.46	 332	 lane1	 1	
ic_6to8h_plus_08_12_15_rep3	 RZ_PW_062	 9	 1.86	 334	 lane1	 1	
vc_4-6h_+_02.05.16	 RZ_PW_030	 1	 10.8	 379	 lane	1	and	2	 2	
vc_4-6h_-_02.05.16	 RZ_PW_031	 2	 13.9	 348	 lane	1	and	2	 2	
vc_6-8h_+_02.05.16	 RZ_PW_032	 3	 7.14	 380	 lane	1	and	2	 2	
vc_6-8h_-_02.05.16	 RZ_PW_033	 4	 11.6	 390	 lane	1	and	2	 2	
vc_8-10h_+_02.05.16	 RZ_PW_034	 5	 7.72	 405	 lane	1	and	2	 2	
vc_8-10h_-_02.05.16	 RZ_PW_035	 6	 3.82	 395	 lane	1	and	2	 2	
ic_4-6h_+_10.05.16	 RZ_PW_036	 7	 5.32	 367	 lane	1	and	2	 2	
ic_4-6h_-_10.05.16	 RZ_PW_037	 8	 9.82	 370	 lane	1	and	2	 2	
ic_6-8h_+_10.05.16	 RZ_PW_038	 9	 6.26	 372	 lane	1	and	2	 2	
ic_6-8h_-_10.05.16	 RZ_PW_039	 10	 6.44	 378	 lane	1	and	2	 2	
ic_8-10h_+_30.05.16	(1)	 RZ_PW_040	 11	 7.92	 384	 lane	1	and	2	 2	
ic_8-10h_-_30.05.16	(1)	 RZ_PW_041	 12	 5.8	 358	 lane	1	and	2	 2	
ic_8-10h_+_30.05.16	(2)	 RZ_PW_042	 11	 5.08	 401	 lane	3	and	4	 2	
ic_8-10h_-_30.05.16	(2)	 RZ_PW_043	 12	 28.6	 357	 lane	3	and	4	 2	
vc_6-8_+_18.01.16	 RZ_PW_044	 3	 17.9	 344	 lane	3	and	4	 2	
vc_6-8_-_18.01.16*	 RZ_PW_045	 4	 5.6	 323	 lane	3	and	4	 2	
vc_8-10_+_17.01.16	 RZ_PW_046	 5	 2.3	 374	 lane	3	and	4	 2	
vc_8-10_-_17.01.16	 RZ_PW_047	 6	 20.2	 335	 lane	3	and	4	 2	
ic_4-6h_+_09.05.16	 RZ_PW_048	 1	 2.12	 356	 lane	3	and	4	 2	
ic_4-6h_-_09.05.16	 RZ_PW_049	 2	 1.74	 354	 lane	3	and	4	 2	
ic_4-6h_+_11.05.16	 RZ_PW_050	 7	 7.48	 358	 lane	3	and	4	 2	
ic_4-6h_-_11.05.16	 RZ_PW_051	 8	 7.56	 360	 lane	3	and	4	 2	
ic_6-8h_+_11.05.16	 RZ_PW_052	 9	 4.68	 357	 lane	3	and	4	 2	
ic_6-8h_-_11.05.16	 RZ_PW_053	 10	 2.66	 351	 lane	3	and	4	 2	
wt_ic_m_6h_100516	 RZ_PW_054	 1	 2,2	 344	 lane	1	and	2	 3	
wt_vc_m_8h_020516	 RZ_PW_055	 2	 17,4	 346	 lane	1	and	2	 3	
wt_ic_m_10h_300516	 RZ_PW_056	 3	 4,6	 349	 lane	1	 3	
ko_vc_m_10h_110000	 RZ_PW_057	 4	 6,3	 373	 lane	1	and	2	 3	
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ko_vc_p_10h_110000	 RZ_PW_058	 5	 1,4	 310	 lane	1	and	2	 3	
ko_vc_m_10h_600000	 RZ_PW_059	 6	 3,7	 332	 lane	1	and	2	 3	
ko_vc_p_10h_600000	 RZ_PW_060	 7	 1,0	 337	 lane	1	and	2	 3	
ko_vc_m_10h_700000	 RZ_PW_061	 8	 1,0	 338	 lane	1	and	2	 3	
ko_vc_p_10h_700000	 RZ_PW_062	 9	 0,7	 354	 lane	1	and	2	 3	
wt_ic_m_10h_130316	 RZ_PW_063	 10	 1,0	 355	 lane	1	and	2	 3	
wt_ic_m_6h_130316	 RZ_PW_064	 11	 1,0	 340	 lane	1	and	2	 3	
wt_vc_p_6h_120416	 RZ_PW_065	 12	 0,1	 314	 lane	1	and	2	 3	
wt_ic_p_10h_090516	 RZ_PW_066	 3	 0,5	 339	 lane	2	 3	
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4.2 Supplemental	Figures	to	Chapter	2	

	

4.2.1 Figure	S	13.		Drop-seq	data	quality	and	reproducibility.		

A. Knee plots. Cumulative fraction of reads vs. cells rank ordered by decreasing read number are 
shown for 6 separate Drop-seq runs. The inflection point (red line) marks the number of recovered 
cells. B. Correlation matrix comparing aggregated UMIs in Drop-seq replicates and whole embryo 
mRNA sequencing (bulk) for D. mel. C.  Correlation of relative gene expression between aggregated 
UMIs in Drop-seq and nCounter measurements (Sandler & Stathopoulos, 2016). D. Doublet 
identification and exclusion. Heat maps of cells (columns) clustered by expression of DE, NE and 
ME marker genes (rows). Doublets (left) show expression of several marker classes whereas a random 
subsample of single cells (right, doublets excluded) shows much more exclusive marker class 
expression. Coloring indicates normalized expression levels (log2(ATPM+1)). E. Ternary plot 
indicating scores for marker expression. Grey cells could not be unambiguously assigned to any of the 
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ME, NE, or DE populations. F. Absence of batch effects. PCA of 1 297 mapped melanogaster cells; 
cells are colored by Drop-seq runs.  

	

	

4.2.2 Figure	S	14.		Spatial	expression	of	DsRed	and	rho	in	vivo.		

A. Left – The vnd::DsRed transgene is expressed primarily in the ventral neurogenic ectoderm in 2 
lateral stripes, but excessive staining shows weaker expression also in the presumptive mesoderm.  
Middle – Distribution of DsRed reads among sequenced cells; relative DsRed UMI count per cell 
among ~2 000 sequenced cells, excluding or including (inset) cells that show zero DsRed UMIs. Right 
– boxplot of DsRed UMI counts across cells; cells expressing DsRed highly do not express mesodermal 
markers. B. Measured rho expression (top) and vISH predicted rho expression disagrees, especially in 
ventro-lateral regions. C. RNA ISH against rho shows continuous lateral stripes at stage 5 (top-right, 
see inset for cellularization state, focal plane adjusted), but patchy expression at stage 5/6 (bottom), 
similar to vISH (compare panel B, bottom). Dorsal expression (left) does not significantly change, 
measured and prediction agree. Embryos in the left panels were stained for a shorter amount of time 
indicating higher dorsal expression, which also agrees with the vISH prediction. Embryos are oriented 
anterior left, DV rotation as indicated.   
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GO term enrichment indicates distinct molecular and biological functions associated with different t-
SNE clusters. Molecular Function (A) and Biological Process (B) GO term enrichment among t-SNE 
cluster-enriched genes. Cluster numbers correspond to t-SNE clusters as indicated in Fig. 21C. Color 
Scale indicates adjusted p-value. The heat map in (B) has been subset for clarity; the complete map is 
available in Fig. S 16.   
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M;FA@<GA,YD?M;FADV<,T9R,M=GG<AR=?BD?E,@=,%FR",*DE",%IU-Z",,

An inclusive map of Biological Process GO term enrichment among t-SNE cluster-enriched genes. 
Cluster numbers correspond to t-SNE clusters as indicated in Figure 3C. Color Scale indicates adjusted 
p-value.   
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4.2.5 Figure	S	17.		vISH	predictions	and	experimental	validations	for	known	

marker	genes.		

vISH predictions of known marker genes are depicted anterior left in three DV rotations as indicated. 
Actual in vivo expression shown by RNA in situ hybridization (right), Embryo orientation is anterior 
left, DV rotation as indicated, shown are developmental stage 5 or 6. (stumps, Oaz and Kr images from 
BDGP.)  
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4.2.6 Figure	S	18.		vISH	predictions	and	experimental	validations	for	novel	marker	

genes,	including	long	non-coding	RNAs.		

De novo spatial expression predictions by vISH (left) depicted anterior left in three DV rotations as 
indicated. Actual in vivo expression validated by RNA in situ hybridization (right), Embryo orientation 
is anterior left, DV rotation as indicated, shown are developmental stage 5 or 6.  
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4.2.7  Figure	S	19.		vISH	thresholds	and	discovery	of	gene	expression	archetypes.  

A.  Assessment of threshold values via Poisson noise simulations (see also Suppl. Materials and 
Methods for details). Thresholds (x-axis) are plotted against the sum of standard deviations across 
all bins (y-axis). As more stringent thresholds imply less bins, the above sum is expected to decrease 
monotonically. The existence of additional local minima in the cases of ftz, sna, SoxN and sog reveals 
threshold values around which vISHs are meaningful. B. The 476 most highly varied genes were 
clustered according to embryo-wide expression similarity. Heat map shows clustering of the correlation 
matrices of the computed vISHs with a global threshold value equal to 0.75. Average expression of 
genes within parent clusters reveals archetypal patterns shown as vISHs to the left. Color scale 
indicates correlation of Euclidean distances.  
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