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Abstract	

The	evolution	of	a	nervous	system	as	a	control	system	of	the	body’s	functions	is	a	key	

innovation	of	animals.	Its	fundamental	units	are	neurons,	highly	specialized	cells	dedicated	

to	fast	cell-cell	communication.	Neurons	pass	signals	to	other	neurons,	muscle	cells,	or	

gland	cells	at	specialized	junctions,	the	synapses,	where	transmitters	are	released	from	

vesicles	in	a	Ca2+-dependent	fashion	to	activate	receptors	in	the	membrane	of	the	target	

cell.	Reconstructing	the	origins	of	neuronal	communication	out	of	a	more	simple	process	

remains	a	central	challenge	in	biology.	Recent	genomic	comparisons	have	revealed	that	all	

animals,	including	the	nerveless	poriferans	and	placozoans,	share	a	basic	set	of	genes	for	

neuronal	communication.	This	suggests	that	the	first	animal,	the	Urmetazoan,	was	already	

endowed	with	neurosecretory	cells	that	probably	started	to	connect	into	neuronal	networks	

soon	afterwards.	Here,	we	discuss	scenarios	for	this	pivotal	transition	in	animal	evolution.	
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Introduction	

The	nervous	system	is	responsible	for	(i)	sensing	and	responding	to	the	environment	and	(ii)	

coordinating	all	of	the	body's	activities.	It	computes	external	and	internal	cues	and	signals	

these	to	muscles,	organs,	and	glands	(the	endocrine	system).	Its	basic	building	blocks	are	

nerve	cells	(neurons),	highly	specialized	polarized	cells	dedicated	to	fast	intercellular	

communication.	Three	basic	types	of	nerve	cells	can	be	distinguished:	sensory	neurons,	

activated	through	various	types	of	sensory	input;	interneurons,	which	connect	to	other	

neurons;	and	motor	neurons,	which	transmit	signals	to	muscles.	Their	stimulation	triggers	

an	electrical	impulse	(the	action	potential,	a	sub-threshold	depolarization	of	the	plasma	

membrane)	which	propagates	along	the	membrane	up	to	an	area	of	the	cell	where	it	is	

transduced	chemically	across	the	membrane:	In	this	subcellular	compartment,	voltage-

gated	Ca2+	channels	open	up,	and	the	influx	of	Ca2+	prompts	the	rapid	secretion	of	chemical	

neurotransmitters/neuropeptides	from	vesicles,	which	activate	cognate	receptors	on	the	

membrane	of	the	target	cell.	Accordingly,	although	neurons	exist	in	many	different	types	

and	shapes	(102),	the	area	devoted	to	chemical	signal	transfer	where	two	neurons	“join	

together”,	the	synapse	(from	the	Greek	“syn	+	haptein”),	is	highly	conserved.	Both	the	pre-

synaptic	(sending)	and	post-synaptic	(receiving)	parts	require	a	highly	specific	environment	

and	dedicated	molecular	machines	to	carry	out	directional	chemical	transmission	in	a	highly	

regulated	manner	(reviewed	in	(3,	67,	73,	102,	119,	129,	134)).	

	 The	question	of	how	these	outstanding	communication	cells	have	evolved	out	of	a	

simple	system	has	fascinated	neuroscientists	for	more	than	a	century	(for	historical	

overviews	of	different	evolutionary	scenarios,	see	e.g.	(10,	84,	87,	98)).	As	virtually	all	

animals	with	nervous	systems	have	muscles	and	as	the	communication	between	neurons	

and	muscles	coordinates	animal	behavior,	it	has	been	proposed	that	neurons	and	muscles	

cells	have	co-evolved	from	a	primordial	epithelium	of	electrically	coupled	cells,	in	parallel	or	

sequentially.	Another	concept	suggests	that	secretory	cells	may	have	evolved	in	the	

epithelium	to	coordinate	surrounding	cells	in	a	paracrine	fashion;	next,	these	secretory	cells	

evolved	into	neurosecretory	cells	and	neurons	by	developing	a	conducting	segment	with	

electrical	properties	between	its	receptive	and	secretory	poles,	while	muscle	cells	

developed	in	close	relationships	to	these	cells.	
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So	humble	a	beginning	

The	control	of	the	body	by	a	nervous	system	only	evolved	in	animals,	but	not	in	other	

multicellular	organisms	such	as	plants	or	fungi,	and	must	have	provided	them	with	a	

tremendous	advantage.	But	what	makes	animals	distinctive?	What	exactly	are	animals?	Our	

commonsense	understanding	is	that	they	can	move	independently	and	that	they	have	

senses	to	react	quickly	to	the	environment.	Nervous	systems	and	muscles	can	be	found	in	

three	(of	the	five)	basic	groups	of	animals:	cnidarians,	ctenophores	(commonly	known	as	

comb	jellies),	and	bilaterians	(Fig.	1)	(17,	99,	100).	Bilaterians,	animals	with	bilateral	

symmetry,	forming	the	majority	of	animal	phyla,	mostly	have	a	centralized	nervous	system.	

Most	of	our	knowledge	about	nerve	cells	comes	from	the	study	of	bilaterian	animals,	

particularly	vertebrates;	much	less	is	known	about	the	other	animals.	The	more	simple	

cnidarians	and	ctenophores	have	a	decentralized	nerve	net.	How	exactly	diffuse	nerve	nets	

evolved	into	centralized	nervous	systems	is	an	unresolved	question	(14,	23,	116).	

Remarkably,	cnidarian	synapses	can	be	bidirectional	and	their	nerve	cells	do	not	exhibit	a	

clear	separation	between	dendrites	and	axons	(23,	116)	as	established	for	typical	neurons	in	

“higher”	animals.	Very	little	is	known	about	the	nerve	cells	of	ctenophores	(66).	

Intriguingly,	no	true	nerve	or	muscle	cells	have	been	reported	in	the	two	remaining	

basic	groups	of	animals:	poriferans	(sponges)	and	placozoans.	For	this	reason,	they	are	

thought	to	have	branched	off	early	in	animal	history	and,	until	recently,	have	not	been	paid	

much	attention	by	those	addressing	the	origins	of	neuronal	communication.	However,	as	we	

will	discuss	in	the	following,	their	coordination	systems	can	shed	more	light	onto	the	origins	

of	neuronal	communication	and	provide	novel	insights	into	its	fundamental	functional	

principles.	Both	lineages	have	a	simple	body	plan	of	epithelial-cell-like	layers	interspersed	

with	a	few	differentiated	types	of	cells.	Poriferans	are	passive	filter-feeders	that	are	also	

able	to	slowly	contract	their	body	(4,	42).	Placozoans,	represented	by	only	one	species	with	

cryptic	diversity	(Trichoplax	adhaerens)	are	millimeter-sized	free-living	marine	animals	that	

glide	on	cilia	and	graze	on	algae	(44,	131).	Actually,	no	single	criterion	can	serve	to	

distinguish	all	animals	from	all	other	eukaryotes.	Nervous	system	and	muscles,	as	they	did	

not	evolve	at	the	onset	of	animal	evolution,	cannot	be	regarded	as	true	defining	features	of	

animals.	Instead,	animals	are	usually	defined	as	multicellular	eukaryotic	heterotrophs	that	

typically	reproduce	sexually.	
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According	to	molecular	clock	studies,	the	first	animals	appeared	around	750	million	

years	ago	(Mya)	during	the	Cryogenian	period,	whereas	the	first	fossil	evidence	of	animals	

comes	from	Ediacaran	period	(635–542	Mya).	In	the	early	phase	of	the	Cambrian	period	

(541–485	Mya),	by	around	520	Mya,	nearly	all	animal	phyla	are	represented	in	the	fossil	

record.	This	burst	of	evolutionary	changes	is	known	as	the	"Cambrian	Explosion"	and	

signifies	an	increase	in	animals	with	calcified	body	parts,	whereas	the	soft-bodied	and	

probably	smaller	forms	of	earlier	times	left	only	a	few	fossil	traces	(36,	41,	46,	147).	It	is	

speculated	that	the	ocean	was	filled	with	microorganisms	which	filter-feeding	porifera-like	

animals	could	live	on.	The	sea	floor	might	have	been	covered	by	a	layer	of	algae	and	other	

microbes	onto	which	placozoan-like	organisms	could	graze	(12).	

Animals	probably	arose	from	heterotrophic	protists	closely	related	to	extant	

choanoflagellates	(Fig.	1)	(80,	117).	Choanoflagellates	live	as	single-celled	and/or	colony-

forming	organisms.	They	capture	bacteria	using	an	apical	flagellum/cilium	surrounded	by	a	

collar	of	actin-filled	microvilli	held	together	at	their	base	by	a	fine	porous	extracellular	

proteinaceous	mesh	(38).	Such	tentacle-like	microvilli	are	also	found	in	other	related	single-

celled	organisms	(holozoans)	and	in	some	animals.	The	water	current	produced	by	flagellar	

movement	drives	prey	onto	the	sticky	surface	of	the	microvilli,	where	it	is	trapped	and	

engulfed	by	phagocytosis	at	the	base	of	the	collar	(38).	This	mode	of	uptake	resembles	that	

of	the	choanocytes	of	sponges.	

Choanoflagellates,	like	other	unicellular	organisms,	can	swim	toward	nutrients	and	

away	from	noxious	substances,	thanks	to	a	variety	of	membrane	receptors	and	signal	

transduction	modules,	including	various	types	of	ion	channels.	The	flagellum,	which	has	

many	specific	sensory	receptors	concentrated	at	its	base,	also	plays	an	important	role	in	

sensing	and	relaying	signals	from	the	environment	(146).	A	colonial	protometazoan,	

composed	of	similarly	non-differentiated	yet	multifunctional	epithelial	cells	would	have	

been	able	to	sense	a	rich	spectrum	of	environmental	cues	via	numerous	flagella	facing	the	

extracellular	space.	In	a	multicellular	organism,	however,	any	signals	received	needed	to	be	

integrated	to	achieve	coherent	behavior	of	the	entire	organism.	The	multicellular	green	

algae	Volvox,	which	forms	spherical	colonies	that	may	resemble	that	of	the	hypothetical	

ancestor	of	metazoans,	exemplifies	how	such	tasks	can	be	mastered	by	a	uniform	population	

of	epithelial	cells:	in	Volvox,	the	beats	of	the	flagella	are	mainly	synchronized	through	
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hydrodynamic	coupling;	movement	towards	light	is	achieved	through	differences	in	beat	

frequency,	which	is	controlled	by	the	photoreceptors	in	the	eyespot	of	each	cell	(142).		

	 It	is	conceivable,	however,	that	it	was	soon	no	longer	sufficient	for	a	colonial	

bacterivore	to	leisurely	float	in	the	primordial	ocean.	Organisms	with	the	ability	to	actively	

move	had	an	advantage.	In	order	to	make	the	leap	to	true	multicellularity	with	specialized	

cell	types,	evolutionary	innovations	were	required.	At	minimum,	in	adhesive	interactions	

between	cells	that	maintain	a	spherical	form,	a	mean	of	transferring	nutrients	to	cells	that	

have	taken	up	other	tasks	and	of	communication	between	cells	in	order	to	coordinate	the	

behavior	of	the	entire	organism	was	needed.	Can	the	transition	to	multicellularity	or	even	

the	advent	of	neuronal	communication	be	traced	by	comparative	genomics?	

	

The	genomic	perspective	

For	about	a	century	after	the	publication	of	Darwin's	Origin	of	Species	in	1859,	biologists	

had	to	rely	solely	on	morphological	and	developmental	characteristics	to	establish	the	

branching	order	of	the	animal	tree	of	life.	The	advances	in	sequencing	and	computing	

technologies	achieved	over	the	past	two	decades	enabled	us	to	start	looking	into	the	

evolution	of	animals	from	a	genomic	perspective	and	to	bring	the	analysis	of	the	branching	

order	to	a	new	level.	Though	the	first	animal	genome	projects	focused	on	bilaterians,	

including	our	own	species,	genomes	of	early-branching	animals	and	of	our	unicellular	

relatives	were	added	gradually	so	that	a	wide	repertoire	of	genomes	representing	all	major	

animal	phyla	can	now	be	utilized	(43,	136).	It	was	a	major	surprise	when	the	genome	of	a	

cnidarian,	the	sea	anemone	Nematostella	vectensis	(114),	turned	out	to	have	a	gene	

repertoire	and	organization	that	was	more	similar	to	our	own	genome	than	to	that	of	the	

fruitfly	Drosophila	melanogaster	or	the	nematode	Caenorhabditis	elegans,	suggesting	that	

the	genome	of	the	eumetazoan	ancestor	was	already	complex,	and	that	the	genomes	of	the	

fruit	fly	and	nematode	worm	underwent	major	rearrangements.	Analyses	of	additional	

genomes	further	entrenched	this	notion	and	revealed	that	not	only	the	genome	of	

N.	vectensis,	but	also	these	of	the	placozoan	T.	adhaerens	(132)	and	the	demosponge	

Amphimedon	queenslandica	(133)	–	animals	without	nervous	system	contain	the	“gene	

repertoire	for	neuronal	communication”.	In	other	words,	these	genomes	contain	an	array	of	

genes	coding	for	proteins	considered	as	landmarks	of	synaptic	transmission	involved	in	
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vesicle	exocytosis,	synapse	building	(active	zone	and	post-synaptic	scaffolds,	and	cell	

adhesion),	and	signaling	(various	type	of	receptors).	This	suggests	that	there	may	not	be	

such	a	thing	as	a	clear	marker	for	the	onset	of	synaptic	communication.	It	also	suggests	that	

a	closer	inspection	of	poriferans	and	T.	adhaerens	might	shed	light	on	the	origins	of	neurons	

and	how	these	became	the	organism's	control	center.		

	 Comparisons	of	animal	genomes	with	that	of	the	choanoflagellate	Monosiga	

brevicollis	(117,	121)	have	revealed	the	increased	complexity	of	many	gene	families	involved	

in	different	aspects	of	multicellularity,	suggesting	a	major	genomic	overhaul	during	the	rise	

of	animals.	Unicellular	organisms	already	expressed	proteins	that,	broadly	speaking,	can	be	

considered	as	involved	in	neuronal	function	(e.g.	various	ion	channel	families;	reviewed	in	

(25,	29,	85)	and	in	a	special	edition	of	The	Journal	of	Experimental	Biology	(6)).	Many	of	the	

molecular	innovations	of	animals	actually	built	on	already	existing	modules,	which	did	not	

necessarily	display	the	same	functionality	in	the	unicellular	ancestors.	Indeed,	while	true	

innovations	are	rare,	it	is	commonly	agreed	upon	that	certain	molecules	multiplied	and	

were	co-opted	for	a	novel	function	by	evolutionary	tinkering	(65).	Subtle	changes	in	the	

binding	surfaces	of	a	protein	or	more	drastic	changes	such	as	protein	domains	shuffling	

suffice	to	make	this	happen,	and	factors	that	are	no	longer	needed	are	often	discarded.	

Hence	biophysical,	structural,	morphological,	and	(cellular)	biological	studies,	albeit	time-

consuming,	are	essential	to	give	insights	into	the	functional	changes	accompanying	gene	

multiplication,	which	would,	in	turn,	help	to	clarify	genome	homology	searches.	In	the	

following	sections,	we	outline	some	key	cellular	changes	that	we	find	particularly	

fascinating.	The	epithelium	emerged	at	the	onset	of	animal	evolution	as	the	basic	building	

block	of	the	metazoan	body	plan	(31,	83,	139).	All	cell	types,	including	the	highly	polarized	

neurons,	eventually	evolved	from	epithelial	cells	by	modulating	existing	cellular	features	

(13).	Thus,	in	order	to	understand	how	neurons	evolved,	one	needs	to	take	a	closer	look	at	

epithelial	cells.	

	

Epithelial	cell	adhesion	

In	animal	epithelia,	several	types	of	junctions	link	cells	laterally	to	each	other	(adherens	and	

occluding	junctions)	or	basally	to	the	extracellular	matrix	(ECM)	via	integrins,	providing	

them	with	(i)	a	mechanical	link,	hence	tissue	stability;	(ii)	a	seal,	inducing	a	differential	
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environment	at	their	apical	vs.	basal	side;	and	(iii)	a	hub	for	communication	and	paracellular	

exchange.	Most	of	the	proteins	comprising	these	junctions	(e.g.	integrins,	ECM	proteins,	and	

cadherin)	were	shaped	at	the	onset	of	animal	evolution	from	the	precursor	forms	present	in	

the	single-celled	ancestor	(117,	121).	It	often	seems	that	in	early-branching	animals,	

junctional	epithelial	features	may	not	have	yet	adopted	a	similar	structure	and	function	to	

that	of	their	bilateral	counterparts,	rendering	them	sometimes	difficult	to	locate	or	identify	

as	such.		

	 Adherens	junctions	are	found	in	sponge	epithelia	in	rudimentary	form	(47,	83)	and	in	

T.	adhaerens	(130).	They	are	notably	made	of	cadherins,	cell	surface	receptors	that	function	

in	a	Ca2+-dependent	manner	(91,	95,	97).	By	binding	to	actin	filaments,	they	form	a	

circumferential	contractile	belt	near	the	apical	surface	of	epithelial	cells.	Integrins,	a	broad	

family	of	transmembrane	proteins	expressed	at	the	basal	side	of	the	cells,	bind	to	the	ECM	

(35,	48,	63,	106).	Occluding	junctions,	which	seal	and	control	paracellular	transport	across	

the	epithelial	layer,	also	evolved	early	(51)	and	are	categorized	into	septate	junctions	and	

tight	junctions	(153).	Generally,	occluding	junctions	show	a	higher	degree	of	variation	than	

adherens	juntions.	Strictly	speaking,	septate	junctions	are	reported	only	in	invertebrates	

(64),	although	some	of	their	building	elements	are	found	in	vertebrate	paranodes	(61).	

Interestingly,	in	C.	elegans,	and	possibly	other	animals	as	well,	septate	and	adherens	

junctions	merge.	Tight	junctions	seem	to	have	emerged	first	in	chordates	and	are	located	

apical	to	adherens	junctions,	whereas	septate	junctions	are	found	on	the	basal	side.	The	

point	in	evolution	at	which	septate	junctions	developed	true	barrier	properties	is	unclear.	

While	the	T.	adhaerens	genome	encodes	for	their	key	components,	septate	junctions	have	

not	been	clearly	observed	morphologically	(130).	

	 Overall,	junctional	proteins	are	linked	to	the	actin	cytoskeleton	and	can	translate	

actomyosin-generated	forces	throughout	the	epithelial	tissue,	triggering	coordinated	

internal	movement	of	the	organism,	independently	from	the	outer	ciliary	layer.	Integrins,	

cadherins/adherens	junction	proteins,	and	occluding	junction	proteins	serve	as	a	hub	for	

intracellular	signaling	molecules,	helping	the	cell	to	sense	its	immediate	environment	and	

providing	the	foundation	for	the	complex	developmental	programs	that	evolved	in	the	

animal	kingdom	(30,	57,	62).		

	 Interestingly,	several	proteins	that	are	members	of	key	protein	families	composing	the	

occluding	junctions	are	also	present	at	synaptic	junctions	where	they	link	pre-	and	
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postsynaptic	membranes	(54,	61),	act	as	scaffold	proteins	for	receptors,	and	act	as	

intracellular	signaling	molecules.	Among	these	are	neurexins,	immunoglobulin	cell	adhesion	

molecules,	Na/K-ATPase	transporters,	and	membrane	guanylate	kinases	(MAGUKs)	such	as	

Dlg/PSD95	and	ZO-1.	This	suggests	that	the	intercellular	connection	between	neurons	may	

be	based	on	molecular	foundations	that	were	established	for	epithelial	function	at	the	onset	

of	animal	evolution.	A	rigorous	phylogenetic	analysis	is	required	to	(in)validate	this	

hypothesis;	it	would	also	be	interesting	to	find	out	at	which	point	neuroligins,	a	family	of	

non-catalytic	cholinesterase-like	molecules	that	interact	with	neurexins,	were	recruited	as	

adhesion	proteins	to	synaptic	junctions.	The	emergence	of	the	postsynaptic	repertoire	in	

animal	evolution	has	been	discussed	elsewhere	(5,	27,	39,	45).	Again,	if	simple	synapses	

emerged	from	cellular	junctions,	it	might	be	a	formidable	task	to	tell	them	apart	

morphologically	in	early	animals.	

	

Epithelial	cell	polarity	

The	plasma	membrane	of	epithelial	cells	is	segregated	by	the	circumferential	belt	of	

adherens	junctions	into	apical	and	basolateral	domains	with	different	lipid	and	protein	

compositions.	Embedded	in	the	apical	domain	is	the	ciliary	pocket,	a	membrane	patch	with	

special	vesicular	trafficking	requirements	(146).	The	epithelial	polarity	is,	in	part,	established	

and	maintained	via	mutually	antagonistic	interactions	among	three	protein	complexes,	

mostly	comprising	cytosolic	proteins	recruited	to	the	plasma	membrane:	the	Par	and	

Crumbs	complexes	at	the	apical	domains,	and	the	Scribble	complex	at	the	basolateral	

domain	(120,	138).	Only	some	components	of	these	polarity	complexes	seem	to	have	been	

present	in	unicellular	holozoans	(117).	For	example,	only	one	of	the	three	key	subunits	of	

the	Scribble	complex,	the	MAGUK	protein	Discs	large	(Dlg),	has	a	unicellular	precursor,	

whereas	the	two	others,	Scribble	and	lethal	giant	larvae	(Lgl),	originated	in	the	metazoan	

lineage.	Lgl	can	be	linked	directly	to	the	underlying	membrane	trafficking	machinery,	as	it	

interacts	with	syntaxin	4,	a	SNARE	protein	(Soluble	N-ethylmaleimide-sensitive	factor	

Attachment	protein	REceptor)	involved	in	basolateral	secretion	in	vertebrates	(145).	

	 Specific	membrane-trafficking	pathways	(Fig.	2a)	are	essential	for	shaping	the	

composition	of	the	specific	surface	subdomains	of	the	epithelial	cell.	By	constantly	recycling	

adhesion	molecules,	receptors,	and	transporters	between	the	plasma	membrane	and	
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endosomes,	the	cell	can	adapt	quickly	to	signals	received.	The	ability	to	deliver	cargo	to	

specific	regions	of	the	plasma	membrane	is	shared	between	all	eukaryotic	cells.	The	

trafficking	pathways	in	the	budding	yeast	Saccharomyces	cerevisiae	are	particularly	well-

studied:	Secretory	vesicles	are	delivered	to	a	specific	plasma	membrane	site,	the	daughter	

bud,	during	growth	(118).	The	delivery	of	any	transport	vesicle	in	the	eukaryotic	cell	

depends	on	a	molecular	machine	involving	SNARE	proteins,	Sec1/Munc18	proteins,	Rab	

GTPases,	vesicle	tethering	complexes,	and	other	regulatory	proteins	(Fig.	2b)	(11,	18,	59).	

This	is	also	the	case	of	the	Ca2+-driven	release	of	neurotransmitters	or	peptide	hormones	at	

the	synapse	(67,	119,	134).	However,	yeast	cells,	like	most	other	eukaryotic	cells,	do	not	

release	transmitters	in	a	Ca2+-dependent	manner.	Noticeably,	something	must	have	

changed	to	allow	animal	cells	to	secrete	transmitters	in	a	spatially	and	temporally	manner.	

For	example,	the	ability	to	sort	material	to	different	regions	on	the	plasma	membrane	

seems	to	have	been	improved	significantly	in	epithelial	cells,	where	different	populations	of	

apical	and	basolateral	early	endosomes	and	common	recycling	endosomes	exist,	which	

permits	the	transport	of	cargo	across	the	entire	cell,	a	process	referred	to	as	transcytosis	(9,	

21,	122).	In	view	of	their	pivotal	function,	we	have	started	to	look	into	the	evolution	of	the	

factors	responsible	for	vesicular	docking	and	fusion	in	animals.	Here	we	discuss	their	

significant	expansion.	

	

An	expansion	of	trafficking	factors	

SNARE	proteins	constitute	the	engine	of	the	molecular	machine	involved	in	vesicular	fusion	

(Fig.	2b).	SNARE	proteins	are	small	cytoplasmically	oriented	membrane-associated	proteins	

with	a	relatively	simple	domain	architecture.	Heterologous	sets	of	SNARE	proteins	assemble	

into	tight,	membrane-bridging	complexes	that	pull	together	the	membranes	of	two	

compartments.	If	one	disregards	lineage-specific	expansions,	the	set	of	SNARE	proteins	of	all	

five	basic	animal	groups	is	surprisingly	uniform.	Interestingly,	the	key	changes	in	the	SNARE	

repertoire	of	basal	animals	were	found	mostly	in	the	SNARE	proteins	involved	in	the	

endosomal/lysosomal	trafficking	steps	(Fig.	2b)	(74,	75).	Likewise,	only	the	Sec1/Munc18	

protein	involved	in	lysosomal	trafficking,	Vps33,	has	been	duplicated.	It	thus	seems	that	the	

transition	to	multicellularity	in	animals	saw	an	increased	capacity	to	sort	cargo	between	

endosomes	and	the	plasma	membrane,	possibly	reflecting	the	evolution	of	specific	
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trafficking	routes	to	different	populations	of	endosomes	(Fig.	2a).	Of	note,	duplicates	of	

some	of	these	factors	were	also	found	in	choanoflagellates	(Fig.	2b).	Although	our	

phylogenetic	analysis	was	not	able	to	find	out	whether	these	were	the	same	duplications	

(75),	this	suggests	that	the	cell's	sorting	capacities	had	already	expanded	before	animals	

evolved.	Later,	major	expansions	of	several	trafficking	factors	occurred	in	vertebrates,	

caused	by	the	two	rounds	of	whole-genome	duplications	that	occurred	in	this	lineage.	This	

expanded	set	certainly	allowed	for	more	finely	tuned	regulation	and	tissue-specific	

specialization	in	vertebrates.		

	

An	expansion	of	regulatory	factors	

Among	the	several	factors	regulating	the	core	vesicle	fusion	machinery	are	CATCHR	proteins	

(Complex	Associated	with	Tethering	Containing	Helical	Rods)	(59,	150).	These	form	

elongated	arrays	of	stacked	α-helical	bundles	with	flexible	hinge	regions,	which	tether	

transport	vesicles	to	the	site	of	fusion.	Two	types	of	CATCHR	proteins	play	a	role	in	secretion:	

the	exocyst	complex	(90,	148)	and	MUN	domain-containing	protein	(68).	In	animal	cells,	the	

exocyst	complex	controls	housekeeping,	“constitutive”	secretion	steps,	whereas	the	MUN-

domain	proteins	control	secretion	steps	that	are	regulated	by	Ca2+	influx,	such	as	

neurotransmitter	release	in	neurons	(Fig.	3).	Originally	discovered	in	yeast,	the	exocyst	

complex	was	probably	already	present	in	the	last	common	eukaryotic	ancestor	(LECA)	and	

has	not	expanded	much	since.	It	is	composed	of	eight	subunits,	two	subunits	of	which,	Sec3	

and	Exo70,	directly	bind	to	PI(4,5)P2	in	the	inner	leaflet	of	the	plasma	membrane.	It	controls	

numerous	cellular	processes,	such	as	morphogenesis,	ciliogenesis,	cell	migration,	and,	in	

neurons,	axon	and	dendrite	outgrowth.	It	is	also	important	for	cell	polarization,	as	it	guides	

the	delivery	of	cadherin	to	the	plasma	membrane.	MUN-domain	proteins	are	reported	in	

many	eukaryotes,	such	as	in	fungi	and	in	plants,	where	their	role	is	elusive	(77,	109).	The	

MUN	domain	is	structurally	strikingly	similar	to	other	CATCHR	family	members.	In	animals,	

MUN-domain	proteins	(comprising	(M)unc13s,	BAP3/Baiap3,	and	CAPS/Unc31)	regulate	the	

release	of	classical	neurotransmitters	from	synaptic	vesicles	and	peptides	from	dense-core	

vesicles	in	neurons	and	endocrine	cells,	and	also	participate	in	regulated	granule	exocytosis	

in	hematopoietic	cells	(33,	40,	72,	79).	In	animals,	MUN-domain	proteins	are	flanked	by	

C2	domains,	Ca2+-binding	modules	that	have	been	initially	described	as	the	second	
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conserved	region	of	protein	kinase	C	(PKC)	and	whose	general	function	is	to	mediate	the	

Ca2+-triggered	binding,	often	supported	by	PI(4,5)P2-binding,	of	a	protein	to	a	membrane	

(82).	Munc13s	further	contain	a	C1-domain,	a	diacylglycerol	binding	domain,	which	is	the	

other	conserved	region	of	PKC.	CAPSs	have	yet	another	different	membrane	attachment	

domain,	a	pleckstrin	homology	domain,	which	binds	to	phosphatidylinositol	lipids.	

Altogether,	MUN-domain	proteins	in	animals	can	steer	a	protein	onto	a	membrane	upon	an	

increase	of	the	intracellular	Ca2+	level	thanks	to	Ca2+-binding/membrane-binding	modules.	

Although	their	precise	function	is	not	entirely	clear,	all	protein	subtypes	are	thought	to	

tether	vesicles	in	a	primed	state	to	the	site	of	fusion.	The	priming	step	might	reflect	the	fact	

that	Ca2+	influx	through	voltage-gated	channels	is	needed	to	make	the	fusion	machinery	

ready.	Note	that	Ca2+-dependent	priming	has	not	been	reported	for	the	exocyst	complex.	

Although	relatively	limited,	the	available	phylogenetic	data	suggest	that	in	contrast	to	the	

exocyst	complex,	which	is	evenly	represented	in	eukaryotes,	the	subfamilies	of	MUN-domain	

proteins	have	clearly	expanded,	in	combination	with	domain	rearrangements.	It	would	be	

fascinating	to	find	out	when	exactly	this	evolutionary	change	took	place.	Most	eukaryotes	

seem	to	have	only	one	MUN-domain	protein	that	does	not	have	flanking	C2	domains;	

Munc13-like	proteins	(with	C1	and	C2	domains)	are	present	in	unicellular	holozoans,	and	all	

animals	are	equipped	with	members	of	two	or	three	of	the	MUN-domain	protein	

subfamilies.	Rigorous	phylogenetic	analysis	would	be	necessary	to	clarify	whether	the	

holozoan	MUN-domain	proteins	had	already	split	into	the	three	subfamilies	found	in	animals	

(Fig.	2b).	In	any	case,	the	presence	of	MUN-domain	proteins	in	unicellular	holozoans	

suggests	that	these	must	have	already	possessed	a	Ca2+-regulated	tethering	machine	for	

secretion;	whether	it	was	used	for	cell-cell	communication	and	whether	the	release	was	

triggered	by	extracellular	cues	is	unknown.	

	 Additional	regulatory	factors	of	the	vesicular	fusion	process	comprise	other	Ca2+-

sensing	proteins	(111,	119,	134)	which	have	appeared	in	the	animal	lineage	(151).	Among	

these,	synaptotagmins	and	synaptotagmin-like	proteins,	containing	tandem	C2	domains,	

play	an	important	role	in	controlling	Ca2+-dependent	secretion	in	various	processes,	

including	the	release	of	neurotransmitters	and	peptide	hormones.	Synaptotagmins	are	

usually	anchored	in	the	membrane	of	the	secretory	vesicle	via	a	transmembrane	region,	

whereas	synaptotagmin-like	factors	are	soluble	proteins.	The	N-terminal	domain	of	

synaptotagmin-like	factors	such	as	Rabphilin,	as	its	name	suggests,	is	composed	of	a	binding	
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domain	for	secretory	Rab	GTPases.	Rim/Unc10	is	another	multidomain	protein	with	tandem	

C2	domains,	which	is	present	only	in	animals.	Its	N-terminal	domain	can	form	a	tripartite	

complex	with	a	secretory	Rab	protein	and	the	N-terminal	C2	domain	of	Munc13.	Rim	is	

considered	to	be	a	central	organizers	of	the	active	zone,	a	region	of	the	synapse	dedicated	to	

the	release	of	neurotransmitters	(119,	134).	In	essence,	in	animal	cells,	Ca2+-regulated	

secretion	steps	have	been	brought	to	the	fore,	thanks	to	multiplications	and	appendage	of	

C2	domains,	while	constitutive	secretion	proceeds.		

	 Another	intriguing	expansion	of	vesicle	trafficking	factors	in	animals	occurred	among	

Rab	proteins,	and	in	particularly	in	Rab	subfamilies	involved	in	trafficking	towards	the	

plasma	membrane	(76).	Rabs	are	considered	as	signposts	that	regulate	the	movement	and	

arrival	of	vesicles	(152).	They	are	small	G-proteins	that	function	as	molecular	switches	

cycling	between	a	GTP-bound	‘on’	form	and	a	GDP-bound	‘off	’	form.	The	conversion	occurs	

through	GTP	hydrolysis	and	involves	a	major	conformational	change.	In	their	GTP-bound	

form,	Rabs	are	anchored	to	the	vesicle	membrane	and	specifically	recruit	various	effector	

proteins	involved	in	the	corresponding	trafficking	event.	In	their	GDP-bound	form,	they	are	

extracted	from	the	bilayer.	Among	the	novel	Rab	proteins	are	Rab3	and	Rab27,	which	are	

key	to	the	release	from	small	synaptic	vesicles	(usually	loaded	with	small	classical	

neurotransmitters)	or	large	dense	core	vesicles	(containing	neuropeptides)	(50),	respectively.	

Of	note,	many	neurons	co-release	both	types	of	transmitter.	

	 Together,	this	suggests	that	in	animals,	several	regulating	factors	were	added	to	the	

Ca2+-dependent	tethering	machinery,	which	fine-tuned	the	process,	and	also	reflects	the	

emergence	of	specialized	cells.	These	features,	shared	by	all	animal	groups,	were	probably	

already	established	in	the	Urmetazoan.		

	

Lysosomes,	transporters,	and	transmitters	

Choanoflagellates,	like	many	other	eukaryotes,	feed	by	phagocyting	bacteria,	which	are	

then	degraded	in	the	lysosomal	compartment.	In	the	colonial	bacterivorous	protometazoan,	

improved	sorting	capacities	between	plasma	membrane	domains	and	endosomal/lysosomal	

compartments	must	have	come	in	handy	for	providing	nutrients	to	cells	in	the	interior:	

nutrients	could	be	delivered	at	the	basal	side	using	secretory	vesicles	derived	directly	from	

lysosomes	and	not	only	via	membrane	transporters.		
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	 Recent	studies	have	revealed	that	the	lysosomal	compartment	is	not	simply	a	

degradative	compartment	but	has	a	master	role	in	cellular	nutrient	sensing	and	distribution	

(34,	86,	107,	110,	149),	as	reflected	by	the	large	variety	of	lysosomal	storage	disorders	(24).	

The	conserved	mechanistic	Target	Of	Rapamycin	Complexes	(mTORC),	Rag	GTPases,	and	

vacuolar	ATPase	(v-ATPase)	are	involved	in	sensing	and	regulating	the	level	of	intracellular	

amino	acids	together	with	the	arginine	transporter	SLC38A9,	a	membrane	transporter	of	the	

solute	carrier	protein	(SLC)	superfamily	(115,	143).	Interestingly,	this	arginine-sensing	

mechanism	might	have	evolved	in	early-branching	animals	(124).	The	large	SLC	superfamily	

includes	various	different	types	of	active	and	facilitative	transporters	that	are	found	in	all	

domains	of	life	(32,	58,	125).	By	and	large,	animals	made	use	of	a	rich	repertoire	of	

transporters	that	were	already	present	in	single-celled	eukaryotes.	Of	the	400	different	

human	SLCs,	about	30	can	be	found	on	lysosomes	(20).	Interestingly,	the	transporters	that	

load	synaptic	vesicles	with	classical	neurotransmitters	(usually	amino	acids	or	their	

derivatives)	are	driven	by	the	proton	gradient	generated	by	v-ATPase	(8,	103)	and	are	

related	to	some	lysosomal	SLCs	(20).		

	 It	should	also	be	pointed	out	that	classical	neurotransmitters	are	loaded	into	synaptic	

vesicle-specific	transporters	that	belong	to	entirely	different	SLC	families	(8,	103).	In	

animals,	glutamate	(and	other	anionic	neurotransmitters)	are	taken	up	by	SLC17	

transporters,	and	monoamines	and	acetylcholine	are	taken	up	by	SLC18	transporters,	

whereas	GABA	and	glycine	accumulate	through	a	SLC32	transporter.	One	SLC17	transporter	

with	unknown	properties	is	present	in	choanoflagellates,	and	some	SLC17	transporters	are	

expressed	in	early-branching	animals;	the	aforementioned	SLC18	and	SLC32	transporters	

are	also	present	in	the	calcareous	sponge	Sycon	ciliatum.	This	implies	that	different	types	of	

chemicals	were	potentially	available	as	neurotransmitters	very	early	in	animal	evolution.	

Interestingly,	a	putative	glutamate	transporter	(i.e.	an	SLC17-type),	together	with	several	

other	enzymes	involved	in	the	production	of	different	types	of	classical	fast	

neurotransmitters,	was	found	to	be	expressed	only	in	the	endoderm,	mostly	around	the	

pharynx	of	N.	vectensis	(104).	Thus	it	is	conceivable	that	the	first	neurotransmitter-loaded	

vesicles	were	not	destined	primarily	for	chemical	transmission	inside	the	body	but	

contained	nutrients	(55,	71).	It	is	conceivable	that,	in	the	beginning,	classical	

transmitters/nutrients	were	loaded	fortuitously	into	vesicles	already	containing	peptide	

hormones	and	released	in	a	Ca2+-dependent	manner.	Functional	investigations	could	shed	
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light	on	the	time	in	evolution	at	which	amino	acids	started	to	be	used	for	chemical	

transmission.	In	this	context,	it	should	be	noted	that	peptide	hormones	and	their	respective	

receptors	appeared	in	early	metazoans	as	well.	In	fact,	neurotransmission	in	cnidarians,	and	

possibly	other	early-branching	animals,	is	dominated	by	peptide	hormones	(70,	78,	92).	

Interestingly,	peptide	hormones	are	derived	from	larger	precursor	molecules	by	lysosomal	

proteases	(60),	suggesting	that	they	could	also	have	arisen	as	a	by-product	of	lysosomal	

degradation.	These	molecules,	secreted	in	response	to	specific	nutrients	or	hazardous	

bacteria,	could	signal	or	be	sensed	by	other	cells	and	thus	change	the	other	cells’	behavior.	

Since	peptide	hormones	are	not	released	exclusively	from	neuronal	cells	but	also	from	

epithelial	cells	(16),	one	can	suggest	that	this	communication	mechanism	evolved	before	

the	appearance	of	different	cell	types	in	the	metazoan	body.	

	 Last,	it	should	be	noted	that	most	of	the	peptides	released	by	neurons	act	by	binding	

to	G	protein-coupled	receptors	and	are	therefore	considered	to	evoke	a	slower	response	

than	small	molecule	transmitters	(140),	which	open	ligand-gated	ion	channels.	Interestingly,	

however,	some	neuropeptides	act	via	peptide-gated	Na	channels	of	the	degenerin/epithelial	

Na	channel	(DEG/ENaC)	family	(53,	126)	or	the	insect	chemoreceptor	family	(19),	and	may	

mediate	fast	transmission	in	early-branching	animals.	

	

Emergence	of	true	multicellularity	

It	is	conceivable	that	with	time,	certain	cells	of	the	colonial	premetazoan	tended	to	

specialize	in	sensing	some	environmental	cues	rather	than	taking	up	food	particles	–	

possibly	because	they	were	located	at	spots	where	bacteria	capture	was	less	likely	or	

because	they	were	better	positioned	than	other	cells	to	sense	a	given	cue.	Novel	cell	types	

gradually	refined	and	reshaped	the	existing	cellular	modules	for	sensing,	eating,	moving,	

and	transducing	environmental	cues.	Division	of	labor	truly	gained	momentum	when	it	

increased	the	fitness	of	the	entire	organism	(2,	13),	as	possibly	did	the	emergence	of	novel	

cells	types	in	the	epithelium,	yielding	a	new	feeding	mode	in	early-branching	animals.	

Though	choanoflagellates	and	porifera	feed	by	taking	up	entire	bacteria	via	phagocytosis,	

some	early-branching	animals,	such	as	placozoans,	cnidarians	and	ctenophores,	have	

developed	mucoid-ciliary	particle	feeding	(12,	135).	This	new	feeding	mode	allowed	them	to	

make	use	of	a	new	food	source	that	could	not	be	swallowed	entirely	by	phagocytosis:	
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eukaryotic	cells,	such	as	algae	for	the	placozoan	T.	adhaerens	or	even	entire	animals	for	

cnidaria	and	ctenophora.	They	evolved	novel	epithelial	cell	types	that	produce	digestive	

enzymes	to	predigest	material	on	the	outside,	enabling	small	nutrients	to	be	taken	up	as	

catabolites	through	selective	transporters	and	pinocytosis.	However,	large	particles	may	still	

be	taken	up	by	phagocytosis.	Maybe	other	novel	cell	types	released	mucus	on	the	apical	

side,	whereas	cells	that	took	up	nutrients	had	to	invest	much	less	into	producing	enzymes	to	

break	up	larger	particles	within	lysosomes.	

	 Later	in	evolution,	it	is	likely	that	epithelial	cells,	such	as	the	endocytes	of	our	

intestine,	no	longer	took	up	nutrients	via	phagocytosis	but	solely	via	membrane	

transporters	in	the	microvilli	on	the	apical	surface,	whereas	the	export	of	substances	into	

the	extracellular	space	at	the	basolateral	side	was	carried	out	by	other	transporters	or	via	

secretory	vesicles.	Cells	of	the	epithelium	may	also	have	transmitted	information	to	the	

basolateral	ECM	by	a	Ca2+-dependent	release	mechanism.	For	example,	by	propagating	

along	the	lateral	membrane	a	change	in	potential	induced	by	the	activation	of	ion	channels	

on	the	apical	side,	yielding	an	influx	of	Ca2+-ions	at	a	remote	(basal)	release	site	or	by	

triggering	a	signaling	cascade,	leading	to	vesicular	release	and	the	opening	of	Ca2+	channels	

at	the	basal	side	(25).	Gap	junctions,	which	are	narrow	pores	between	adjacent	cells	that	

allow	small	molecules	and	ions	to	move	from	one	cell	to	another,	providing	the	means	for	

direct	metabolic	and	electrical	coupling	between	cells,	are	not	present	in	sponges	or	

placozoans	and	thus	might	have	evolved	later	(1,	47).	

	 To	capture	their	prey,	cnidarians	and	ctenophores	have	developed	sophisticated	

control	mechanisms	that	require	muscle-like	cells,	sensory	cells,	and	neurons,	forming	a	

nerve	net.	Although	less	striking,	T.	adhaerens	has	also	developed	a	complex	control	

program,	as	it	moves	towards	its	algae	food	source,	stops	over	it,	activates	enzyme-releasing	

secretory	cells,	and	takes	up	nutrient	while	performing	remarkable	movements	before	

resuming	crawling	(130).	Such	control	over	different	other	cell	types,	such	as	those	involved	

in	motility	and	digestion,	could	easily	be	conveyed	by	endocrine	cells.	Two	types	of	“gland	

cells”	have	been	described	in	T.	adhaerens	which	bear	resemblance	to	neuroendocrine	cells,	

as	they	contain	large	dense-core	vesicles,	several	neuronal	proteins	(131)	(including	a	T-type	

Ca2+	channel	homolog	(127)),	and	have	a	cilium	surrounded	by	microvilli.	A	subpopulation	

interspersed	in	the	feeding	epithelium	may	be	appropriately	positioned	to	sense	nutrients	

and	communicate	with	neighboring	cells	(possibly	enzyme-secreting	cells)	via	paracrine	
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secretion.	Another	subpopulation	of	cells	is	evenly	spread	at	the	rim	close	to	the	edge	of	the	

animal	and	hence	is	also	in	a	favorable	control	position.	Such	cells	may	be	compared	to	the	

enteroendocrine	cells	(EECs)	of	our	intestine.	EECs	can	sense	nutrients	as	well	as	bacteria	

and	can	relay	these	sensory	signals	onto	the	enteric	nerves.	EECs	are	thought	to	signal	in	a	

paracrine	fashion	by	releasing	peptide	hormones,	but	recently	they	were	shown	to	have	a	

cellular	process,	referred	to	as	a	neuropod,	that	is	physically	connected	to	the	neurons,	

underlining	the	resemblance	of	EECs	to	neurons	(52).	Similar	extensions,	referred	to	as	

neurites,	have	been	observed	in	neurosecretory	cells	in	the	digestive	epithelium	of	

cnidarians	(37,	96,	135).	The	fine	morphology	and	connectivity	of	gland	cells	in	T.	adhaerens	

have	yet	to	be	investigated.	This	might	provide	a	glimpse	into	an	early	stage	of	the	nervous	

system.	

	 Interestingly,	chemosensory	cells,	such	as	EECs,	sense	amino	acids	on	their	apical	side,	

and	use	some	of	them	as	neurotransmitters	on	their	basolateral	side.	It	is	thus	conceivable	

that	an	initial	connection	between	two	neuroendocrine	cells	may	have	been	achieved	simply	

by	the	shift	of	a	chemosensory	cell	out	of	the	epithelium	in	such	a	way	that	the	apical	side	of	

this	cell	lay	close	to	the	basolateral	side	of	another	chemosensory	cell	that	remained	in	the	

epithelium	(Fig.	4).	Such	a	connection	could	have	been	fostered	using	existing	junctions	as	

hubs	for	signaling	molecules	(5,	27,	39,	45).	Their	evolution	into	morphological	synapses	

would	have	increased	the	speed	and	efficiency	of	communication	and	they	could	have	given	

rise	to	a	more	complex	circuit	resembling	a	nervous	system.	In	fact,	it	is	an	old	idea	that	an	

ancestral	polarized	secretory	cell	gave	rise	to	neurons	and	endocrine	cells	(2,	55,	84,	98,	108,	

128).	In	bilaterians,	this	idea	has	been	in	conflict	with	the	fact	that	neurons	essentially	

originate	from	the	ectoderm,	whereas	chemosensory	cells	such	as	EECs	derive	from	the	

endoderm.	However,	in	the	present	context,	it	is	important	to	underline	that	in	non-

bilaterians	some	neurons	are	essentially	derived	from	the	endoderm	(26,	56,	85,	96,	104),	

making	it	possible	that	originally,	the	entire	epithelium	gave	rise	to	sensory	cells	with	a	

paracrine	signaling	function,	from	which	endocrine	cells	and	neurons	then	evolved.	In	this	

connection,	it	should	also	be	noted	that	close	evolutionary	links	exist	between	

neuroendocrine	and	immune	cells	(22,	88,	105),	as	both	draw	on	similar	molecular	machines	

that	are	involved	in	Ca2+-regulated	secretion	(33,	40,	72,	79).	

	 In	epithelial	cells,	released	transmitters	could	have	influenced	the	ciliary	beat	and/or	

triggered	actomyosin-based	local	contractions,	which	are	readily	sensed	by	neighboring	cells	



	 18	

thanks	to	cell-cell	junctions.	Evolution	sustained	this	changeover,	as	actomyosin-induced	

contractions	allowed	for	larger	movements	and	deformations	of	the	organism.	True	muscles	

possibly	formed	when	the	actomyosin	network	became	anchored	to	the	foundation	

provided	by	a	solid	ECM,	enabling	motile	animals	to	become	larger.	The	tight	interplay	

between	cellular	movements	and	neuroendocrine	cells	was	probably	the	starting	point	for	

the	evolution	of	more	complex	motile	animals.	Diffuse	nerve	nets	soon	started	to	be	

centralized	around	sensory	organs	and	innervated	muscle	tissue.	These	animals	were	able	to	

search	actively	for	food	(93).	The	first	macropredators	and	protective	mineralized	skeletons	

appeared,	changing	ocean	life	during	the	Cambrian	explosion	(12,	36,	41,	46,	147).	
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Figure	legends	

	

Fig.	1	-	Schematic	morphology-based	phylogenetic	tree,	showing	the	major	groups	of	

animals	

Nervous	systems	and	muscles	can	be	found	in	three	basic	groups	of	animals:	cnidarians,	

ctenophores,	and	bilaterians	(17,	99,	100).	Bilaterians	are	animals	with	bilateral	symmetry	

and	comprise	the	majority	of	animal	phyla,	most	of	which	have	centralized	nervous	systems,	

whereas	the	more	simple	cnidarians	and	ctenophores	(commonly	known	as	comb	jellies)	

have	a	decentralized	nerve	net.	Cnidarians	and	ctenophores	possess	two	primary	germ	

layers:	the	ectoderm	and	endoderm.	Bilaterians	have	a	third	tissue	layer,	the	mesoderm,	

between	the	endoderm	and	the	ectoderm.	The	two	other	basic	groups	(poriferans	(sponges)	

and	placozoans)	do	not	have	nerve	and	muscle	cells.	The	body	plan	of	both	lineages	is	

simple.	Poriferans	have	two	epithelial-like	cell	layers:	the	choanoderm,	a	layer	of	flagellated	

collar	cells	(choanocytes)	in	the	interior,	whereas	the	body	surface	is	covered	by	the	

pinacoderm.	The	flat	body	of	the	placozoan	Trichoplax	adhaerens	consists	of	two	epithelial	

layers	around	a	more	loosely	packed	interior.	Comparisons	between	the	genomes	from	

animals	and	their	close	unicellular	relatives	(as	representatives	of	unicellular	holozoans,	

choanoflagellates	are	shown)	have	uncovered	a	major	genomic	overhaul	at	the	base	of	the	

animal	kingdom.	Many	novel	genes	play	a	role	in	key	aspects	of	multicellularity,	including	

factors	involved	in	tyrosine	signaling,	transcription	regulation,	cell	adhesion,	cell	polarity,	

and	factors	with	a	putative	neuronal	role.	This	suggests	that	the	last	common	animal	

ancestor,	the	Urmetazoan,	had	various	different	cell	types,	including	cells	that	were	able	to	

communicate	via	Ca2+-dependent	secretion,	although	probably	none	of	the	early-branching	

animals	still	resembles	the	Urmetazoan.	The	phylogenetic	position	of	ctenophores	is	

indicated	by	a	dashed	line,	since	a	lively	debate	has	been	sparked	recently	as	to	whether	

sponges	or	ctenophores	are	the	most	basal	animals	(94,	123,	144).	As	the	evidence	for	the	

scenario	of	ctenophores	as	the	most	basal	animal	is	currently	not	strong	and	as	our	

assessment	is	not	greatly	affected	by	this,	we	decided	against	discussing	it	here	in	detail,	but	

the	interested	reader	may	refer	to	the	discussions	in	(69,	89,	112,	137).	Animal	silhouettes	

are	from	http://phylopic.org;	credits	to	Robbi	Bishop-Taylor,	T.	Michael	Keesey,	Noah	

Schlottman,	Michelle	Site,	M.	Garfield,	K.	Anderson,	Mali'o	Kodis,	and	Thomas	Hegna.	
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Fig.	2	-	Expansion	of	vesicle	docking	and	fusion	proteins	involved	in	endosomal	sorting	and	

in	secretion	during	the	rise	of	animals	

(a)	Features	of	polarized	epithelial	cells	

It	is	commonly	assumed	that	the	metazoan	ancestor	was	organized	into	a	hollow	colony	of	

ciliated	collar	cells,	which	are	responsible	for	food	uptake.	In	early-branching	animals,	the	

epithelium	usually	lines	the	outer	surface	of	the	organism	as	a	protective	and	nutritive	layer.	

Epithelial	cells	are	connected	via	adherens	junctions	that	partition	the	plasma	membrane	

into	distinct	apical	and	basolateral	domains,	which	have	distinct	lipid	compositions	and	

specific	sets	of	proteins.	Typically,	the	apical	surface	of	cells	in	the	nutritive	epithelium	

contains	various	microvilli	and	can	also	have	a	central	flagellum	or	cilium.	The	flagellum	is	a	

microtubule-based	extension	of	the	cell	covered	by	the	plasma	membrane,	allowing	

locomotion	via	a	dynein-motor	–	a	molecular	machine	already	established	in	the	last	

common	eukaryotic	ancestor	(LECA).	Various	types	of	receptors	are	localized	on	the	apical	

surface,	often	concentrated	around	the	ciliary	pit.	The	basolateral	domain	contains	integrin	

receptors	that	anchor	the	cell	onto	the	extracellular	matrix.	The	different	surface	proteins	

reach	their	destination	via	vesicle	trafficking.	After	synthesis,	membrane	proteins	are	

transported	through	the	biosynthetic	pathway	from	the	endoplasmic	reticulum	(ER)	to	the	

Golgi	apparatus	and	the	trans-Golgi	network	(TGN)	via	sequential	trafficking	steps.	In	the	

TGN,	they	are	sorted	into	distinct	carriers	to	bring	them	to	the	appropriate	plasma	

membrane	domain	or	towards	endosomal/lysosomal	compartments.	Some	cargo	proteins	

can	also	traffic	through	endosomal	compartments	before	reaching	the	final	surface	domain.	

In	epithelial	cells,	one	can	distinguish	apical	early	endosomes	(AEE),	basolateral	early	

endosomes	(BEE),	and	common	recycling	endosomes	(CRE).	In	addition,	a	slower	apical	

recycling	route	through	the	apical	recycling	endosomes	(ARE)	has	been	described	(9,	21,	

122).	

(b)	The	molecular	machines	involved	in	the	principal	aspects	of	vesicular	trafficking	are	

highly	conserved	among	all	eukaryotes,	not	only	among	different	species	but	also	among	

different	trafficking	steps	within	the	cell.	At	each	trafficking	step,	the	core	of	each	vesicle	

fusion	machine	consists	of	SNARE	proteins,	which	assemble	into	a	tight	complex	between	

the	membranes.	Their	activity	is	orchestrated	by	various	other	conserved	factors	including	

Sec1/Munc18	(SM),	tethering,	Rab,	and	other	regulatory	proteins	that	are	recruited	during	

different	phases	of	the	reaction	(shown	as	a	stacked	venn	diagram)	(11,	18,	59)	(67,	119,	
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134).	The	color	scheme	indicates	the	different	layers	of	the	vesicle	fusion	machine.	The	

molecular	machines	involved	in	different	basic	trafficking	steps	inside	of	the	cell	(a)	are	

indicated	using	the	same	color	code.	

The	evolutionary	transition	to	animals	saw	several	gene	expansions	of	the	factors	involved	

in	secretion	and	in	endosomal	sorting,	whereas	the	machines	of	the	first	biosynthetic	steps	

were	less	affected.	The	evolutionary	history	of	factors	with	an	established	endosomal	role	

are	shown	on	the	left	side;	the	history	of	secretory	factors	is	shown	on	the	right	side.	The	

evolutionary	time	points	of	the	major	changes	are	shown	on	the	top.	The	prototypical	

repertoires	of	selected	factors	of	the	LECA,	early-branching	metazoans,	and	vertebrates	are	

shown,	disregarding	some	lineage-specific	duplications	(75,	76).	As	a	representative	of	

unicellular	holozoans,	the	repertoire	of	the	choanoflagellate	Monosiga	brevicollis	was	used	

(27).	Structural	investigations	of	M.	brevicollis	proteins	have	shown	that	their	mode	of	

interaction	has	been	largely	maintained	in	animals	(28).	These	specific	expansions	suggest	

that	animals	possess	more	finely	tuned	regulation	mechanisms	and	cell-specific	

specialization	for	secretion	and	endosomal	sorting.	Interestingly,	some	factors	that	

diversified	in	animals	are	present	as	duplicated	already	in	Monosiga.	This	comprises	the	

factors	involved	in	endosomal	trafficking	but	also	in	Ca2+-dependent	vesicle	docking.	In	

addition,	novel	factors	such	as	complexin	seem	to	have	been	added	onto	the	fusion	

machinery	before	the	rise	of	animals	(27).	Note	that	the	rise	and	expansion	of	C2	domain	

proteins	such	as	synaptotagmins,	synaptotagmin-likes,	and	Rim	that	occurred	in	the	animal	

lineage	is	not	shown,	since	their	phylogeny	is	not	entirely	resolved	yet.	Also	note	that	the	

Scribble	complex	subunit	Lgl	arose	through	a	duplication	of	the	regulatory	SNARE	protein	

tomosyn	during	the	rise	of	animals	(49,	74).	In	contrast	to	Lgl,	the	C-terminal	tail	region	of	

tomosyn	has	preserved	a	synaptobrevin-like	SNARE	domain,	which	enables	the	protein	to	

form	stable	SNARE	complexes	with	syntaxin	1	and	SNAP-25	(113).	Consequently,	tomosyn	is	

thought	to	act	as	an	inhibitor	of	transmitter	release,	because	it	lacks	a	transmembrane	

anchor	and	can	thus	only	form	non-fusogenic	SNARE	complexes	(15).	Although	the	C-

terminal	SNARE	domain	has	deteriorated	in	Lgl,	it	seems	plausible	that	Lgl	has	maintained	a	

function	comparable	to	that	of	tomosyn.	

	 	



	 22	

Fig.	3	-	Comparison	of	molecular	machines	driving	the	release	from	secretory	vesicles	

The	docking	and	fusion	of	secretory	vesicles	with	the	plasma	membrane	is	driven	by	a	

complex	protein	machinery.	The	key	factors	involved	belong	to	structurally	conserved	

protein	families.	Although	the	core	fusion	factors	are	often	shared	by	different	types	of	

secretory	vesicles,	they	can	use	different	sets	of	regulatory	proteins.	Among	these	are	Rab	

proteins	and	are	tethering	complexes	that	belongs	to	the	CATCHR	(Complex	Associated	with	

Tethering	Containing	Helical	Rods)	family	and	coordinate	SNARE	complex	assembly	(59,	150).	

(a)	During	polarized	secretion,	the	vesicle	is	tethered	to	the	plasma	membrane	by	the	

octameric	exocyst	complex	(90,	148).	The	exocyst	complex	also	interacts	with	Rho	GTPases	

and	the	vesicle	motor	myosin	V	(not	shown).	

(b)	During	Ca2+-dependent	secretion,	such	as	the	release	of	neurotransmitters	from	synaptic	

vesicles,	the	vesicle	is	tethered	to	the	plasma	membrane	by	MUN-domain	protein	such	as	

Munc13.	MUN-domain	proteins	also	belongs	to	the	CATCHR	family	but	have	additional	

flanking	C2	domains	that	allow	the	protein	to	bind	to	the	membrane	in	a	Ca2+-dependent	

manner	(68).	Various	other	regulatory	proteins	such	as	complexin,	synaptotagmin,	and	Rim	

are	known	to	participate	in	regulated	secretion.	The	latter	two	emerged	during	animal	

evolution,	whereas	complexins	emerged	earlier	(27).	The	release	of	synaptic	vesicles	is	

triggered	by	the	influx	of	Ca2+	through	voltage-gated	Ca2+	channels.	Note	that	tandem	

C2	domain	proteins	have	been	found	to	also	control	lysosomal	secretion,	a	process	that	

might	have	originally	been	used	to	discard	waste	material	or	to	repair	the	plasma	membrane	

in	all	eukaryotes	(7,	25).	This	process	can	also	make	use	of	dysferlins,	a	more	ancient	protein	

family	with	multiple	C2	domains	(81).	Interestingly,	neurotransmitter	release	from	ribbon	

synapses	of	cochlear	inner	hair	cells	is	controlled	by	otoferlin,	a	dysferlin	family	member.	

This	process	appears	not	to	require	“neuronal”	SNARE	proteins	(101)	and	was	found	not	to	

depend	on	MUN-domain	tethering	proteins	(141)	and	currently	remains	difficult	to	

categorize.	
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Fig.	4	-	Hypothetical	evolutionary	scenario	for	the	transition	from	paracrine	to	synaptic	

communication.	

(a)	The	primordial	epithelium	of	uniform	multifunctional	polarized	epithelial	cells.	In	the	

apical	domain,	around	the	cilium,	various	receptors	are	localized,	which	can	respond	to	

chemical	or	physical	environmental	stimuli	(red).	Signals	are	passed	electrically	and	chemical	

transmitters	are	released	into	the	interior	of	the	colonial	organism	in	a	Ca2+-dependent	

fashion	by	vesicles	at	the	basal	membrane	(blue).	From	there,	they	reach	neighboring	cells	in	

a	paracrine	fashion,	coordinating	their	behavior.	Food	particles	are	taken	up	by	phagocytosis	

at	the	apical	side	and	digested	in	lysosomes,	and	metabolites	are	released	at	the	basolateral	

side	(gray)	to	feed	cells	in	the	interior	of	the	colony.	During	evolution,	certain	epithelial	cells	

started	to	specialize	in	sensing	environmental	cues,	whereas	other	cells	remained	

concentrated	on	food	uptake	but	probably	kept	the	ability	to	transmit	signals	in	a	paracrine	

fashion.	Other,	well-positioned	epithelial	cells	might	have	strengthened	their	actin	

cytoskeleton	to	drive	the	movement	of	larger	epithelial	areas.	These	movements	started	to	

be	coordinated	not	only	through	cellular	junctions	but	also	via	paracrine	signals.	

(b)	It	is	conceivable	that,	in	the	next	evolutionary	step,	sensory	cells	started	to	sink	into	the	

interior	to	sense	the	Ca2+-dependent	release	from	sensory	cells	that	had	remained	in	the	

epithelium.	The	establishment	of	specialized	junctions	between	the	sensory	cells,	the	

synapse,	allowed	them	to	communicate	more	efficiently.	In	a	similar	fashion,	muscle-like	

cells	moved	to	the	interior	but	needed	to	anchor	to	a	strong	basement	membrane	to	exert	

force.	Note	that	comparable	scenarios	have	been	proposed	by	(2,	55,	98).	 	
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