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Summary	
Hans-Jürgen	Osigus	

Comparative	 mitochondrial	 genomics	 in	 basal	 metazoans:	 new	

phylogenetic	and	functional	approaches	

	
The	 phylum	 Placozoa	 is	 crucial	 for	 understanding	 the	 early	 evolutionary	
pathways	of	animal	mitochondrial	genomes.	The	studies	conducted	in	this	thesis	
target	 early	 metazoan	 mitochondrial	 phylogenetics,	 placozoan	 mitochondrial	
mRNA	 processing	 and	 comparative	 placozoan	mitochondrial	 genomics	 and	 its	
implications	for	placozoan	taxonomy.	
	 In	order	 to	 test	 the	effect	of	 taxon	sampling	on	metazoan	mitochondrial	
phylogenies,	five	comprehensive	whole	mitochondrial	data	sets	were	generated	
and	 analyzed.	 The	 outcomes	 of	 the	 analyses	 support	 some	 well-known	
topologies,	 but	 also	 reveal	 some	 problematic	 taxa.	 In	 sum,	 with	 respect	 to	
phylogenetics,	mitochondrial	data	sets	perform	best	below	the	phylum-level,	as	
current	 evolutionary	models	 struggle	with	data	heterogeneity	 and	 long-branch	
attraction	artifacts.	
	 Deep	 RNA	 sequencing	 revealed	 the	 existence	 of	 a	 single	 base	 pair	 cox1	
micro	exon	but	does	not	support	mRNA	editing	in	Placozoa.	This	cox1	micro	exon	
is	the	first	mitochondrial	single	base	pair	exon	reported	from	an	animal.	
	 The	comparative	analyses	of	nine	new	placozoan	mitochondrial	genomes	
revealed	 an	 unexpected	 diversity	 and	 complex	 evolutionary	 history	 of	
mitochondrial	 DNA	 characteristics	 within	 Placozoa.	 Complemented	 by	 nuclear	
genome	 data,	 this	 mtDNA	 diversity	 yielded	 the	 formal	 description	 of	 the	 new	
placozoan	 genus	 Polyplacotoma.	 The	 analyses	 also	 provided	 new	 important	
insights	 into	 enrichment	 patterns	 of	 GC-rich	 hairpins,	 the	 evolution	 of	 gene	
orders	and	complex	fragmentation	patterns	of	placozoan	mitochondrial	genes.	
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Zusammenfassung	
Hans-Jürgen	Osigus	

Vergleichende	mitochondriale	Genomanalysen	 in	basalen	Metazoen:	neue	

phylogenetische	und	funktionelle	Ansätze	

	

Der	 Tierstamm	 Placozoa	 spielt	 eine	 Schlüsselrolle	 für	 die	 Rekonstruktion	 der	
frühen	 Evolution	 tierischer	 mitochondrialer	 Genome.	 Die	 vorliegende	 Arbeit	
beschäftigte	 sich	mit	mitochondrialen	 phylogenetischen	Analysen	 an	 der	 Basis	
der	Metazoa,	 mit	mitochondrialer	mRNA	 Prozessierung	 in	 Placozoa	 sowie	mit	
vergleichenden	 mitochondrialen	 Genomanalysen	 und	 deren	 Einfluss	 auf	 die	
Taxonomie	innerhalb	der	Placozoa.	
	 Anhand	 von	 fünf	 Datensätzen	 wurde	 in	 dieser	 Arbeit	 der	 Einfluss	 der	
Taxonauswahl	 auf	 mitochondriale	 phylogenetische	 Analysen	 untersucht.	 Die	
Ergebnisse	 unterstützen	 einerseits	 bekannte	 Verwandtschaftsbeziehungen	
zwischen	 ursprünglichen	 Vielzellern	 und	 identifizieren	 darüber	 hinaus	
problematische	 Taxa.	 Mitochondriale	 Daten	 erscheinen	 insbesondere	 für	
genealogische	 Analysen	 unterhalb	 des	 Tierstamm-Niveaus	 hilfreich,	 da	 die	
aktuell	 verfügbaren	 evolutionären	 Modelle	 aufgrund	 von	 Datenheterogenität	
und	 analysebedingten	 Artefakten	 bei	 höheren	 taxonomischen	 Ebenen	 an	 ihre	
Grenzen	stoßen.	
	 Die	 in	dieser	Arbeit	durchgeführte	hochabdeckende	RNA-Sequenzierung	
ergab,	dass	das	cox1	Gen	der	Placozoa	anstatt	einer	mRNA	Editierungsposition	
ein	ultrakurzes	1-Basenpaar-Mikroexon	enthält.	Dieses	Mikroexon	 ist	das	erste	
mitochondriale	1-Basenpaar-Exon,	das	jemals	im	Tierreich	gefunden	wurde.	
	 Die	 Analyse	 von	 neun	 neuen	 mitochondrialen	 Genomen	 förderte	 eine	
unerwartete	 genetische	 Vielfalt	 und	 komplexe	mtDNA	Evolution	 innerhalb	 der	
Placozoa	 zutage.	 Unterstützt	 durch	 Kerngenomdaten	 führte	 diese	
mitochondriale	Vielfalt	zur	formellen	Beschreibung	der	neuen	Placozoa-Gattung	
Polyplacotoma.	Weitere	mtDNA	Analysen	gaben	darüber	hinaus	neue	Einsichten	
in	 die	 Anreicherung	 von	 GC-reichen	 Haarnadelstrukturen,	 die	 Evolution	 der	
Genanordnung	sowie	die	Genfragmentierung	innerhalb	der	Placozoa.	
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1.	General	introduction	
	

The	origin	of	Metazoa	and	relationships	between	non-bilaterian	phyla	

The	reconstruction	of	the	origin	and	the	early	diversification	of	Metazoa	is	one	of	

the	major	 challenges	 in	 the	 field	 of	 evolutionary	 biology	 (1).	 The	 phylogenetic	

relationships	 between	 the	 four	 extant	 non-bilaterian	 phyla	 Placozoa,	 Porifera,	

Cnidaria	and	Ctenophora	as	well	as	the	higher	systematics	within	these	taxa	are	

controversially	discussed	 (2).	While	Choanoflagellata	are	generally	 accepted	as	

the	sister	group	to	Metazoa	(3),	the	question	about	the	closest	extant	metazoan	

relative	 of	 the	 hypothetical	 last	 common	 metazoan	 ancestor	 (LCMA)	 is	 still	

unresolved	(4).	For	several	decades,	comparative	approaches	to	reconstruct	the	

relationships	 between	 early	 branching	 metazoans	 were	 mainly	 based	 on	

morphological	 data	 (see	 e.g.	 5,6,	 and	 references	 therein).	 Such	 morphology-

based	 scenarios	 suggested	 either	 Placozoa	 or	 Porifera	 as	 the	 first	 branching	

animal	 phylum,	 while	 cnidarians	 and	 ctenophores	 have	 been	 considered	 as	

rather	 derived	 non-bilaterian	 animals,	 due	 to	 their	 multiple	 complex	

morphological	traits	like	for	instance	a	nervous	system	(see	also	7).	

Since	the	establishment	of	high-throughput	DNA	sequencing	technologies,	

large	 multi-gene	 data	 sets	 have	 been	 used	 to	 address	 the	 question	 of	 the	

branching	order	of	non-bilaterians.	The	outcome	of	such	molecular	approaches	

is	highly	 inconsistent	and	 in	many	respects	even	highly	contradictory	 (4,8-11),	

and	resulting	tree	topologies	have	shown	to	be	sensitive	to	parameters	like	taxon	

sampling,	 outgroups	 or	 evolutionary	 models	 (12).	 The	 majority	 of	 recent	

analyses	based	on	nuclear	encoded	genes	support	either	Porifera	or	Ctenophora	

as	a	sister	to	all	other	animals	(e.g.	8,9),	while	placozoans	frequently	come	out	as	

a	 sister	 to	a	 clade	 formed	by	Cnidaria	and	Bilateria	 (e.g.	13,14,15).	 In	contrast,	

early	studies	using	mitochondrial	data	sets	support	a	sister	group	relationship	of	

bilaterian	and	non-bilaterian	animals,	with	placozoans	as	the	earliest	branching	

phylum	within	the	non-bilaterian	clade	(16,17).	

	

The	phylum	Placozoa	

Although	 the	 first	 placozoan	 species	 Trichoplax	 adhaerens	 has	 already	 been	

described	in	1883	(18),	the	phylum	Placozoa	is	still	a	scientific	enigma	in	several	
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respects	 (19).	All	placozoans,	which	 so	 far	have	been	 sampled,	 share	 the	 same	

general	 morphological	 bauplan,	 i.e.	 a	 three-layered	 body	 organization	 (e.g.	

18,20).	 Complex	 structures	 like	 eyes	 or	 a	 nervous	 system	 as	 well	 as	 related	

specialized	 cells	 are	 missing	 in	 placozoans	 (21).	 Despite	 their	 morphological	

simplicity,	 placozoans	 exhibit	 a	 complex	 coordinated	 feeding	 behavior	 and	 the	

ability	 to	 perceive	 light	 or	 gravitation	 (22-24).	 Up	 to	 now	 six	 different	

morphological	cell	types	have	been	described	in	Trichoplax	adhaerens	(25),	and	

studies	 on	 single	 cell	 transcriptomes	 or	 cellular	 neuropeptide	 content	 have	

suggested	 the	 presence	 of	 various	 additional	 subpopulations	 of	 cell	 types	

(26,27).	 However,	 the	 definite	 cellular	 composition	 and	 architecture	 is	 still	

incompletely	 understood.	 In	 addition,	 observed	 ultrastructural	 differences	

between	 genetic	 lineages	 do	 not	 conclusively	 match	 to	 molecular	 systematics	

(20).	 Although	 sexual	 reproduction	 has	 been	 deduced	 by	 genetic	 approaches	

(28),	 observations	 of	 placozoan	 sexual	 reproduction	 in	 the	 field	 are	 missing.	

Under	 laboratory	 conditions,	 placozoans	 reproduce	mostly	 vegetatively,	 i.e.	 by	

fission	(29).	All	approaches	to	close	the	placozoan	life	cycle	in	the	laboratory	so	

far	do	not	reach	a	level	beyond	the	128-cell-stage	of	embryos	(30).	Microscopic	

and	 genetic	 studies	 have	 identified	 bacterial	 endosymbionts	 in	 placozoans,	

which	 are	 transmitted	 via	 oocytes	 (30,31,	 and	 references	 therein).	 Little	 is	

known	about	the	interaction	of	placozoans	with	other	organisms	in	the	field,	as	

well	as	 their	precise	ecological	niches	 (reviewed	 in	29).	Nevertheless,	different	

gastropod	 species	 belonging	 to	 the	 genus	 Rhodope	have	 been	 observed	 while	

feeding	on	placozoans	(32,	and	references	therein).		

Despite	the	macroscopic	morphological	uniformity	of	placozoans,	several	

recent	 genetic	 studies	 have	 revealed	 a	 remarkable	 genetic	 diversity,	 indicating	

the	existence	of	various	cryptic	species	(33-35).	The	molecular	systematic	within	

the	 phylum	 Placozoa	 is	 primarily	 based	 on	 the	mitochondrial	 16S	 rDNA	 (33).	

Sampling	efforts	in	tropical	and	subtropical	oceans	worldwide	so	far	have	led	to	

16	 genetic	 lineages	 described	 until	 2010,	 although	 a	 much	 higher	 number	 of	

different	 placozoan	 lineages	 in	 the	 field	 is	 to	 be	 expected	 (34).	 Based	 on	

mitochondrial	 16S	 rDNA	 phylogenies,	 known	 placozoan	 lineages	 are	 currently	

subdivided	 into	 two	groups	A	and	B,	with	group	A	again	being	subdivided	 into	

two	subgroups	A1	and	A2,	respectively	(34).	The	groups	harbor	different	genetic	
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clades,	which	unify	different	16S	rDNA	 lineages	(34).	Although	the	preliminary	

classification	 of	 placozoans	 into	 different	 groups	 and	 clades	 is	 a	 practical	

solution,	 an	 accepted	 Linnean	 systematic	 is	 still	 missing	 (19).	 Therefore,	 all	

placozoans	 except	 Trichoplax	 adhaerens	 H1	 (18)	 are	 currently	 provisionally	

called	 “haplotype/lineage”,	 with	 newly	 identified	 lineages	 assigned	 to	 a	

consecutive	“H”-number	(e.g.	H2)(33).	

	

Mitochondrial	genomics	in	early	diverging	metazoans	

Mitochondria	are	small	eukaryotic	cell	organelles,	which	play	a	fundamental	role	

in	cellular	processes	like	oxidative	phosphorylation	or	apoptosis	(36).	As	a	relict	

of	 their	alpha-proteobacterial	origin,	mitochondria	 retained	 their	own	genome,	

although	 most	 mitochondrial	 genes	 have	 been	 transferred	 into	 the	 nuclear	

genome	 (37,38).	 Since	 the	 characterization	 of	 the	 first	 complete	mitochondrial	

genome	(i.e.	that	of	Homo	sapiens)	in	1981	(39),	ongoing	sequencing	efforts	have	

yielded	a	total	number	of	more	than	8,100	complete	metazoan	mtDNA	sequences	

(Refseq,	 01/2019).	 The	 most	 informative	 characters	 for	 comparative	 whole	

mitochondrial	 genome	 analyses	 are	 genome	 size,	 genome	 architecture,	

nucleotide	 composition,	 gene	 content,	 gene	 order	 and	 presence/absence	 of	

introns	or	open	reading	frames	of	unknown	function,	respectively	(40).	

Mitogenomic	data	from	Choanoflagellata	(the	often	assumed	sister	group	

of	Metazoa,	 see	 above)	 are	 of	 outstanding	 importance	 to	 understand	 the	 early	

evolution	 of	 metazoan	 mitochondrial	 genomes	 (41).	 Several	 choanoflagellate	

genome	 sequencing	 projects	 are	 currently	 in	 progress,	 but	 the	 only	 available	

complete	 choanoflagellate	mitogenome	 still	 is	 that	 of	Monosiga	brevicollis	(42).	

In	contrast	 to	most	animal	mitochondrial	genomes,	 the	circular	mitogenome	of	

Monosiga	brevicollis	 is	 a	 large	molecule,	 which	 codes	 for	 several	 open	 reading	

frames	 (ORFs)	 of	 unknown	 function.	 In	 addition,	 introns	 can	 be	 found	 in	 the	

Monosiga	cox1	and	nad5	gene,	respectively.	The	most	remarkable	deviation	from	

animal	 mitochondrial	 genomes,	 however,	 is	 the	 presence	 of	 mitochondrial	

encoded	 ribosomal	 proteins	 (42).	 Although	 the	 precise	 characteristics	 of	 the	

hypothetical	urmetazoan	mitochondrial	genome	are	unknown,	it	is	reasonable	to	

suppose	 that	 the	 urmetazoan	 mtDNA	 shares	 several	 traits	 with	 extant	

choanoflagellate	mitogenomes	(41,42).	
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Early	 comparative	 studies	 on	 animal	 mitochondrial	 genome	 evolution	

suffer	 from	 data	 scarcity	 from	 non-bilaterian	 phyla	 (43).	 The	 resulting	 strong	

bias	towards	bilaterian	mitogenomes	has	misled	several	authors	to	prematurely	

postulate	 that	 animal	 mitochondrial	 genomes	 in	 general	 are	 highly	 uniform,	

compact	 molecules	 (43).	 This	 picture,	 however,	 has	 been	 refuted	 since	 more	

non-bilaterian	 mitogenome	 sequences	 have	 become	 available	 (40).	 Given	 the	

actual	mitogenome	 size	 variation	 between	 and	within	 non-bilaterian	 phyla,	 an	
overall	size	specification	is	problematic.	However,	the	majority	of	non-bilaterian	

mitogenomes	 is	 in	 a	 range	 of	 15-23	 kb	 (44).	 While	 most	 non-bilaterian	

mitochondria	possess	 a	 circular	 chromosome,	multipartite	 linear	mitogenomes	

have	 nevertheless	 been	 reported	 from	 some	 sponges	 and	 cnidarians,	

respectively	(reviewed	in	40).	Non-bilaterian	mtDNAs	have	a	GC-content	below	

40%,	 with	 few	 exceptions	 found	 in	 Placozoa	 as	 well	 as	 some	 sponge	 and	

cnidarian	 species	 (NCBI,	 Organelle	 Genome	 Resources,	 01/2019).	 The	 typical	

mitochondrial	 encoded	 gene	 set	 in	 non-Bilateria	 comprises	 14	 protein	 coding	

genes	 (cox1-3,	cob,	nad1-6,	nad4L,	atp6,	atp8,	atp9),	 2	 rRNAs	 (12S	and	16S)	 as	

well	 as	 approximately	 24	 tRNAs	 (40).	 However,	 the	 number	 of	 mitochondrial	

encoded	tRNA	genes	can	be	dramatically	reduced,	as	occasionally	seen	in	all	non-

bilaterian	 phyla	 except	 Placozoa	 (44).	 Independent	 intron/ORF	 gain	 or	 loss	

events	 have	 likewise	 been	 reported,	 further	 highlighting	 the	 high	 dynamic	 of	

mitogenome	evolution	at	the	base	of	Metazoa	(40).	This	dynamic	is	also	reflected	
by	sequence	evolution	rates,	which	can	substantially	differ	even	between	closely	

related	non-bilaterian	taxa	(e.g.	45).	Finally,	unusual	molecular	mechanisms	like	

tRNA/mRNA	editing	and	translational	 frameshifting	emphasize	the	outstanding	

role	 of	 non-bilaterians	 as	 model	 systems	 for	 studies	 on	 complex	 molecular	

processes	in	Metazoa	(46,47).	

	

Placozoan	mitogenomics	

The	very	first	Genbank	entry	of	a	placozoan	mitochondrial	DNA	sequence,	 i.e.	a	

partial	Trichoplax	adhaerens	H1	16S	rDNA	sequence,	backdates	to	the	year	2003	

(48).	In	2006,	the	first	complete	placozoan	mitochondrial	genome	of	Trichoplax	

adhaerens	 H1	 has	 been	 published	 (16),	 followed	 by	 in	 sum	 four	 additional	

placozoan	 mitochondrial	 genomes,	 which	 have	 been	 described	 afterwards	 in	
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2007	and	2012,	respectively	(17,49).	The	mitochondrial	genomes	of	Trichoplax	

adhaerens	 H1	 (clade	 I),	 haplotype	 H3	 (clade	 II),	 haplotype	 H4	 (clade	 V),	

haplotype	 H8	 (clade	 III)	 and	 haplotype	 H15	 (clade	 V)	 share	 several	 general	

characteristics	 (17,49).	All	 these	placozoan	mitochondrial	 genomes	have	a	 size	

above	30	kb,	large	intergenic	spacer	regions	and	an	uneven	distribution	of	genes	

on	 both	 strands.	 Furthermore,	 they	 contain	 several	 introns	 as	 well	 as	 open	

reading	 frames	 of	 unknown	 function.	 Other	 shared	 characteristics	 are	 the	

absence	of	atp8/atp9	and	the	presence	of	a	conserved	set	of	24	tRNAs.	A	single	

control	region,	which	is	known	e.g.	from	bilaterian	mitochondrial	genomes	(50),	

could	not	 be	 identified	 yet,	 as	multiple	 large	non-coding	 candidate	 regions	 are	

present	 in	 placozoan	 mitogenomes.	 Despite	 overall	 similarities,	 the	 order	 of	

typical	 mitochondrial	 genes	 is	 different	 in	 each	 of	 the	 so	 far	 characterized	

placozoan	16S	clades	(17).	These	high	rearrangement	dynamics	are	exceptional	

among	animals	and	make	complete	placozoan	mitogenomes	an	ideal	data	set	not	

only	to	further	illuminate	placozoan	relationships,	but	also	to	better	understand	

the	genetic	radiation	of	fast	evolving	metazoan	mtDNAs	(17).	However,	given	the	

small	 number	 of	 available	 complete	 mitogenome	 sequences,	 the	 ancestral	

mitochondrial	gene	order	in	placozoans	could	not	be	reliably	reconstructed	until	

today.	 Furthermore,	 the	 molecular	 mechanisms	 underlying	 the	 observed	

rearrangements	are	unknown(17).	

Another	remarkable	placozoan	feature	is	the	unusual	cox1	gene	structure.	

In	 detail,	 the	 splitting	 of	 the	 cox1	gene	 into	 up	 to	 eight	 exons	 (some	 of	 them	

encoded	on	different	strands)	requires	 trans-splicing	 to	generate	a	consecutive	

mRNA	transcript	(16,17,49).	This	cox1	gene	fragmentation	combined	with	trans-

splicing	 is	 exceptional	 among	 animals	 (51).	 In	 this	 context,	 a	 remarkable	

hypothesis	 postulated	 by	 Burger	 and	 co-workers	 in	 2009	 (51)	 even	 suggests	

mitochondrial	 mRNA	 editing	 in	 the	 placozoan	 cox1	 gene.	 In	 this	 scenario,	 the	

cox1	 mRNA	 is	 edited	 at	 a	 specific	 position	 from	 “U”	 to	 “C”	 to	 maintain	 an	

evolutionary	 conserved	histidine.	The	origin	 and	mechanisms	of	 the	placozoan	

cox1	mRNA	editing,	however,	are	still	awaiting	further	investigation	(51).	
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Aims	and	scope	

Non-bilaterian	mitogenomics	 is	 a	 rapidly	 growing	 research	 field,	 since	modern	

high-throughput	 sequencing	 technologies	 allow	 the	 fast	 and	 cost-efficient	

generation	 of	 large	molecular	 data	 sets,	 even	 for	 non-model	 organisms.	 In	 the	

course	of	this	thesis,	intensive	mitochondrial	genome	sequencing	efforts	of	other	

research	groups	already	 covered	a	broad	 range	of	 taxa	 from	Porifera,	Cnidaria	

and	 Ctenophora.	 The	 main	 focus	 of	 this	 thesis	 is	 therefore	 on	 mitochondrial	

genomes	from	the	fourth	non-bilaterian	phylum,	i.e.	the	Placozoa.	

Resolving	 placozoan	 mitogenomics	 is	 crucial	 to	 a	 broad	 spectrum	 of	

questions:	1)	Mitochondrial	 genetic	markers	 are	 commonly	used	 in	 studies	 on	

placozoan	 biodiversity	 and	 inner	 systematics.	2)	Mitochondrial	 protein	 coding	

genes	 are	 an	 important	 resource	 for	 deep	 metazoan	 phylogenetic	 approaches	

targeting	the	base	of	the	metazoan	tree	of	life.	3)	The	unusual	and	incompletely	

understood	 placozoan	 mitochondrial	 cox1	mRNA	 editing	 mechanism	 calls	 for	

further	 investigation	 using	 state-of-the-art	 RNA	 sequencing	 technologies.	 4)	

Additional	placozoan	mtDNA	sequence	data	are	essential	to	further	understand	

the	 complex	 history	 of	 placozoan	 mitogenome	 evolution	 and	 to	 improve	

scenarios	 on	 the	 early	 evolution	 of	 metazoan	 mitogenomes.	 5)	Mitochondrial	

genome	 data	 are	 an	 important	 complement	 for	 comparative	 studies	 on	

placozoan	 nuclear	 genomes	 to	 minimize	 errors	 caused	 by	 potential	 genome-

related	analyses	artifacts.	

The	aim	of	my	 thesis	 is	 to	address	 the	above-mentioned	 topics	and	 this	

way	to	contribute	to	a	better	understanding	of	mitochondrial	genome	evolution	

pathways	at	the	base	of	Metazoa.	

	

Thesis	outline	and	author	contributions	

This	cumulative	thesis	is	subdivided	into	nine	different	chapters	I-IX.	Chapters	I-

VII	 have	 already	 been	 published	 in	 peer-reviewed	 scientific	 journals.	 Chapters	

VIII	and	IX	likewise	are	going	to	be	submitted	in	the	present	or	slightly	modified	

versions	to	peer-reviewed	scientific	journals.	The	contributions	of	the	authors	to	

the	respective	chapters	are	described	in	the	following	section:	
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Chapter	I	
H.J.	Osigus,	M.	Eitel,	B.	Schierwater,	Chasing	the	urmetazoon:	striking	a	blow	for	

quality	data?,	Mol	Phylogenet	Evol	66(2)	(2013)	551-7.	

Conceptualization:	HJO	ME	BS.		

Visualization:	HJO	ME	BS.	

Writing:	HJO	ME	BS.	

Funding	acquisition:	BS.		

	
Chapter	II	
H.J.	 Osigus,	 M.	 Eitel,	 M.	 Bernt,	 A.	 Donath,	 B.	 Schierwater,	 Mitogenomics	 at	 the	

base	of	Metazoa,	Mol	Phylogenet	Evol	69(2)	(2013)	339-51.	

Conceptualization:	HJO	ME	BS.	

Data	curation:	HJO	ME	MB	AD.	

Formal	analysis:	HJO	ME	MB	AD.	

Funding	acquisition:	BS.		

Investigation:	HJO	ME	MB	AD	BS.	
Methodology:	HJO	ME	MB	AD	BS.	
Project	administration:	BS.	

Resources:	MB	AD	BS.	

Supervision:	BS.	

Validation:	HJO	ME	MB	AD	BS.	

Visualization:	HJO.	

Writing	–	original	draft:	HJO	ME	BS.	

Writing	–	review	&	editing:	HJO	ME	MB	AD	BS.	
	
Chapter	III	
M.	Eitel,	H.J.	Osigus,	R.	DeSalle,	B.	Schierwater,	Global	diversity	of	 the	Placozoa,	

Plos	One	8(4)	(2013)	e57131.	

Conceived	and	designed	the	experiments:	ME	HJO	BS.		

Performed	the	experiments:	ME	HJO.		

Analyzed	the	data:	ME	HJO	RD	BS.		

Contributed	reagents/materials/analysis	tools:	BS.		

Wrote	the	paper:	ME	HJO	RD	BS.	

	
Chapter	IV	
H.J.	Osigus,	M.	Eitel,	B.	 Schierwater,	Deep	RNA	sequencing	 reveals	 the	 smallest	

known	mitochondrial	micro	exon	in	animals:	The	placozoan	cox1	single	base	pair	
exon,	Plos	One	12(5)	(2017)	e0177959.	

Data	curation:	HJO	BS.	

Formal	analysis:	HJO	ME.		

Funding	acquisition:	BS.		

Investigation:	HJO.		

Methodology:	HJO	ME	BS.		
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Project	administration:	BS.		
Resources:	BS.	
Supervision:	BS.	
Validation:	HJO	ME	BS.	
Visualization:	HJO.	
Writing	–	original	draft:	HJO.	
Writing	–	review	&	editing:	HJO	ME	BS.	
	
Chapter	V	
K.	Kamm,	H.J.	Osigus,	P.F.	Stadler,	R.	DeSalle,	B.	Schierwater,	Trichoplax	genomes	
reveal	profound	admixture	and	suggest	stable	wild	populations	without	bisexual	
reproduction,	Sci	Rep	8(1)	(2018)	11168.	
KK	 coordinated	 the	 project,	 assembled	 the	 genome	 and	 the	 transcriptomes,	
analyzed	 the	 data	 and	 wrote	 the	 manuscript;	 BS	 Initiated,	 funded	 and	
coordinated	 the	 project	 and	 wrote	 the	 manuscript;	 RD	 wrote	 the	 manuscript;	
HJO	coordinated	animal	material	and	Illumina	sequencing	of	the	genome	and	the	
transcriptomes	 and	 provided	 general	 expertise	 regarding	 placozoans;	 PFS	
provided	 computational	 resources	 and	 data	 curation.	 All	 authors	 reviewed,	
discussed	and	approved	the	final	version	of	the	manuscript.	
	
Chapter	VI	
M.	Eitel,	W.R.	Francis,	F.	Varoqueaux,	J.	Daraspe,	H.J.	Osigus,	S.	Krebs,	S.	Vargas,	H.	
Blum,	G.A.	Williams,	B.	Schierwater,	G.	Wörheide,	Comparative	genomics	and	the	
nature	of	placozoan	species,	Plos	Biol	16(7)	(2018)	e2005359.	
Conceptualization:	ME	WRF	SV	BS	GW.	
Data	curation:	ME	SK	SV	HB	GW.	
Formal	analysis:	ME	WRF	SV.	
Funding	acquisition:	ME	GAW	BS	GW.	
Investigation:	ME	WRF	FV	JD	HJO	SK	SV	HB	BS	GW.	
Methodology:	ME	WRF	SV	HB	GAW.	
Project	administration:	ME	GW.	
Resources:	ME	HB	GAW	BS	GW.	
Software:	WRF.	
Supervision:	SV	BS	GW.	
Validation:	ME	WRF	SV	GW.	
Visualization:	ME	WRF	FV	JD	SK	SV.	
Writing	–	original	draft:	ME	WRF	GW.	
Writing	–	review	&	editing:	ME	WRF	HJO	SV	GAW	BS	GW.	
	
Chapter	VII	
H.J.	 Osigus,	 S.	 Rolfes,	 R.	 Herzog,	 K.	 Kamm,	 B.	 Schierwater,	 Polyplacotoma	
mediterranea	is	a	new	ramified	placozoan	species,	Curr	Biol	29(5)	(2019)	R148-
R149.	
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Conceptualization:	HJO	BS.		
Data	curation:	HJO	KK	BS.		
Formal	analysis:	HJO	KK	BS.		
Investigation:	HJO	SR	RH	KK	BS.		
Field	work:	SR	RH	BS.		
Resources:	BS.		
Funding	acquisition:	BS.		
Writing:	HJO	SR	RH	KK	BS.		
Visualization:	HJO	KK	BS.		
Supervision:	BS.		
Project	administration:	BS.	
	
Chapter	VIII	
H.J.	Osigus,	M.	Eitel,	K.	Kamm,	S.	Rolfes,	M.	Tessler,	A.	Narechania,	R.	DeSalle,	B.	
Schierwater,	Accumulation	of	GC-rich	hairpins	in	large	placozoan	mitochondrial	
genomes,	unpublished.	
Conceptualization:	HJO	BS.	
Data	curation:	HJO	ME	MT	AN	RD	BS.	
Formal	analysis:	HJO.	
Funding	acquisition:	RD	BS.	
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Project	administration:	RD	BS.	
Resources:	RD	BS.	
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Writing	–	original	draft:	HJO	BS.	
	
Chapter	IX	
H.J.	Osigus,	M.	Eitel,	 S.	Rolfes,	K.	Kamm,	M.	Tessler,	 J.S.	Neumann,	R.	DeSalle,	B.	
Schierwater,	New	insights	into	complex	mitochondrial	genome	evolution	within	
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Visualization:	HJO.	
Writing	–	original	draft:	HJO	BS.	
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2.	Chapters	
	
Chapter	I	
	

H.J.	Osigus,	M.	Eitel,	B.	Schierwater,	Chasing	the	urmetazoon:	striking	a	blow	for	

quality	data?,	Mol	Phylogenet	Evol	66(2)	(2013)	551-7.	

	

https://www.sciencedirect.com/science/article/pii/S1055790312002060?via%

3Dihub	

doi:	10.1016/j.ympev.2012.05.028	

	

Abstract	

The	ever-lingering	question:	 "What	did	 the	urmetazoan	 look	 like?"	has	not	 lost	

its	charm,	appeal	or	elusiveness	for	one	and	a	half	centuries.	A	solid	amount	of	

organismal	data	give	what	some	 feel	 is	a	clear	answer	(e.g.	Placozoa	are	at	 the	

base	of	the	metazoan	tree	of	life	(ToL)),	but	a	diversity	of	modern	molecular	data	

gives	 almost	 as	 many	 answers	 as	 there	 are	 exemplars,	 and	 even	 the	 largest	

molecular	 data	 sets	 could	 not	 solve	 the	 question	 and	 sometimes	 even	 suggest	

obvious	 zoological	 nonsense.	 Since	 the	 problems	 involved	 in	 this	 phylogenetic	

conundrum	 encompass	 a	 wide	 array	 of	 analytical	 freedom	 and	 uncertainty	 it	

seems	questionable	whether	a	further	increase	in	molecular	data	(quantity)	can	

solve	this	classical	deep	phylogeny	problem.	This	review	thus	strikes	a	blow	for	

evaluating	 quality	 data	 (including	morphological,	molecule	morphologies,	 gene	

arrangement,	and	gene	loss	versus	gene	gain	data)	in	an	appropriate	manner.	
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Chapter	II	
	
H.J.	 Osigus,	 M.	 Eitel,	 M.	 Bernt,	 A.	 Donath,	 B.	 Schierwater,	 Mitogenomics	 at	 the	
base	of	Metazoa,	Mol	Phylogenet	Evol	69(2)	(2013)	339-51.	
	
https://www.sciencedirect.com/science/article/pii/S1055790313002935?via%
3Dihub	
doi:	10.1016/j.ympev.2013.07.016	
	
Abstract	

Unraveling	 the	base	of	metazoan	evolution	 is	of	 crucial	 importance	 for	 rooting	
the	metazoan	 Tree	 of	 Life.	 This	 subject	 has	 attracted	 substantial	 attention	 for	
more	than	a	century	and	recently	fueled	a	burst	of	modern	phylogenetic	studies.	
Conflicting	scenarios	from	different	studies	and	incongruent	results	from	nuclear	
versus	 mitochondrial	 markers	 challenge	 current	 molecular	 phylogenetic	
approaches.	 Here	 we	 analyze	 the	 presently	 most	 comprehensive	 data	 sets	 of	
mitochondrial	 genomes	 from	 non-bilaterian	 animals	 to	 illuminate	 the	
phylogenetic	 relationships	 among	early	branching	metazoan	phyla.	The	 results	
of	 our	 analyses	 illustrate	 the	 value	 of	 mitogenomics	 and	 support	 previously	
known	 topologies	 between	 animal	 phyla	 but	 also	 identify	 several	 problematic	
taxa,	which	are	sensitive	to	long	branch	artifacts	or	missing	data.	
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Chapter	III	
	
M.	Eitel,	H.J.	Osigus,	R.	DeSalle,	B.	Schierwater,	Global	diversity	of	 the	Placozoa,	
Plos	One	8(4)	(2013)	e57131.	
	
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0057131	
doi:	10.1371/journal.pone.0057131	
	
Abstract	

The	 enigmatic	 animal	 phylum	 Placozoa	 holds	 a	 key	 position	 in	 the	 metazoan	

Tree	of	 Life.	A	 simple	bauplan	makes	 it	 appear	 to	be	 the	most	basal	metazoan	

known	and	genetic	evidence	also	points	 to	a	position	close	 to	 the	 last	common	

metazoan	ancestor.	Trichoplax	adhaerens	 is	 the	only	 formally	described	species	

in	 the	phylum	 to	date,	making	 the	Placozoa	 the	only	monotypic	phylum	 in	 the	

animal	 kingdom.	 However,	 recent	 molecular	 genetic	 as	 well	 as	 morphological	

studies	have	identified	a	high	level	of	diversity,	and	hence	a	potential	high	level	

of	 taxonomic	diversity,	within	 this	 phylum.	Different	 taxa,	 possibly	 at	 different	

taxonomic	 levels,	are	awaiting	description.	 In	 this	 review	we	 firstly	summarize	

knowledge	 on	 the	 morphology,	 phylogenetic	 position	 and	 ecology	 of	 the	

Placozoa.	Secondly,	we	give	an	overview	of	placozoan	morphological	and	genetic	

diversity	 and	 finally	present	 an	updated	distribution	of	placozoan	populations.	

We	 conclude	 that	 there	 is	 great	 potential	 and	 need	 to	 erect	 new	 taxa	 and	 to	

establish	a	firm	system	for	this	taxonomic	tabula	rasa.	
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Chapter	IV	
	
H.J.	Osigus,	M.	Eitel,	B.	 Schierwater,	Deep	RNA	sequencing	 reveals	 the	 smallest	
known	mitochondrial	micro	exon	in	animals:	The	placozoan	cox1	single	base	pair	
exon,	Plos	One	12(5)	(2017)	e0177959.	
	
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0177959	
doi:	10.1371/journal.pone.0177959	
	
Abstract	

The	phylum	Placozoa	holds	a	key	position	for	our	understanding	of	the	evolution	

of	mitochondrial	 genomes	 in	Metazoa.	 Placozoans	 possess	 large	mitochondrial	

genomes	which	harbor	several	remarkable	characteristics	such	as	a	fragmented	

cox1	gene	and	 trans-splicing	cox1	 introns.	A	previous	study	also	suggested	 the	

existence	 of	 cox1	mRNA	 editing	 in	Trichoplax	adhaerens,	 yet	 the	 only	 formally	

described	species	in	the	phylum	Placozoa.	We	have	analyzed	RNA-seq	data	of	the	

undescribed	sister	species,	Placozoa	sp.	H2	("Panama"	clone),	with	special	focus	

on	 the	 mitochondrial	 mRNA.	 While	 we	 did	 not	 find	 support	 for	 a	 previously	

postulated	 cox1	 mRNA	 editing	 mechanism,	 we	 surprisingly	 found	 two	

independent	 transcripts	 representing	 intermediate	 cox1	mRNA	 splicing	 stages.	

Both	 transcripts	 consist	 of	 partial	 cox1	 exon	 as	 well	 as	 overlapping	 intron	

fragments.	 The	 data	 suggest	 that	 the	 cox1	 gene	 harbors	 a	 single	 base	 pair	

(cytosine)	micro	 exon.	 Furthermore,	 conserved	 group	 I	 intron	 structures	 flank	

this	 unique	micro	 exon	 also	 in	 other	 placozoans.	We	 discuss	 the	 evolutionary	

origin	of	this	micro	exon	in	the	context	of	a	self-splicing	intron	gain	in	the	cox1	

gene	of	the	last	common	ancestor	of	extant	placozoans.	
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Chapter	V	
	

K.	Kamm,	H.J.	Osigus,	P.F.	Stadler,	R.	DeSalle,	B.	Schierwater,	Trichoplax	genomes	
reveal	profound	admixture	and	suggest	stable	wild	populations	without	bisexual	

reproduction,	Sci	Rep	8(1)	(2018)	11168.	

	

https://www.nature.com/articles/s41598-018-29400-y	

doi:	10.1038/s41598-018-29400-y	

	

Abstract	

The	 phylum	 Placozoa	 officially	 consists	 of	 only	 a	 single	 described	 species,	

Trichoplax	adhaerens,	 although	 several	 lineages	 can	be	 separated	by	molecular	

markers,	geographical	distributions	and	environmental	demands.	The	placozoan	

16S	 haplotype	 H2	 (Trichoplax	 sp.	 H2)	 is	 the	 most	 robust	 and	 cosmopolitan	

lineage	of	 placozoans	 found	 to	date.	 In	 this	 study,	 its	 genome	was	 found	 to	be	

distinct	 but	 highly	 related	 to	 the	 Trichoplax	 adhaerens	 reference	 genome,	 for	

remarkably	 unique	 reasons.	 The	 pattern	 of	 variation	 and	 allele	 distribution	

between	 the	 two	 lineages	 suggests	 that	 both	 originate	 from	 a	 single	

interbreeding	 event	 in	 the	wild,	 dating	 back	 at	 least	 several	 decades	 ago,	 and	

both	seem	not	 to	have	engaged	 in	sexual	reproduction	since.	We	conclude	 that	

populations	 of	 certain	 placozoan	 haplotypes	 remain	 stable	 for	 long	 periods	

without	 bisexual	 reproduction.	 Furthermore,	 allelic	 variation	 within	 and	

between	 the	 two	 Trichoplax	 lineages	 indicates	 that	 successful	 bisexual	

reproduction	between	related	placozoan	lineages	might	serve	to	either	counter	

accumulated	 negative	 somatic	 mutations	 or	 to	 cope	 with	 changing	

environmental	conditions.	On	the	other	hand,	enrichment	of	neutral	or	beneficial	

somatic	 mutations	 by	 vegetative	 reproduction,	 combined	 with	 rare	 sexual	

reproduction,	 could	 instantaneously	 boost	 genetic	 variation,	 generating	 novel	

ecotypes	and	eventually	species.	

	

	

	

	

	

	

	

	



	 19	

Chapter	VI	
	
M.	Eitel,	W.R.	Francis,	F.	Varoqueaux,	J.	Daraspe,	H.J.	Osigus,	S.	Krebs,	S.	Vargas,	H.	
Blum,	G.A.	Williams,	B.	Schierwater,	G.	Wörheide,	Comparative	genomics	and	the	
nature	of	placozoan	species,	Plos	Biol	16(7)	(2018)	e2005359.	
	
https://journals.plos.org/plosbiology/article?id=10.1371/journal.pbio.2005359	
doi:	10.1371/journal.pbio.2005359	
	
Abstract	

Placozoans	are	a	phylum	of	nonbilaterian	marine	animals	currently	represented	

by	 a	 single	 described	 species,	 Trichoplax	 adhaerens,	 Schulze	 1883.	 Placozoans	

arguably	 show	 the	 simplest	 animal	 morphology,	 which	 is	 identical	 among	

isolates	 collected	 worldwide,	 despite	 an	 apparently	 sizeable	 genetic	 diversity	

within	the	phylum.	Here,	we	use	a	comparative	genomics	approach	for	a	deeper	

appreciation	of	the	structure	and	causes	of	the	deeply	diverging	lineages	in	the	

Placozoa.	We	generated	a	high-quality	draft	genome	of	 the	genetic	 lineage	H13	

isolated	from	Hong	Kong	and	compared	it	 to	the	distantly	related	T.	adhaerens.	

We	uncovered	substantial	structural	differences	between	the	two	genomes	that	

point	to	a	deep	genomic	separation	and	provide	support	that	adaptation	by	gene	

duplication	 is	 likely	 a	 crucial	 mechanism	 in	 placozoan	 speciation.	 We	 further	

provide	 genetic	 evidence	 for	 reproductively	 isolated	 species	 and	 suggest	 a	

genus-level	difference	of	H13	to	T.	adhaerens,	justifying	the	designation	of	H13	as	

a	 new	 species,	Hoilungia	 hongkongensis	 nov.	 gen.,	 nov.	 spec.,	 now	 the	 second	

described	 placozoan	 species	 and	 the	 first	 in	 a	 new	 genus.	 Our	 multilevel	

comparative	genomics	approach	is,	therefore,	likely	to	prove	valuable	for	species	

distinctions	 in	 other	 cryptic	 microscopic	 animal	 groups	 that	 lack	 diagnostic	

morphological	characters,	such	as	some	nematodes,	copepods,	rotifers,	or	mites.	
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Chapter	VII	
	

H.J.	 Osigus,	 S.	 Rolfes,	 R.	 Herzog,	 K.	 Kamm,	 B.	 Schierwater,	 Polyplacotoma	
mediterranea	is	a	new	ramified	placozoan	species,	Curr	Biol	29(5)	(2019)	R148-
R149.	

	
https://www.cell.com/current-biology/fulltext/S0960-9822(19)30097-1	

doi:	10.1016/j.cub.2019.01.068	

	

Abstract	

The	 enigmatic	 phylum	 Placozoa	 is	 harboring	 an	 unknown	 number	 of	 cryptic	

species	 and	 has	 become	 a	 challenge	 for	 modern	 systematics.	 Only	 recently,	 a	

second	 species	 has	 been	 described	 [1],	 while	 the	 presence	 of	 more	 than	 a	

hundred	 additional	 species	 has	 been	 suggested	 [2].	 The	 original	 placozoan	

species	Trichoplax	adhaerens	[3],	the	second	species	Hoilungia	hongkongensis	[1]	

and	 all	 yet	 undescribed	 species	 are	 morphologically	 indistinguishable	 (i.e.	 no	

species	 diagnostic	 characters	 are	 available	 [4]).	 Here,	 we	 report	 on	 a	 new	

placozoan	 species,	 Polyplacotoma	 mediterranea	 gen.	 nov.,	 spec.	 nov.,	 which	

differs	from	other	placozoans	in	its	completely	different	morphological	habitus,	

including	long	polytomous	body	branches	and	a	maximum	body	length	of	more	

than	 10	mm.	Polyplacotoma	mediterranea	 also	 necessitates	 a	 different	 view	 of	

placozoan	 mitochondrial	 genetics.	 P.	 mediterranea	 harbors	 a	 highly	 compact	

mitochondrial	genome	with	overlapping	mitochondrial	tRNA	and	protein	coding	

genes.	Furthermore,	the	new	species	 lacks	typical	placozoan	features,	 including	

the	cox1	micro	exon	and	cox1	barcode	intron.	As	phylogenetic	analyses	suggest	a	

sister	 group	 relationship	 of	 P.	 mediterranea	 to	 all	 other	 placozoans,	 this	 new	

species	may	also	be	relevant	for	studies	addressing	the	relationships	at	the	base	

of	the	metazoan	tree	of	life.	
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Chapter	VIII	
	

H.J.	 Osigus1,	 M.	 Eitel3,	 K.	 Kamm1,	 S.	 Rolfes1,	 M.	 Tessler2,	 A.	 Narechania2,	 R.	
DeSalle2,	 B.	 Schierwater1,	 Accumulation	 of	 GC-rich	 hairpins	 in	 large	 placozoan	
mitochondrial	genomes,	unpublished	
	
1	 Stiftung	 Tierärztliche	Hochschule	Hannover,	 ITZ,	 Ecology	&	 Evolution,	 Bünteweg	 17d,	 30559	
Hannover,	Germany.	
2	American	Museum	of	Natural	History,	Sackler	Institute	for	Comparative	Genomics	and	Division	
of	Invertebrate	Zoology,	New	York,	NY,	USA.	
3	 Ludwig-Maximilians-Universität	München,	 Department	 of	 Earth	 and	 Environmental	 Sciences,	
Paleontology	and	Geobiology,	München,	Germany	

	

Abstract	

Placozoans	 are	 an	 important	 model	 system	 to	 understand	 the	 evolution	 of	

mitochondrial	 genomes	 in	 early	 branching	 metazoans.	 The	 size	 of	 placozoan	

mitochondrial	genomes	reaches	40	kb	and	more,	mostly	due	to	the	presence	of	

introns,	large	intergenic	spacers	and	open	reading	frames	of	unknown	function.	

We	 here	 present	 complete	 mitochondrial	 genomes	 from	 two	 members	 of	 the	

Trichoplax	 16S	 clade	 I,	 namely	 haplotype	 H17	 “Keio”	 and	 haplotype	 H2	

“Panama”,	which	 are	 sister	 lineages	 to	Trichoplax	adhaerens	H1	 “Grell”.	With	 a	

size	 of	 43.183	 bp	 the	 H17	 mitochondrial	 genome	 is	 slightly	 larger	 than	 its	

counterpart	in	T.	adhaerens	(43.079	bp).	The	H2	mtDNA	(44.210	bp)	represents	

the	 largest	 known	 placozoan	 mitochondrial	 genome.	 While	 the	 overall	 gene	

order	is	identical	in	all	three	lineages,	major	differences	are	seen	with	respect	to	

the	number	of	predicted	open	reading	frames.	A	most	striking	feature	shared	by	

all	three	genomes	is	the	unusual	high	abundance	of	hairpins	belonging	to	the	5’-

GGVBCC-(N)3-GGVBCC-3’	hairpin	 family,	which	are	present	even	within	protein	

coding	 genes.	 Hairpins	 located	 in	 intergenic	 regions	 are	 also	 discussed	 in	 the	

evolutionary	 context	 of	 having	 played	 a	 potential	 role	 in	 mitogenome	

rearrangements.	 The	 enrichment	 of	 derived	 characteristics	 in	 clade	 I	 mtDNAs	

also	 provides	 new	 evidences	 for	 secondary	 mitogenome	 size	 amplification	 in	

Placozoa.	
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Introduction	

Placozoans	 are	 among	 the	 earliest	 branching	 metazoans	 and	 are	 of	 crucial	

importance	 for	 understanding	 the	 early	 evolution	 of	 animal	 mitochondrial	

genomes	 (1-4).	 The	 phylum	 Placozoa	 so	 far	 consists	 of	 only	 three	 described	

species	 (Trichoplax	 adhaerens	 H1	 (5),	 Hoilungia	 hongkongensis	 H13	 (6)	 and	

Polyplacotoma	mediterranea	H0	(7)).	However,	numerous	studies	have	revealed	

a	remarkably	higher	diversity	 in	 this	phylum,	comprising	at	 least	17	additional	

genetic	lineages	(for	overview,	see	e.g.	8).	

Complete	 mitochondrial	 genomes	 have	 been	 described	 for	 P.	

mediterranea	H0,	T.	adhaerens	H1,	H.	hongkongensis	H13	as	well	 as	haplotypes	

H3,	H4,	H8	and	H15	(6,7,9-11).	The	mitochondrial	genome	of	P.	mediterranea	H0	

is	 a	 highly	 compact	 molecule	 (23.5	 kb),	 which	 derives	 from	 a	 different	

evolutionary	path	than	the	Trichoplax	and	Hoilungia	mitogenomes	(7).	We	here	

mainly	 focus	 on	 mitochondrial	 genomes	 from	 the	 former	 placozoan	 groups	 A	

(now	Hoilungia-group)	and	B	(now	Trichoplax-group)	(12).	With	a	size	of	up	to	

more	 than	 40	 kb,	 mitochondrial	 genomes	 from	 these	 groups	 are	 among	 the	

largest	known	circular	mtDNAs	from	non-bilaterian	animals	(3).	They	encode	12	

protein	 coding	 genes	 (nad1-nad6,	 nad4L,	 cob,	 cox1-3,	 atp6),	 2	 ribosomal	 RNAs	

(12S	 and	 16S),	 24	 tRNAs,	 and	 also	 harbor	 remarkable	 features	 like	 numerous	

introns,	 a	 cox1	 micro	 exon,	 large	 intergenic	 regions	 and	 variable	 numbers	 of	

open	reading	frames	of	unknown	function	(for	overview,	see	e.g.	13).	While	the	

protein	coding	sequence	evolution	rate	 is	 low	(compared	 to	e.g.	Ctenophora	or	

Bilateria	(13)),	there	is	a	high	tendency	for	mt	genome	rearrangements	(11).	The	

molecular	 mechanisms	 underlying	 such	 rearrangements	 are	 unknown	 for	

placozoans,	but	studies	from	distant	eukaryotic	taxa	have	suggested	that	hairpin	

forming	elements	might	be	 involved	 in	such	processes	 (see	e.g.	14,15).	 In	non-

bilaterian	 animals,	 hairpin	 forming	 elements	 have	 been	 reported	 e.g.	 from	

sponge	mitochondrial	genomes	(16,17),	and	also	have	been	mentioned	in	studies	

on	placozoans	(see	11,12,18).	However,	in	case	of	Placozoa,	these	mitochondrial	

hairpins	have	not	yet	been	analyzed	in	an	evolutionary	context.	

In	 order	 to	 better	 understand	 the	 evolution	 and	 maintenance	 of	 large	

mitochondrial	 genomes	 in	placozoans,	we	analyzed	 the	 complete	mitogenomes	

of	haplotypes	H17	“Keio”	and	H2	“Panama”	(19),	both	 from	the	Trichoplax	16S	
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clade	I,	respectively	(8).	Haplotype	H17	has	originally	been	described	based	on	a	
sample	 from	 Monterey	 Bay,	 California,	 USA	 (20),	 and	 afterwards	 has	 been	
reported	 from	 the	 coast	of	 Japan,	 indicating	a	broad	distribution	of	H17	 in	 the	
Pacific	 Ocean	 (21).	Members	 of	 haplotype	H2	 are	 abundant	 in	 all	 tropical	 and	
sub-tropical	 marine	 waters,	 but	 can	 also	 be	 found	 in	 temperate	 marine	
ecosystems	 (8).	 So	 far,	 the	 mitochondrial	 lineage	 H2	 has	 been	 the	 most	
frequently	sampled	placozoan	lineage,	which	also	shows	the	broadest	latitudinal	
distribution	(2,8).	
	

Material	and	Methods	

Animal	material	
The	H17	“Keio”	clone	has	been	collected	in	2010	by	Dr.	Hiroyuki	Kaneko	and	Dr.	
Ritsu	Kuraishi	 in	 Japan	 and	 a	 clonal	 lineage	 has	 been	maintained	 in	Hannover	
since	 2014	 as	 already	 described	 (12).	 The	 genetic	 lineage	 H2	 ‘Panama`	 has	
likewise	 been	 cultured	 in	 Hannover	 as	 previously	 described	 (12,22).	 For	 both	
lineages	 total	DNA	was	extracted	 from	clonal	animals	using	standard	protocols	
(23).	
	
DNA	sequencing,	data	processing	and	sequence	analyses	
Sequencing	 of	 total	 DNA	 from	 haplotype	 H17	 “Keio”	 was	 performed	 on	 an	
Illumina	 HiSeq2500	 machine	 (2x125	 bp)	 at	 the	 New	 York	 Genome	 Center.	 In	
total,	 147.067.540	 paired-end	 reads	 were	 generated.	 The	 H17	 “Keio”	
mitochondrial	 genome	 was	 assembled	 in	 Geneious	 version	 8.x	 (24)	 using	 an	
iterative	mapping	 approach	 (see	 e.g.	 25)	with	 the	 16S	 rDNA	 sequence	 of	 H17	
(20)	as	“seed”.	

The	 H2	 “Panama”	 total	 DNA	 was	 sequenced	 on	 (A)	 an	 Illumina	 GAIIx	
sequencer	 (72	 bp	 fragments)	 and	 (B)	 an	 Illumina	HiSeq	 2500	 system	 (151	 bp	
fragments).	The	two	sequencing	approaches	resulted	in	a	total	of	85.390.360	and	
56.428.444	 paired-end	 reads,	 respectively	 (22).	 Draft	 versions	 of	 the	
mitochondrial	 genome	of	H2	 “Panama	were	 independently	 generated	 from	 the	
two	 data	 sets	 using	 the	 following	 pipelines:	 A)	 Error	 correction	 of	 the	 72	 bp	
reads	was	conducted	with	the	stand	alone	error	correction	script	of	ALLPATHS-
LG	 (26,27).	 The	 assembly	 of	 the	 72	 bp	 reads	 was	 afterwards	 done	 using	 the	
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ABySS	assembler	(28)	with	subsequent	reassembly	of	reads	using	CAP3	(29).	B)	

The	de	novo	assembly	of	the	151	bp	reads	was	performed	as	already	described	

(22).	 C)	 The	 151	 bp	 reads	 were	 mapped	 on	 the	 16S	 rDNA	 sequence	 of	 H2	

‘Panama’	 (19)	 with	 subsequent	 bidirectional	 extension	 in	 multiple	 iteration	

steps.	 Resulting	 draft	 mitochondrial	 genome	 sequences	 were	 inspected,	 and	

poorly	 resolved	 GC-rich	 repetitive	 regions	 were	 reanalyzed	 and	 approved	 by	

mapping	of	reads	against	respective	regions	and	subsequent	manual	corrections	

in	Geneious	(24).	

Mitochondrial	protein	 coding	and	 ribosomal	RNA	genes	were	annotated	

using	available	placozoan	mitochondrial	genomes	as	reference	(9,11).	Predicted	

gene	boundaries	were	subsequently	confirmed	via	blast-search	(30).	In	addition,	

mitochondrial	 tRNA	 genes	were	 predicted	 using	 tRNAscan-SE	 (31).	 The	whole	

mitochondrial	 genome	 sequences	 were	 screened	 for	 additional	 open	 reading	

frames	via	ORFfinder	(https://www.ncbi.nlm.nih.gov/orffinder/)	using	stringent	

parameters	(minimal	ORF	length	>300	bp,	only	“ATG”	start	codon	permitted).	K-

mer	 searches	 were	 performed	 using	 wordcount	

(http://www.bioinformatics.nl/cgi-bin/emboss/wordcount).	 Direct	 repeat	

searches	 and	 screening	 for	 intact	 and	 rudimental	 GC-rich	 hairpins	 were	

afterwards	conducted	in	Geneious	(24).	

For	 pairwise	 genetic	 distance	 calculations,	 single	 gene	 nucleotide	 and	

amino	 acid	 alignments	 were	 generated	 with	 MAFFT	 (32)	 as	 implemented	 in	

Geneious	 (24).	 In	 detail,	 nucleotide	 and	 amino	 acid	 sequences	 have	 been	

extracted	 from	 the	 already	 published	 mitochondrial	 genome	 of	 Trichoplax	

adhaerens	H1	 (NC_008151)	 (9)	 and	 afterwards	 added	 to	 the	 data	 sets	 which	

already	comprise	nucleotide	and	amino	acid	sequences	 from	H2	“Panama”	and	

H17	 “Keio”,	 respectively.	 Genetic	 distances	 were	 afterwards	 calculated	 in	

Geneious	 (24).	 For	 overall	 sequence	 similarity	 calculations,	 single	 gene	

alignments	have	been	concatenated	and	likewise	analyzed	accordingly.	

Nucleotide	 sequences	of	 the	mitochondrial	 trnSer	 (uga)	 gene	have	been	

extracted	 from	 previously	 published	 mitochondrial	 genomes	 (9-11)	 and	 have	

been	 added	 to	 trnSer	 (uga)	 gene	 sequences	 from	 the	 new	 placozoan	

mitochondrial	genomes	(Chapters	VI,	VII,	VIII	and	IX).	The	nucleotide	sequence	
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alignment	 has	 likewise	 been	 generated	 in	 MAFFT	 (32)	 as	 implemented	 in	

Geneious	(24).	

	

Results	and	Discussion	

General	characteristics	of	H2	and	H17	mitochondrial	genomes	

The	mitochondrial	genome	of	H2	 ‘Panama’	 is	a	circular	molecule	with	a	size	of	

44.210	bp,	thus	so	far	being	the	largest	known	placozoan	mitochondrial	genome.	

It	 is	more	 than	1	 kb	 larger	 than	 the	mitochondrial	 genome	of	T.	adhaerens	H1	

(43.079	bp)	(9)	and	even	almost	12	kb	larger	than	the	mitochondrial	genome	of	

haplotype	H8	(32.661	bp)	(11).	The	circular	mitochondrial	genome	of	H17	is,	at	a	

size	 of	 43.183	 bp,	 just	 slightly	 larger	 than	 the	 mitochondrial	 genome	 of	 T.	

adhaerens	 H1.	 In	 general,	 a	 mitogenome	 size	 of	 >40	 kb	 is	 a	 shared	 feature	

between	H1,	H2	and	H17,	and	therefore	likely	a	synapomorphy	of	clade	I.	

The	observed	gene	order	in	H2	and	H17	is	overall	identical	compared	to	

the	reference	mitochondrial	genome	of	T.	adhaerens	H1	(9),	but	small	sequence	

insertions/deletions	 are	 distributed	 across	 all	 clade	 I	 mt	 genomes.	 The	 most	

notable	difference	in	H2	relates	to	the	intergenic	region	between	trnP	(ugg)	and	

cox2,	which	 is	substantially	 larger	 than	seen	 in	H1	and	H17,	 respectively.	 	This	

variable	 intergenic	 spacer	 shows	 at	 least	 very	 low	 sequence	 similarity	 to	 the	

haplotype	 H4	 (clade	 V)	 mitogenome	 (11).	 Like	 all	 placozoan	 mitochondrial	

genomes,	 the	 H2	 and	 H17	 mitogenomes	 encode	 12	 mitochondrial	 respiratory	

chain	genes	(nad1-nad6,	nad4L,	cob,	cox1-3	and	atp6)	and	 lack	genes	coding	for	

atp8	and	atp9.	In	addition	to	2	ribosomal	RNA	genes	(12S	and	16S),	a	set	of	24	

mt	tRNA	genes	is	seen	in	H2	and	H17,	respectively.	The	exon/intron	structure	of	

cox1,	nad5	and	16S	in	H2/H17	is	identical	to	the	corresponding	gene	structures	

in	 T.	 adhaerens	H1	 (including	 the	 cox1	micro	 exon;	 (33)).	 All	 protein	 coding	

genes	of	H2	and	H17	(except	nad4L,	which	has	a	GTG	start	codon)	posses	an	ATG	

start	codon	and	complete	stop	codons	(TAA	or	TAG,	respectively).	

The	 analysis	 of	mitochondrial	 protein	 coding	 genes	 revealed	 an	 overall	

high	 sequence	 similarity	 (on	both,	 the	nucleotide	 (nt)	 and	 the	 amino	 acid	 (aa)	

level)	between	the	three	clade	I	placozoans	(Figure	1).	The	protein	coding	gene	

similarity	 values	 between	 T.	 adhaerens	 H1	 and	 H17	 generally	 match	 the	

similarity	value	of	the	diagnostic	16S	rDNA	fragment	(19)	(99,6%),	although	the	
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cox3	gene	is	an	outlier	in	this	comparison.	On	the	opposite	site,	the	16S	fragment	

similarity	 values	 between	 T.	 adhaerens	 H1	 vs.	 H2	 (96,6%)	 and	 H17	 vs.	 H2	

(96,3%)	generally	overestimate	the	actual	sequence	divergences	on	the	protein	

coding	sequence	level	(with	the	major	exception	of	the	nad2	gene).	

	 A	 conservative	 prediction	 of	 mitochondrial	 open	 reading	 frames	 in	

introns/intergenic	 regions	 using	 the	 NCBI	 ORFfinder	 reveals	 a	 higher	 than	

expected	 number	 of	 open	 reading	 frames	 in	 the	 Trichoplax	 clade	 I	 (see	 also	

Chapter	IX	in	this	thesis	and	Digital	appendix).	While	previous	studies	predicted	

up	 to	 eight	open	 reading	 frames	 in	 the	T.	adhaerens	H1	mitochondrial	 genome	

(9),	 our	 reanalysis	 revealed	 up	 to	 13	 predicted	 open	 reading	 frames.	 In	

comparison,	 the	 closely	 related	H17	mitogenome	possesses	 15	 predicted	 open	

reading	frames,	and	even	18	predicted	open	reading	frames	are	found	in	the	H2	

mitogenome.	It	should	be	highlighted	that	the	total	number	of	predicted	ORFs	in	

all	mitogenomes	could	be	even	higher	if	less	stringent	search	parameters	would	

be	applied.	However,	 except	 for	 a	putative	 reverse	 transcriptase	and	a	homing	

endonuclease,	none	of	 the	 stringently	predicted	open	 reading	 frames	yield	any	

reliable	 blast	 hit	 in	 the	 database.	 Therefore,	 the	 functionality	 of	 any	 other	

hypothetical	 ORF,	 which	 would	 have	 been	 predicted	 under	 more	 relaxed	

parameters,	 would	 be	 even	more	 speculative.	 The	 deviant	 number	 of	 ORFs	 in	

closely	related	placozoan	lineages,	however,	indicates	a	high	sequence	evolution	

rate	in	intron/intergenic	spacer	regions	in	clade	I	mitogenomes	(11).	Potentially,	

the	 differences	 in	 mitochondrial	 ORF	 content	 might	 somehow	 relate	 to	

speciation	processes	in	placozoans	(11).	

	

GC-content	and	sequence	motifs	

In	 order	 to	 better	 understand	 the	 evolutionary	 pathways	 of	 large	 placozoan	

mitochondrial	 genomes,	 we	 compared	 available	 mt	 genomes	 with	 respect	 to	

nucleotide	 composition	 and	 overrepresented	 sequence	 motifs	 (see	 Digital	

appendix).	With	 a	GC-content	 of	 48%	 the	H2	mitochondrial	 genome	possesses	

the	 highest	 known	 GC-content	 among	 placozoans.	 Compared	 to	 the	

mitochondrial	genome	of	P.	mediterranea	(32,9%	GC-content),	the	GG-content	in	

H2	 is	 substantially	 (i.e.	 15%)	 higher.	 The	 lowest	 GC-content	 outside	

Polyplacotoma	 can	 be	 found	 in	H8	 (39.2%)	 (11),	which	 is	 9%	below	 the	 value	
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observed	 in	 H2,	 but	 still	 more	 than	 6%	 higher	 than	 in	 H0.	 With	 47,1%,	 the	

mitochondrial	 genome	 of	 H17	 has	 an	 almost	 identical	 GC-content	 like	 the	

mitogenome	of	T.	adhaerens	H1	(47%).	Similarly	GC-rich	mitochondrial	genomes	

have	mostly	been	known	from	higher	metazoans	(e.g.	birds	and	fishes,	Organelle	

Genome	 Resources,	 2019,	 https://www.ncbi.nlm.nih.gov/genome/organelle/)	

and	 only	 as	 sporadic	 exceptions	 from	 some	 Cnidaria	 and	 Porifera	 (e.g.	 17,34).	

Thus	 we	 hypothesize	 that	 the	 high	 GC-content	 (especially	 observed	 in	 T.	

adhaerens	 H1,	 H2	 and	 H17,	 respectively)	 might	 be	 a	 potentially	 derived	

character	and	a	synapomorphy	of	the	placozoan	clade	I.	

The	systematic	 screening	 for	overrepresented	sequence	motifs	 (k-mers)	

revealed	 a	 differential	 distribution	 of	 specific	 hexamer	 sequences	 between	

placozoan	 clades	 (see	 Digital	 appendix).	 In	 clade	 V	 mitochondrial	 genomes,	

mononucleotide	 motifs	 (poly-“A”,	 -“T”,	 -“G”	 or	 -“C”)	 are	 particularly	 frequent	

among	hexamer	sequences.	 In	clade	III,	poly-“G”	and	poly-“C”	stretches	are	less	

abundant	among	 the	 ten	most	 frequent	hexamer	motifs,	 although	clade	 III	 and	

clade	V	are	closely	related	(8).	Possible	explanations	for	the	lower	abundance	of	

poly-“G”	 and	 poly-“C”	 stretches	 in	 clade	 III	 are	 either	 a	 higher	 sequence	motif	

heterogeneity	among	GC-rich	hexamers	and/or	 the	overall	 lower	GC-content	 in	

the	mitogenome.	In	the	Trichoplax-group,	the	picture	is	likewise	complex.	The	H3	

mitochondrial	 genome	 (clade	 II)	 (11)	 also	 mainly	 possesses	 AT-rich	 hexamer	

motifs	(similar	to	clade	III	and	V),	while	poly-“G”	and	poly-“C”	stretches	are	less	

abundant	(as	seen	in	clade	III,	but	in	contrast	to	clade	V	mitogenomes).	However,	

two	complex	GC-rich	motifs	still	can	be	found	in	H3	among	the	ten	most	frequent	

hexamers.	 In	 contrast	 to	 the	 clade	 II/III/V	 mitogenomes,	 the	 three	 clade	 I	

mitochondrial	 genomes	 (i.e.	 from	T.	 adhaerens	 H1,	 H2	 and	 H17)	 show	 a	 clear	

overrepresentation	of	GC-rich	complex	hexamers.	Among	the	ten	most	frequent	

hexamers	in	these	three	placozoans,	there	are	three	motifs	(i.e.	5’-GGCGCC-3’,	5’-

GGATCC-3’,	 and	 5’-GGGCCC-3’),	 which	 potentially	 form	 hairpin	 structures	 if	 a	

second	copy	of	this	motif	is	located	nearby	on	the	same	strand	as	a	direct	repeat.	

These	 three	 specific	 motifs	 can	 likewise	 be	 found	 in	 all	 other	 placozoan	

mitochondrial	genomes	(except	for	5’-GGCGCC-3’	in	H0),	albeit	with	a	far	lower	

abundance.	
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GC-rich	hairpin	structures	

A	global	screening	 for	 the	distribution	of	 the	 three	candidate	hairpin	motifs	5’-

GGCGCC-3’,	 5’-GGATCC-3’,	 and	 5’-GGGCCC-3’	 in	 placozoan	 mitochondrial	

genomes	reveals	that	these	motifs	frequently	occur	as	direct	repeats	on	the	same	

DNA	 strand.	 Despite	 some	 deviations,	 the	 majority	 of	 these	 direct	 repeats	

comprise	 a	 3	 bp	 spacer	 (see	 Digital	 appendix).	 The	 resulting	 15-mers	 (i.e.	 5’-

GGCGCC-(N)3-GGCGCC-3’,	 5’-GGATCC-(N)3-GGATCC-3’,	 and	 5’-GGGCCC-(N)3-

GGGCCC-3’)	therefore	depict	a	multiple	of	a	triplet.	These	15-mer	hairpins	even	

frequently	occur	within	protein	coding	genes	(Figure	2).	Exceptionally	occurring	

hairpin	length	deviations	within	protein	coding	sequences	(i.e.	not	a	multiple	of	a	

triplet)	are	mostly	found	in	anyway	variable	regions,	which	finally	preserve	the	

open	reading	frame.	

The	strong	numerical	bias	towards	15-mer	hairpins	even	outside	protein	

coding	 sequences	 may	 indicate	 a	 global	 selective	 pressure	 on	 these	 15-mer	

hairpins	 due	 to	 functional	 constraints.	 Nevertheless,	 motif	 and/or	 secondary	

structure	 disrupting	 point	 mutations	 can	 be	 found,	 indicating	 simultaneously	

acting	hairpin-loss	processes.	Surprisingly,	different	hairpins	located	at	the	same	

homologous	mitogenome	locus	can	occur	scattered	for	 instance	 in	T.	adhaerens	

H1,	H2	and	H17,	indicating	sporadic	transformations	of	hairpins.	Together	with	

the	striking	sequence	similarity,	this	observation	supports	the	hypothesis	that	all	

three	hairpins	belong	to	the	same	hairpin	 family,	 i.e.	 the	placozoan	5’-GGVBCC-

(N)3-GGVBCC-3’	hairpin	family,	which	we	herewith	define	in	this	study.	

The	 evolutionary	 origin	 of	 placozoan	 hairpin	 structures	 is	 unclear.	

Hairpin	 structures	have	previously	been	 reported	 e.g.	 in	 sponge	mitochondrial	

genomes	(16,17),	but	their	diverging	sequences	do	not	indicate	a	common	origin	

with	the	hairpins	found	in	placozoans.		As	placozoan	mitochondrial	hairpins	are	

GC-rich,	 it	 generally	 does	 not	 seem	 likely	 that	 they	 are	 of	 metazoan	

mitochondrial	origin,	but	rather	are	mobile	non-metazoan	genetic	elements	(see	

also	 discussion	 in	 16).	 However,	 it	 remains	 speculative	 if	 they	 originally	 have	

been	 integrated	 into	 the	mitogenome	 as	 isolated	 hairpins,	 or	 together	with	 an	

intron	or	open	reading	frame.	

Like	 the	 unknown	 origin	 of	 GC-rich	 hairpins,	 the	 point	 of	 emergence	 of	

these	hairpins	in	placozoan	mitogenomes	remains	elusive.	The	mere	absence	of	
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intact	5’-GGVBCC-(N)3-GGVBCC-3’	hairpins	in	P.	mediterranea	H0	(7)	suggests	on	

the	 first	 sight	 that	 these	 hairpins	 might	 have	 been	 introduced	 into	 placozoan	

mitogenomes	after	the	split-off	of	P.	mediterranea.	However,	a	detailed	analysis	

of	the	trnSer	(uga)	gene	predates	this	scenario:	A	shared	feature	of	all	placozoan	

mitochondrial	trnSer	(uga)	genes	is	the	presence	of	an	additional	variable	stem-

loop,	which	 is	not	conserved	among	metazoans	(see	e.g.	35).	 In	clade	V	and	VII	

placozoans,	 this	 variable	 loop	 consists	 of	 a	 perfect	 5’-GGCGCC-(N)3-GGCGCC-3’	

hairpin.	Over	 clade	 IV,	 III,	 II	 and	 I	up	 to	P.	mediterranea,	this	 stem-loop	 region	

shows	 decreasing	 sequence	 similarity	 to	 the	 original	 hairpin,	 although	 the	

respective	 stem-loop	 sequences	 remain	 GC-rich	 (Figure	 3).	 As	 multiple	

independent	 invasions	 seem	unlikely,	we	 instead	 deduce	 a	 single	 evolutionary	

origin	of	this	specific	tRNA	stem-loop.	In	detail,	we	hypothesize	that	a	perfect	5’-

GGCGCC-(N)3-GGCGCC-3’	hairpin	has	been	integrated	into	the	trnSer	(uga)	gene	

of	 the	 last	 common	 ancestor	 of	 all	 extant	 placozoans	 and	 that	 this	 hairpin	

sequence	 subsequently	 evolved	 differentially	 in	 different	 placozoan	 taxa.	

However,	 it	 remains	 unknown	 if	 the	 trnSer	 (uga)	 hairpin	 has	 been	 introduced	

from	outside	the	mitogenome	(maybe	even	as	the	original	“founder”	hairpin)	or	

if	this	specific	hairpin	integration	was	the	result	of	an	intra-mitogenomic	hairpin	

proliferation	 event	 (implying	 that	 the	 hairpin	 itself	was	 already	 established	 at	

another	locus	in	the	mitogenome).	

The	molecular	mechanisms,	which	 either	 influence	 the	 grade	 of	 hairpin	

proliferation	or	loss,	respectively,	are	unclear.	The	mere	presence	of	hairpins	in	

mitochondrial	genomes	itself	does	not	seem	to	lead	to	an	excessive	enrichment	

of	 these	 structures.	 The	 enrichment	 of	 hairpins	 potentially	might	 be	 linked	 to	

specific	 mitochondrial	 open	 reading	 frames,	 which	 are	 (or	 temporary	 were)	

present	 in	 some	 placozoan	 mitochondrial	 genomes.	 Another	 future	 approach	

should	also	focus	on	nuclear	encoded	mitochondrial	genes	which	are	related	for	

instance	 to	 mitochondrial	 DNA	 replication	 processes.	 Especially	 the	 nuclear	

genome	 of	 haplotype	H3	might	 be	 a	 valuable	 resource	 for	 such	 a	 comparative	

approach,	 as	 H3	 is	 the	 sister	 to	 the	 hairpin-rich	 placozoan	 clade	 I	 (8,12),	 but	

itself	does	not	possess	an	increased	mitochondrial	hairpin	content.	

Concerning	 their	 potential	 function,	 hairpin	 structures	 generally	 have	

been	assigned	to	the	regulation	of	replication	and/or	transcription	processes	in	
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mitochondrial	 genomes,	 especially	 in	 the	 mitochondrial	 D-loop/control	 region	

(36).	 However,	 there	 are	 several	 aspects,	 which	 contradict	 this	 hypothesis	 for	

placozoans:	 1.	 The	 complete	 absence	 of	 intact	 5’-GGVBCC-(N)3-GGVBCC-3’	

hairpins	 in	 P.	 mediterranea;	 2.	 An	 overrepresentation	 of	 hairpins	 in	 clade	 I	

placozoans;	3.	The	 integration	of	hairpin	structures	even	within	protein	coding	

sequences.	On	the	opposite	site,	the	obvious	strong	numerical	bias	on	intact	15-

mer	 hairpin	 structures	 even	 outside	 protein	 coding	 sequences	 indicates	 a	 still	

acting	 selective	 pressure	 and	 functional	 constraints	 on	 these	 specific	 hairpin	

secondary	structures.	

It	has	also	previously	been	assumed	 that	DNA	secondary	structures	 like	

(double)	 hairpins	 might	 favor	 mitochondrial	 genome	 rearrangements	 (e.g.	

14,15).	We	 found	 evidence	 for	 this	 scenario	 in	 placozoans	 for	 instance	 in	 the	

placozoan	 clade	 V	 mitogenomes.	 The	 major	 difference	 between	 clade	 V	

haplotype	 H4	 and	 H15	 mitogenomes	 is	 the	 translocation	 of	 a	 fragment	

containing	the	PolB	gene+ORF126	(10).	Remarkably,	one	excision	site	boundary	

and	 one	 insertion	 site	 boundary	 in	 H15,	 respectively,	 still	 possesses	 hairpin	

structures	 and/or	 imperfect	 hairpin	 motifs.	 These	molecular	 signatures	 might	

represent	 relicts	 of	 the	 previous	 rearrangement	 event,	 which	 potentially	 was	

catalyzed	by	these	hairpins.	We	therefore	postulate	the	hypothesis,	that	the	long-

term	establishment	of	CG-rich	hairpins	was	a	 starting	point	 for	 rearrangement	

events	in	placozoan	mitochondrial	genomes.	However,	it	is	likely	that	additional	

molecular	mechanisms	are	involved	in	rearrangement/insertion/deletion	events	

and	therefore	have	likewise	shaped	placozoan	mitogenomes.	

	

An	 updated	 working	 hypothesis	 on	 mitogenome	 evolution	 in	 early	 diverging	

metazoans	

If	 compared	 to	 other	 placozoan	 mitochondrial	 genomes	 (i.e.	 from	 the	

Polyplacotoma-,	the	Hoilungia-,	and	even	to	clade	II	from	the	Trichoplax-group),	

the	 insights	 gained	 from	 clade	 I	 mitogenomes	 call	 for	 a	 revised	 scenario	 of	

placozoan	 mtDNA	 evolution.	 In	 order	 to	 establish	 an	 improved	 evolutionary	

working	 hypothesis,	 three	 informative	 characteristics,	 which	 are	 most	

prominent	 in	 clade	 I	 mitogenomes,	 should	 be	 highlighted.	 First,	 a	 remarkably	

high	 degree	 of	 gene	 fragmentation	 (illustrated	 in	 extreme	 by	 the	 intron	 gain	
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which	 leads	 to	 the	 isolation	 of	 the	 cox1	micro	 exon);	 second,	 an	 exceptionally	
high	 frequency	 of	 (either	 intact	 or	 secondarily	 disrupted)	 ORFs	 and	 third,	 an	
accumulation	of	hairpin	structures.	All	of	these	derived	characteristics	support	a	
scenario	 of	 secondary	 mtDNA	 size	 amplification	 in	 clade	 I.	 As	 the	 three	
previously	 mentioned	 characteristics	 are	 less	 pronounced	 in	 clade	 II-VII,	
mitogenomes	 from	 these	 clades	 can	be	 seen	 as	 intermediate	 size	 stages,	while	
the	 highly	 compact	Polyplacotoma	mtDNA	maintained	most	 of	 the	 presumably	
ancestral	characteristics.	A	summary	of	deduced	overall	evolutionary	pathways	
of	derived	mitogenomes	in	the	four	non-bilaterian	phyla	is	illustrated	in	Figure	4,	
but	 see	 also	 related	 scenarios	 discussed	 for	 instance	 in	 (3,37,38).	With	 special	
focus	 on	Placozoa,	 it	 should	 be	 highlighted,	 however,	 that	 the	 inferred	 general	
tendency	 for	 size	 amplification	 in	 placozoan	 mtDNAs	 is	 sometimes	 at	 least	
partially	compensated	by	sporadic	losses	of	 introns	and/or	ORFs.	Furthermore,	
all	 current	approaches	 to	 infer	mitogenome	characteristics	of	 the	 last	 common	
metazoan	ancestor	still	suffer	from	limited	data	availability	from	closely	related	
non-metazoan	 outgroups	 (i.e.	 especially	 from	 choanoflagellates	 (39)),	 and	
therefore	should	be	taken	with	caution.	
	
Implications	on	systematics	and	taxonomy	within	the	Trichoplax-group	
The	new	mitochondrial	 genomes	 from	 clade	 I	 stimulate	 further	discussions	 on	
the	taxonomic	status	within	the	Trichoplax-group.	A	previous	comparative	study	
on	the	nuclear	genomes	of	Trichoplax	adhaerens	H1	“Grell”	and	Trichoplax	sp.	H2	
“Panama”	revealed	a	high	degree	of	allele	sharing	between	both	lineages	(22).	A	
high	degree	of	allele	sharing	between	different	H1	and	H2	lineages	was	likewise	
reported	 in	 an	 independent	 study	 restricted	 on	 nuclear-encoded	 ribosomal	
proteins	 (6).	 The	 mitochondrial	 and	 endosymbiont	 (Kamm	 et	 al.,	 in	 prep.)	
genomes	 from	Trichoplax	adhaerens	H1	“Grell”	and	Trichoplax	sp.	H2	“Panama”	
are	overall	similar	as	well,	but	nevertheless	show	substantial	differences	beyond	
the	single	nucleotide	polymorphism	level.	In	sum,	both	placozoan	lineages	show	
clear	 signatures	 for	 an	 ongoing	 diversification	 process,	 a	 picture,	 which	 is	
likewise	supported	by	differences	in	the	temperature/pH	sensitivity	(40)	as	well	
as	 their	differential	 global	 abundance	 in	 the	 field	 (2).	However,	 it	 still	 remains	
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unclear	if	H1	and	H2	are	only	two	different	subspecies	of	Trichoplax	adhaerens,	

or	alternatively,	if	H2	already	represents	a	new	Trichoplax	species.	

In	contrast	to	Trichoplax	sp.	H2	“Panama”,	the	analyses	of	whole	nuclear	

as	well	 as	 endosymbiont	 genome	 data	 from	 the	 lineage	H17	 “Keio”	 are	 still	 in	

progress.	 Nevertheless,	 the	 analysis	 of	 the	 complete	 mitochondrial	 genome	 of	

H17	revealed	an	exceptional	high	degree	of	sequence	similarity	to	the	complete	

mitochondrial	 genome	 of	 Trichoplax	 adhaerens	H1	 “Grell”	 (i.e.	 96,5%).	 As	 the	

similarity	 of	 concatenated	 protein	 coding	 nucleotide	 sequences	 from	 both	

lineages	is	even	higher	(i.e.	99,6%),	it	is	reasonable	to	assume	that	H17	“Keio”	is	

just	a	second	haplotype	of	 the	 formally	described	species	Trichoplax	adhaerens	

H1	“Grell”,	and	not	a	distinct	placozoan	species.	

	 The	taxonomic	status	of	the	second	16S	clade	within	the	Trichoplax-group	

(i.e.	clade	II)	remains	likewise	uncertain.	However,	following	the	concept	applied	

to	clade	I,	the	only	haplotype	within	clade	II	(i.e.	H3)	might	represents	at	least	a	

different	 Trichoplax	 species.	 Future	 whole	 nuclear	 genome	 approaches	 are	

nevertheless	needed	to	gain	further	support	for	this	hypothesis.	

	

Conclusions	

The	 two	mitochondrial	 genomes	 of	 haplotype	 H2	 and	 H17	 provide	 important	

insights	 into	 the	 evolution	 of	 large	 placozoan	 mitogenomes.	 The	 comparative	

mitogenome	analyses	with	special	focus	on	derived	characteristics	like	hairpins	

provide	 evidence	 for	 secondary	 size	 amplification	 in	 Trichoplax	 clade	 I	

mitochondrial	 genomes.	 Additional	 molecular	 data,	 however,	 are	 needed	 to	

further	understand	the	underlying	mechanisms.	It	is	furthermore	suggestive	and	

quite	 intriguing	 to	 discuss	 the	 maintaining	 of	 costly	 large	 mt	 genomes	 in	 the	

context	of	ecological	radiation,	since	haplotype	H2	(which	possesses	the	largest	

mitochondrial	genomes	and	the	highest	number	of	GC-rich	hairpins)	is	by	far	the	

most	 frequently	 sampled	 lineage	 in	 the	 field	 and	 apparently	 inhabits	 the	

broadest	ecological	niche	among	all	known	placozoans.	
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A)
H1�vs.�H17 H1�vs.�H2 H17�vs.�H2

atp6 99,5 97,4 97,4
cox1 99,9 99,7 99,6
cox2 99,7 99,2 99,2
cox3 98,4 99,1 97,7
cob 100 99 99
nad1 99,9 98,6 98,7
nad2 99,2 94,6 94,3
nad3 99,7 99,7 100
nad4 99,9 98,3 98,4
nad4L 100 100 100
nad5 99,8 98,3 98,5
nad6 99,3 98 97,6
concat 99,6 98,1 98,0

B)
H1�vs.�H17 H1�vs.�H2 H17�vs.�H2

atp6 99,6 96,5 96,9
cox1 100 100 100
cox2 99,6 99,2 98,8
cox3 98,4 99 97,4
cob 100 99 99
nad1 100 98,3 98,3
nad2 99,1 92 91,8
nad3 100 100 100
nad4 99,8 97,8 97,8
nad4L 100 100 100
nad5 100 98,4 98,4
nad6 99,3 97,5 96,9
concat 99,6 97,6 97,4

C)
H1�vs.�H17 H1�vs.�H2 H17�vs.�H2

16S�frag. 99,6 96,6 96,3

Nucleotide�identity�(%)

Protein�identity�(%)

Nucleotide�identity�(%)

	
	

Figure	1	

Mitochondrial	genetic	similarities	between	Trichoplax	adhaerens	H1,	Trichoplax	

sp.	H2	and	haplotype	H17.		

Pairwise	 nucleotide	 (A)	 and	 amino	 acid	 (B)	 similarity	 values	 of	mitochondrial	

protein	 coding	 genes	 for	 the	 three	 clade	 I	 placozoan	 lineages.	 The	 respective	

lowest	similarity	value	is	highlighted	in	each	pairwise	comparison.	The	similarity	

values	for	concatenated	gene	sequences	are	given	at	the	bottom	of	the	respective	

table.	 The	 pairwise	 nucleotide	 similarity	 values	 of	 the	 diagnostic	 16S	 rDNA	

fragment	for	the	three	clade	I	placozoan	lineages	are	given	in	(C).	
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A) GGCGCCNNNGGCGCC GGATCCNNNGGATCC GGGCCCNNNGGGCCC Total�number�of�mt�hairpins
Size

43.079 H1 122 56 20 198
43.183 H17 126 48 17 191
44.210 H2 163 56 20 239
36.699 H3 15 6 5 26

32.661 H8 5 26 1 32
37.194 H4 31 27 1 59
36.676 H15 27 24 1 52
36.537 H13 33 25 1 59

B) GGCGCCNNNGGCGCC GGATCCNNNGGATCC GGGCCCNNNGGGCCC Total�number�of�mt�hairpins�in�CDS
Size

43.079 H1 nad2(4),�nad5(2),nad6(4) atp6�(1),�nad1�(1),�nad2�(2),�nad5�(1) nad2�(1) 16
43.183 H17 nad2(3),�nad5(2),nad6(4) atp6�(1),�nad1�(1),�nad2�(2),�nad5�(1) nad2�(1) 15
44.210 H2 atp6(1),�nad1(1), nad2(4),nad4(1),�nad5(2),�nad6(3) nad2�(2),�nad5�(1) nad2�(1) 16
36.699 H3 nad1(1) nad2�(1) nad2�(1),�nad5�(1) 4

32.661 H8 0 cox2�(2),�cox3�(1),�nad1�(1),�nad2�(4),�nad4�(1)� 0 9
37.194 H4 nad6(1) nad1�(1),�nad2�(1),�nad5�(2) 0 5
36.676 H15 nad6(1) nad1�(1),�nad2�(1),�nad5�(1) 0 4
36.537 H13 nad6(1) nad1�(1),�nad2�(1),�nad5�(1) 0 4 	

	

Figure	2	

Frequency	 of	 occurrence	 of	 the	 three	 5’-GGVBCC-(N)3-GGVBCC-3’	 hairpins	 in	

placozoan	mitogenomes.	Placozoan	lineages	which	belong	to	the	same	16S	clade	

are	highlighted	by	identical	colors.	

A)	Total	numbers	of	intact	5’-GGVBCC-(N)3-GGVBCC-3’	hairpins	in	the	mtDNAs	of	

different	placozoan	lineages.	

B)	 Numbers	 of	 intact	 5’-GGVBCC-(N)3-GGVBCC-3’	 hairpins	 in	 mitochondrial	

protein	 coding	 sequences	 of	 respective	 placozoan	 lineages.	 The	 number	 of	

respective	hairpins	in	specific	protein	coding	genes	is	given	in	brackets.	
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Figure	3	

Nucleotide	comparison	of	the	placozoan	mitochondrial	tRNA-serine	(uga).	

The	 nucleotide	 sequences	 of	 the	 mitochondrial	 trnSer	 (uga)	 from	 14	 highly	

diverse	placozoan	lineages	have	been	aligned.	The	vertical	color	bars	next	to	the	

haplotype	 numbers	 are	 corresponding	 to	 the	 respective	 16S	 clade.	 Colored	

nucleotides	 within	 the	 alignment	 are	 in	 agreement	 with	 the	 50%-majority	

consensus	sequence.	The	variable	stem-loop	region	(position	49-65)	is	indicated	

by	 a	 black	 bar	 on	 top	 of	 the	 alignment.	 The	 intact	 5’-GGCGCC-(N)3-GGCGCC-3’	

hairpin	in	H4,	H13,	H15,	H24	and	H25,	respectively,	 is	highlighted	by	a	red	box	

within	the	alignment.	The	tRNA	secondary	structure	(as	predicted	by	tRNAscan-
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SE)	on	the	right	side	corresponds	to	the	trnSer	(uga)	in	Hoilungia	hongkongensis	

H13.	The	variable	stem-loop	(i.e.	an	intact	5’-GGCGCC-(N)3-GGCGCC-3’	hairpin)	is	

highlighted	by	red	nucleotides.	

	

Choanoflagellata

Placozoa
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Figure	4	

Working	 hypothesis	 on	 the	 evolution	 of	 mitochondrial	 genomes	 in	 early	

diverging	metazoans.	

In	this	scenario,	a	compaction	of	 the	mitochondrial	genome	has	occurred	along	

the	 stem	 leading	 from	 the	 hypothetical	 urmetazoon	 to	 the	 last	 common	

metazoan	 ancestor	 (LCMA),	 mostly	 due	 to	 the	 transfer	 of	 mitochondrial	

ribosomal	 proteins	 into	 the	 nuclear	 genome.	 A	 shared	 compact	 state	 of	 the	

mtDNA	 was	 afterwards	 the	 starting	 point	 for	 independent	 (but	 sometimes	

parallel)	 evolution	 of	 mitogenomes	 in	 non-Bilateria.	 The	 sizes	 of	 circular	

mitochondrial	 chromosomes	 are	 only	 relative	 approximations	 and	 are	 not	

directly	 to	 scale.	 The	 size	 of	 scissors	 corresponds	 to	 the	 overall	 frequency	 of	

mitogenome	 fragmentation	 in	 respective	 taxa.	 Please	 note	 that	 fragmentations	

might	 imply	 (multipartite)	 linear	 or	 multipartite	 circular	 mitochondrial	

chromosomes,	respectively.	
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Abstract	

The	 lineage-rich	 Hoilungia-group	 is	 one	 of	 the	 three	 major	 branches	 in	 the	

phylum	Placozoa.	Despite	previous	efforts,	the	evolution	of	mitogenomes	within	

this	 group	 is	 still	 poorly	understood.	We	here	describe	 five	new	mitogenomes,	

covering	four	different	16S	clades.	With	only	31,8	kb,	the	H19	mitogenome	is	the	

smallest	 Hoilungia-group	 mtDNA	 reported	 until	 today.	 The	 order	 of	 typical	

mitochondrial	 genes	 is	 surprisingly	 conserved	 within	 the	 Hoilungia-group,	

although	 the	 number	 of	 encoded	 ORFs	 is	 variable.	 However,	 one	 major	

rearrangement	of	an	mtDNA	fragment	spanning	half	of	the	entire	mitogenome	of	

H25	 challenges	 our	 understanding	 of	mitogenome	 evolution	 in	 closely	 related	

placozoan	 lineages.	We	 also	 discuss	 independent	 intron	 loss	 scenarios	 for	 the	

placozoan	cox1,	nad5	and	16S	rDNA	genes	 in	distantly	related	 lineages.	 In	sum,	

our	data	reveal	complex	patterns	of	mitogenome	evolution	within	the	Hoilungia-

group	 and	 support	 the	 hypothesis	 of	 fast	 genetic	 radiation	 of	 particular	

placozoan	clades.	

	

Introduction	

Placozoans	are	an	 ideal	model	 system	to	study	complex	mitogenome	evolution	

processes	 at	 the	 non-bilaterian	 phylum	 level	 (1-3).	 The	 phylum	 Placozoa	

currently	 consists	 of	 20	 haplotypes,	 which	 can	 be	 arranged	 into	 the	

Polyplacotoma-group	 (H0)	 (4),	 the	 Trichoplax-group	 (H1-H3,	 H17)	 and	 the	

Hoilungia-group	(H4-H16,	H18-H19),	respectively	(5).	
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The	 mitochondrial	 genomes	 from	 the	 Polyplacotoma-group	 and	 the	

Trichoplax	 clade	 seem	 to	 follow	 remarkably	 different	 evolutionary	 pathways	

than	mitogenomes	 from	clade	 II,	 III	and	V	 (see	4,6,7,8,	and	Chapter	VIII	 in	 this	

thesis).	The	evolutionary	pathways	of	mitogenomes	 in	 the	Hoilungia-group	are	

poorly	 understood.	Only	 4	 out	 of	 15	mitogenomes	 (i.e.	 from	H4,	H8,	Hoilungia	

hongkongensis	H13	and	H15)	have	so	far	been	characterized	in	this	group	(5,6,8).	

These	mitogenomes	belong	to	members	of	only	two	out	of	five	known	clades	(i.e.	

clade	III	and	clade	V)	(9).	As	the	taxonomy	within	the	Hoilungia-group	is	likewise	

controversial	 (5),	 whole	mitochondrial	 genome	 analyses	might	 also	 be	 helpful	

for	a	better	systematic	understanding.	

Since	Hoilungia	 hongkongensis	 H13	 (clade	 V,	 (5))	 is	 the	 only	 described	

species	 in	 the	Hoilungia-group,	we	use	 its	mitogenome	as	 a	 reference	 genome.	

The	 overall	 gene	 order	 in	 the	 Hoilungia	 hongkongensis	 H13	 mitogenome	 is	

similar	 to	 the	 gene	order	 as	 observed	 in	haplotype	H15	 “Shirahama”	 (clade	V)	

(8).	However,	despite	their	close	relationship,	an	inversion	of	an	approx.	840	bp	

long	 non-coding	 region	 is	 the	major	 difference	 between	 the	 two	 lineages.	 The	

major	 differences	 between	 the	 H13	 mitogenome	 and	 the	 mitogenome	 of	

haplotype	 H4	 (likewise	 clade	 V)	 are	 the	 translocation	 of	 the	 same	 non-coding	

region	 as	 seen	 between	 H13	 and	 H15	 “Shirahama”,	 as	 well	 as	 the	

translocation+inversion	of	the	PolB	open	reading	frame	(5,6,8).	Taken	together,	

all	 three	 clade	 V	 lineages	 are	 separated	 from	 each	 other	 by	 at	 least	 one	

mitogenome	rearrangement	event.	The	major	difference	between	the	Hoilungia	

hongkongensis	H13	(clade	V)	and	the	haplotype	H8	(clade	III)	mitogenome	(6)	is	

the	inversion	of	a	fragment	comprising	two	tRNA	genes,	as	well	as	the	absence	of	

the	PolB	open	reading	frame	in	H8.		

To	test	the	idea	of	a	high	dynamic	of	open	reading	frame	evolution	in	the	

Hoilungia-group,	we	here	 isolate	and	analyze	complete	mitochondrial	genomes	

of	haplotypes	H15	(clade	V),	H19	(clade	IV),	H23	(clade	III),	H24	(clade	VII)	and	

H25	 (clade	 V).	 H23,	 H24	 and	 H25	 represent	 previously	 unknown	 16S	 rDNA	

haplotypes.		
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Material	and	Methods	

Animal	material	

The	clonal	strain	“M2/11”	(haplotype	H15,	clade	V)	originates	from	Hong	Kong	

(22.352728N	114.251733E)	and	has	been	sampled	by	Michael	Eitel	in	2012.		The	

clonal	strain	“Big	Mama”	(haplotype	H19,	clade	IV)	has	been	published	formerly	

(9).	In	2015,	the	clonal	strain	H23	“Oberjatzas	-	OJ	Gamma”	(clade	III)	has	been	

provided	 by	 Ulrike	 and	 Günter	 Oberjatzas	 (Hannover,	 Germany)	 from	 their	

private	 seawater	 aquarium,	 which	 contains	 marine	 samples	 of	 unknown	

geographic	 origin.	 The	 total	DNA	 sample	 of	 haplotype	H24	 “Aq2-1”	 (clade	VII)	

originates	 from	 the	 DNA	 collection	 of	 the	 Institute	 of	 Animal	 Ecology	 (TiHo	

Hannover).	 The	 geographic	 origin	 of	 haplotype	 H24	 “Aq2-1”	 is	 unknown	 as	 it	

originates	 from	 an	 aquarium,	 which	 contains	 multiple	 seawater	 samples	 of	

unknown	origin.	The	clonal	strain	H25	“Cuba”	(clade	V)	has	been	extracted	from	

rock	 samples	 from	 Cuba	 by	 Sacha	Hanig	 in	 2012.	 All	 clonal	 strains	 have	 been	

cultured	in	the	Institute	of	Animal	Ecology	under	standard	laboratory	conditions	

as	 previously	 described	 (10).	 For	 H15,	 H19,	 H23	 and	 H25,	 total	 DNA	 was	

extracted	 from	 these	 clonal	 animal	 cultures	 using	 standard	 phenol-chloroform	

protocols	 (11)	 for	 subsequent	 sequencing.	 The	 total	 DNA	 from	 haplotype	H24	

has	 been	 amplified	 before	 sequencing	 using	 the	 REPLI-g	 Mini	 Kit	 (Qiagen)	

following	the	manufacturer’s	recommendations.	

	

DNA	sequencing,	data	processing	and	sequence	analyses	

The	 sequencing	 of	 total	 DNA	 from	H23	 and	H24	was	 conducted	 as	 previously	

described	 (4).	 The	 paired-end	 library	 preparation	 (TruSeq,	 PCR-free,	 450	 bp	

insert	 size)	and	sequencing	of	 total	DNA	 from	H15,	H19	and	H25	was	 likewise	

conducted	 on	 an	 Illumina	 HiSeq2500	 (2x125,	 High	 Output)	 at	 the	 New	 York	

Genome	Center.	The	sequencing	resulted	in	the	following	total	numbers	paired-

end	 reads:	 159.778.438	 (H15),	 147.087.050	 (H19),	 150.218.874	 (H23),	

142.156.322	(H24)	and	149.611.550	(H25).	

The	complete	mitochondrial	genomes	were	assembled	from	these	paired-

end	 read	 data	 sets	 in	 Geneious	 version	 8.x	 (12)	 using	 an	 iterative	 mapping	

approach	using	previously	extracted	16S	rDNA	sequences	as	starting	point	(see	

e.g.	 13).	 The	 quality	 of	 draft	 mitochondrial	 genomes	 has	 afterwards	 been	
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improved	 by	 mapping	 back	 the	 entire	 paired-end	 data	 sets	 to	 the	 respective	

mitogenome	sequences	using	Geneious.	

Mitochondrial	ribosomal	RNA	genes	as	well	as	protein	coding	genes	were	

annotated	 using	 previously	 published	 placozoan	 mitochondrial	 genomes	 as	

guidance	 (6).	 Gene	 boundaries	 have	 afterwards	 been	 verified	 via	 Blast	 search	

(14).	Mitochondrial	encoded	tRNA	genes	were	predicted	with	tRNAscan-SE	(15).	

ORFfinder	 (https://www.ncbi.nlm.nih.gov/orffinder/)	 has	 been	 used	 to	 screen	

all	new	complete	placozoan	mitochondrial	genomes	characterized	in	the	course	

of	 this	 thesis	 for	 additional	 open	 reading	 frames	 using	 stringent	 parameters	

(minimal	 ORF	 length	 >300	 bp,	 only	 “ATG”	 start	 codon	 permitted).	 The	

hypothetical	functions	of	respective	ORFs	have	been	predicted	via	protein	Blast	

searches.	 Previously	 published	 placozoan	 mitochondrial	 genomes	 (6-8)	 have	

accordingly	been	re-analyzed	with	respect	 to	 their	open	reading	 frame	content	

(see	Digital	appendix).	

The	 new	 haplotypes	 H23,	 H24	 and	 H25	 have	 been	 assigned	 to	 existing	

Hoilungia-group	 clades	 based	 on	 the	 analysis	 of	 their	 diagnostic	 16S	 rDNA	

fragment	 (16).	 In	 detail,	 16S	 rDNA	 fragments	 of	 all	 published	Hoilungia-group	

lineages	(see	9)	have	been	aligned	with	MAFFT	v7.017	(17)	as	 implemented	 in	

Geneious	 using	 the	 E-INS-i	 algorithm.	 Subsequent	 phylogenetic	 analyses	 were	

conducted	with	FastTree	2.1.5	 (18)	 (likewise	 implemented	 in	Geneious)	under	

default	 settings.	The	 resulting	 tree	has	 afterwards	been	modified	 in	 INKSCAPE	

(19).	

For	 the	 analyses	 of	 cox1,	 nad5	 and	 16S	 gene	 structures,	 single	 gene	

alignments	 have	 been	 generated	 in	 MAFFT	 (17)	 as	 implemented	 in	 Geneious	

(12),	using	gene	sequences	from	previously	published	placozoan	mitochondrial	

genomes	 (6-8)	 as	 well	 as	 from	 all	 new	 placozoan	 mitochondrial	 genomes	

characterized	in	the	course	of	this	thesis.	

	

Results	and	Discussion	

The	initial	characterization	of	the	diagnostic	16S	rDNA	fragments	revealed	that	

two	 out	 of	 five	 analyzed	 clonal	 lineages	 belong	 to	 previously	 published	

placozoan	 haplotypes	 (i.e.	 H15	 and	 H19,	 respectively)	 (see	 9,10).	 In	 contrast,	

three	 analyzed	 clonal	 lineages	 possess	 unique	 16S	 sequences,	 which	 do	 not	
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match	 to	 any	 described	 placozoan	 haplotype.	 As	 the	 haplotype	 numbers	 H20-

H22	 have	 already	 been	 assigned	 to	 other	 lineages	 (Michael	 Eitel,	 pers.	

communication),	 we	 here	 assign	 the	 haplotype	 numbers	 H23	 (clade	 III),	 H24	

(clade	VII)	and	H25	(clade	V)	to	the	new	placozoan	lineages	(Figure	1).	

The	 five	 new	 mitochondrial	 genomes	 of	 H15,	 H19,	 H23,	 H24	 and	 H25	

share	 a	 series	 of	 characteristics	 with	 previously	 sequenced	 Hoilungia-group	

mitogenomes	(5,6,8).	Shared	features	are	a	mitogenome	size	between	30	kb	–	40	

kb,	the	missing	atp8/atp9	genes,	a	conserved	set	of	24	tRNAs,	 fragmented	16S/	

cox1/nad5	genes,	and	a	cox1	micro	exon.	Furthermore,	all	new	Hoilungia-group	

mitogenomes	 possess	 only	 a	 moderate	 GC-content.	 The	 clade-specific	

characteristics	are	discussed	in	detail	below.	The	open	reading	frame	content	of	

respective	placozoan	mitogenomes	is	summarized	in	Figure	2.	

	

Clade	III	

The	 complete	 mitochondrial	 genome	 of	 haplotype	 H23	 is	 a	 circular	 molecule	

with	a	size	of	32,980	bp.	16S	rDNA	sequences	clearly	identify	H23	as	a	member	

of	 clade	 III	 (see	 Figure	 1).	 Its	mitochondrial	 gene	 order	 is	 identical	 to	 that	 of	

haplotype	H8	(same	clade)	 (6).	When	compared	 to	 the	reference	genome	 from	

Hoilungia	 hongkongensis	 (H13),	 H8	 as	 well	 as	 H23	 deviate	 by	 an	 inverted	

mitogenome	fragment	coding	for	trnT+trnK	(see	Figure	3).	However,	considering	

the	 identical	 gene	 orders	 in	 the	 Trichoplax-group	 (6),	 the	 gene	 order	 of	 this	

specific	 tRNA-locus	 in	 H8/H23	 can	 be	 seen	 as	 the	 ancestral	 state	 within	 the	

Hoilungia-group.	 Therefore,	 the	 inversion	 of	 the	 trnT+trnK	 locus	 is	 a	

synapomorphy	of	the	Hoilungia-subgroup	A2	(see	10),	as	suggested	in	a	previous	

study	 by	 Signorovitch	 and	 co-workers	 (6).	 The	 trnT+trnK	 locus	 seems	 to	 be	 a	

hotspot	 for	 changes	 in	 the	 mitochondrial	 gene	 order	 (see	 section	 on	 clade	 V	

mitogenomes,	 below).	 With	 respect	 to	 additional	 open	 reading	 frames,	 both	

clade	III	mitogenomes	share	a	placozoan-specific	LAGLIDADG-endonuclease	(6)	

located	 in	 a	 cox1	 intron,	 while	 H23	 possesses	 an	 additional	 LAGLIDADG-

endonuclease	 in	 another	 cox1	 intron.	 Remarkably,	 both	 clade	 III	mitogenomes	

lack	 a	 reverse	 transcriptase	 known	 from	 other	 placozoans	 (Figure	 2).	 The	

potential	function	of	the	remaining	predicted	ORFs	remains	unclear.	
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Clade	IV	

	The	mitochondrial	genome	of	haplotype	H19	represents	the	first	mitochondrial	

chromosome,	 which	 has	 been	 characterized	 in	 clade	 IV.	 With	 a	 size	 of	 only	

31,792	 bp	 it	 is	 even	 smaller	 than	 the	 so	 far	 smallest	 Hoilungia-group	

mitogenome	(i.e.	 that	of	H8,	clade	III,	32,661	bp,	(6))	and	therefore	now	marks	

the	 lower	 size	 boundary	 of	 Hoilungia-group	 mitogenomes.	 This	 observed	

mitogenome	 size	 difference	 between	 H8	 and	 H19	 is	 mostly	 caused	 by	 the	

absence	of	one	cox1	intron	in	H19,	which	is	likely	the	result	of	a	secondary	intron	

loss	 (see	below).	However,	 there	 still	 remains	 a	 size	 gap	between	 the	 smallest	

Hoilungia-group	mitogenome	and	the	largest	circular	mitogenome	from	sponges	

(Lubomirskia	baicalensis,	29	kb)	(20).		

The	 gene	order	 of	 conserved	mitochondrial	 genes	 in	H19	 is	 identical	 to	

the	 reference	 mitogenome	 of	 Hoilungia	 hongkongensis	 H13.	 The	 H19	

mitogenome	 lacks	a	PolB	 open	reading	 frame	known	 from	clade	V	 (6),	while	 it	

possesses	 one	 LAGLIDADG-endonuclease	 as	 well	 as	 a	 reverse	 transcriptase	 in	

different	cox1	 introns.	Again,	 the	potential	 function	of	 the	 remaining	predicted	

ORFs	remains	unclear	(Figure	2).	

	

Clade	VII	

The	first	complete	mitogenome	from	clade	VII	(represented	by	haplotype	H24)	

has	a	size	of	33,532	bp.	The	relative	gene	order	of	typical	mitochondrial	genes	is	

identical	 to	 the	 gene	 order	 in	 the	 reference	 Hoilungia	 hongkongensis	 H13	

mitogenome	(5).	This	implies	that	identical	orders	of	typical	mitochondrial	genes	

can	 be	 found	 in	 different	 lineages	 from	 three	 out	 of	 four	 analyzed	Hoilungia-

group	 clades.	 With	 respect	 to	 additional	 open	 reading	 frames,	 the	 H24	

mitogenome	 harbors	 a	 reverse	 transcriptase	 as	 well	 as	 two	 LAGLIDADG-

endonuclease	genes.	The	occurrence	of	a	second	LAGLIDADG-endonuclease	now	

in	three	out	of	four	analyzed	clades	(see	also	H25	in	clade	V,	below)	suggests	that	

this	 specific	 endonuclease	 originally	was	 present	 in	 all	Hoilungia-group	 clades	

and	has	been	lost	independently	in	various	distantly	related	placozoan	lineages.	

Interestingly,	only	one	additional	open	reading	 frame	of	unknown	function	has	

been	predicted	in	H24	(Figure	2).		
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Clade	V	

The	mtDNA	analyses	of	haplotype	H15	“M2/11”	and	haplotype	H25	revealed	a	

complex	history	of	mitogenome	evolution	within	clade	V.	While	H25	represents	a	

previously	 unknown	 haplotype,	 the	 H15	 “M2/11”	mitogenome	 is	 of	 particular	

interest	as	it	is	the	second	mitogenome	from	this	specific	haplotype	(8),	allowing	

for	 the	 first	 time	 to	study	 the	mtDNA	evolution	 in	 two	different	populations	of	

the	same	haplotype.		

The	 H15	 “M2/11”	 mitogenome	 (36,521	 bp)	 is	 highly	 similar	 to	 the	

reference	mitochondrial	 genome	 of	Hoilungia	hongkongensis	H13.	 Surprisingly,	

the	inversion	of	a	specific	non-coding	region,	which	is	one	of	the	major	structural	

differences	 between	 H15	 “Shirahama”	 (36,676	 bp)	 (8)	 and	 Hoilungia	

hongkongensis	H13,	cannot	be	found	in	the	H15	“M2/11”	mtDNA.	This	inversion	

therefore	is	not	a	synapomorphy	of	the	haplotype	H15,	but	rather	indicates	that	

mitogenome	rearrangements	can	independently	occur	in	different	populations	of	

H15.	This	case	study	also	points	to	current	limitations	of	the	commonly	used	16S	

fragment,	 which	 seems	 to	 fail	 to	 resolve	 such	 structural	 changes	 at	 the	

population	 level.	While	Hoilungia	hongkongensis	 H13	 potentially	 is	 endemic	 in	

Hong	Kong	 (5),	 the	placozoan	haplotype	H15	has	been	 reported	not	only	 from	

Hong	Kong	 (clone	 “M2/11”,	 this	 study)	 and	 Japan	 (clone	 “Shirahama”	 (8)),	 but	

also	 from	 the	 Philippines	 (10).	 The	 complete	 mitogenome	 sequence	 of	 the	

Philippine	 H15	 population	 therefore	 would	 help	 to	 reconstruct	 the	 dispersal	

history	of	H15	in	the	Pacific.	However,	based	on	available	mitogenome	data,	any	

predictions	on	the	succession	of	emergence	of	haplotypes	H13	and	H15	in	clade	

V	 remain	 speculative	 at	 this	 point.	 With	 respect	 to	 predicted	 open	 reading	

frames,	 both	 H15	 mitogenomes	 share	 a	 reverse	 transcriptase,	 a	 LAGLIDADG-

endonuclease	and	a	PolB	DNA	polymerase	(Figure	2).	Nevertheless,	the	number	

of	 additional	ORFs	of	unknown	 function	differs	between	 the	 two	different	H15	

mitogenomes.	

The	 mitogenome	 of	 H25	 (35,364	 bp)	 reveals	 a	 remarkable	 case	 of	 a	

mitogenome	 rearrangement	within	 clade	 V	 (Figure	 3).	While	 the	 relative	 gene	

order	of	typical	mitochondrial	genes	(which	omits	additional	ORFs	of	unknown	

function	or	proteins	which	are	not	related	to	the	respiratory	chain)	is	identical	in	

H4,	H13	and	both	H15	mitogenomes,	 the	gene	order	 in	H25	differs	 from	 these	
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haplotypes	 by	 the	 inversion	 of	 a	 fragment,	 which	 spans	 half	 of	 the	 entire	

mitogenome.	 This	 major	 mitogenome	 rearrangement	 is	 almost	 in	 a	 range	 as	

observed	 for	 instance	 between	 members	 of	 different	 placozoan	 groups	 (e.g.	

Trichoplax	adhaerens	H1	vs.	haplotype	H8,	 (6)).	Remarkably,	 the	boundaries	of	

the	 inverted	mitogenome	 fragment	 in	H25	 (i.e.	 trnT-nad1	 and	 trnK-nad4L,	 see	

Figure	 3)	 exactly	 match	 the	 position	 of	 the	 PolB	 open	 reading	 frame	 in	

haplotypes	H4	 and	H13/H15,	 respectively.	 This	 indicates	 that	 the	 loci	 flanking	

PolB	 in	H4	(nad1-PolB-nad4L)	and	H13/H15	(trnT-PolB-trnK)	may	be	hot	spots	

for	 rearrangement	 events	 (see	 also	 the	 section	 on	 clade	 III,	 above).	 The	 PolB	

open	 reading	 frame	 itself,	 however,	 is	 absent	 in	 H25,	 whereas	 a	 reverse	

transcriptase,	 two	LAGLIDADG-endonuclease	genes	and	two	additional	ORFs	of	

unknown	function	can	be	found	(Figure	2).	

	

General	aspects	

The	 comprehensive	 analyses	 of	 complete	 mitogenomes	 from	 the	 Hoilungia-

group	revealed	a	high	conservation	of	gene	orders	within	this	group	(Figure	3).	

In	 detail,	 the	 gene	 orders	 in	 clade	 IV,	 V	 (except	 for	 H25)	 and	 VII	 are	 overall	

identical	when	focused	on	typical	mitochondrial	genes.	The	only	exception	in	this	

group	is	clade	III,	which	possesses	a	slightly	deviating	gene	order	within	a	tRNA-

rich	mitogenome	 locus.	 This	 different	 (possibly	more	 ancestral)	 gene	 order	 in	

clade	 III,	 however,	 matches	 previous	 16S	 phylogenies,	 which	 support	 a	 sister	

group	relationship	of	clade	III	to	the	subgroup	A2	(comprising	clade	IV,	V,	VI	and	

VII)	(9).	With	respect	 to	 the	overall	evolutionary	history	of	mitochondrial	gene	

orders	within	 the	Hoilungia-group,	 it	 seems	 that	 the	 radiation	 of	 subgroup	A2	

into	 clades	 IV-VII	 is	 characterized	 by	 a	 long	 period,	 in	 which	 no	 mitogenome	

rearrangements	have	occurred.	This	period,	however,	ended	with	the	emergence	

of	H25	in	clade	V.	

	Previous	 studies	 suggested	 an	 overall	 correlation	 between	 sequence	

divergence	and	frequency/fragment	size	of	rearrangement	events	at	the	group-	

and	clade-level,	 respectively	 (6,8).	The	mitochondrial	 genome	of	H25	 (clade	V)	

depicts	a	remarkable	deviation	from	this	general	picture.	In	this	case,	the	order	

within	a	clade	is	more	variable	than	between	clades,	although	the	deviating	gene	

order	 originates	 from	 just	 a	 single	 rearrangement	 event.	 Nevertheless,	 this	



	 48	

observation	may	 indicate	 an	accelerated	 structural	 evolution	 rate	 (i.e.	 a	higher	

tendency	 for	 rearrangements)	 in	 clade	 V,	 which	 has	 to	 be	 confirmed	 by	

additional	mitogenome	data	from	this	clade.	

	

Cox1	evolution	

The	 five	 new	 placozoan	 mitogenomes	 allow	 us	 to	 further	 reconstruct	 the	

evolutionary	 history	 of	 placozoan	 cox1	 gene	 fragmentation	 (see	 Figure	 4).	 In	

Placozoa,	the	cox1	gene	is	fragmented	into	five	to	nine	exons,	respectively,	with	

the	 smaller	 number	 of	 exons	 representing	 the	more	 ancestral	 state	 (21,22).	 In	

agreement	 with	 previous	 results	 (5,8),	 our	 data	 support	 the	 scenario	 that	 the	

cox1	exon	structure	is	identical	in	different	lineages	of	the	same	clade.	One	case	

of	a	 shared	cox1	exon	structure	even	between	members	of	different	 clades	has	

previously	 been	 reported	 from	 the	 Trichoplax-group	 (i.e.	 between	 clade	 I	 and	

clade	 II)	 (6).	However,	our	new	data	show	for	 the	 first	 time	that	 the	cox1	exon	

structure	 also	 can	 be	 identical	 between	 members	 of	 different	 clades	 in	 the	

Hoilungia-group	(as	seen	between	clade	V	and	clade	VII,	Figure	4).	

Following	 previous	 studies	 (7,21)	 the	 placozoan	 cox1	 gene	 can	 be	

subdivided	 into	 three	 different	 blocks	 A,	 B	 and	 C,	 each	 showing	 differential	

fragmentation	patterns	(Figure	4).	Most	strikingly,	block	B	 is	conserved	among	

all	 extant	 placozoans,	 indicating	 the	 split-off	 of	 this	 block	 already	 in	 their	 last	

common	ancestor.	

On	 the	 opposite,	 the	Polyplacotoma-,	 the	Trichoplax-	 and	 the	Hoilungia-

groups	show	unique	fragmentation	patterns	in	block	A,	respectively.	The	overall	

evolutionary	tendency	in	this	block	is	an	increasing	fragmentation	into	up	to	four	

exons,	as	seen	in	the	Trichoplax-group	(clade	I	and	II).	

A	more	complex	fragmentation	pattern	can	be	observed	in	block	C.	While	

block	C	comprises	only	two	exons	in	H0,	this	block	is	even	fragmented	into	up	to	

five	 exons	 (including	 the	 shared	 micro	 exon)	 in	 other	 placozoans.	 The	 exon	

pattern	of	block	C	 in	 clades	 I,	 II	 and	 III,	 respectively,	 seems	 to	match	 the	 exon	

pattern	of	the	last	common	ancestor	of	the	Trichoplax-/Hoilungia-groups.	While	

clade	 III	 therefore	 still	 possesses	 this	 ancestral	 pattern	 within	 the	 Hoilungia-

group,	an	 increasing	 fragmentation	 in	block	C	can	be	observed	 in	clades	V	and	

VII.	 However,	 clade	 IV	 (i.e.	 haplotype	 H19)	 represents	 an	 exception	 in	 this	
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scenario,	 as	 its	 block	 C	 does	 not	 possess	 an	 otherwise	 conserved	 exon-exon	

boundary	 known	 from	 clades	 I,	 II,	 III,	 V	 and	 VII.	 Considering	 the	 16S	 tree	

topology	within	the	Hoilungia-group	(9),	the	most	parsimonious	explanation	for	

this	pattern	is	the	loss	of	the	respective	intron	in	clade	IV,	which	resulted	in	the	

fusion	 of	 the	 previously	 separated	 exons.	 This	 is	 the	 first	 report	 of	 a	 putative	

intron	 loss	 in	 the	 placozoan	 cox1	gene.	 In	 sum,	 although	 there	 seems	 to	 be	 a	

general	 evolutionary	 tendency	 for	 increasing	 gene	 fragmentation	 in	 placozoan	

mitogenomes,	 sporadic	 exceptions,	 which	 at	 least	 partially	 reverse	 this	 trend,	

can	 be	 found	 in	 some	 lineages.	 Future	 comparative	 approaches	 implementing	

cox1	intron	data	from	Porifera	(e.g.	23)	and	Cnidaria	(e.g.	24)	will	help	to	further	

reconstruct	the	evolution	of	cox1	fragmentation	at	the	base	of	Metazoa.	

	

16S	rDNA	evolution	

As	already	seen	in	the	cox1	gene,	the	16S	rDNA	gene	is	likewise	fragmented	into	

multiple	 exons	 in	 Placozoa	 (4-8).	 The	 total	 lengths	 of	 16S	 genes	 substantially	

differ	between	placozoan	lineages	due	to	multiple	variable	regions	within	exons.	

However,	 based	 on	 sequence	 alignments	 and	 the	 positions	 of	 exons	 within	

respective	 mitogenomes,	 the	 placozoan	 16S	 gene	 can	 be	 separated	 into	 two	

distinct	 blocks	 A	 and	 B	 (6,7)	 (Figure	 5).	 The	 16S	 block	 A	 is	 shared	 among	 all	

placozoan	 lineages,	 including	H0.	 This	 indicates	 that	 the	 separation	 of	 block	 B	

from	 block	 A	 has	 already	 occurred	 in	 the	 last	 common	 ancestor	 of	 all	 extant	

placozoans.	The	exon	structure	of	block	B,	however,	is	more	complex.	The	exon	

structure	of	block	B	is	identical	in	H0	as	well	as	in	clade	I	and	clade	II	(the	latter	

both	 from	 the	Trichoplax-group).	 	 In	 all	 these	 lineages,	 the	16S	block	B	 is	 split	

into	 two	 exons.	 This	 specific	 exon	break	point	 in	 block	B	 also	 can	 be	 found	 in	

clade	III	(Hoilungia-group).	However,	in	clade	III,	the	5`-exon	of	block	B	is	further	

split,	resulting	in	a	block	B	that	consists	of	in	sum	three	exons.	Surprisingly,	the	

16S	block	B	 in	 clades	 IV,	 V	 and	VII	 consists	 of	 only	 one	 single	 exon.	Given	 the	

16S-based	 phylogeny	 (9),	 we	 deduce	 that	 the	 block	 B	 intron,	 which	 is	 shared	

between	H0	and	clades	I-III,	has	been	lost	in	the	last	common	ancestor	(LCA)	of	

clades	IV,	V	and	VII	(i.e.	the	LCA	of	subgroup	A2,	(10)).	

	

	



	 50	

Nad5	evolution	

The	nad5	gene	 is	 the	 third	placozoan	mitochondrial	gene,	which	can	harbor	an	

intron	 (see	 3	 for	 overview).	 With	 the	 exception	 of	 P.	 mediterranea	 H0	 and	

haplotype	 H3,	 all	 placozoan	 lineages	 share	 an	 nad5	 intron	 at	 a	 conserved	

position	(Figure	6).	The	absence	of	the	nad5	intron	in	H0	could	be	interpreted	as	

primary	absence,	as	phylogenetic	analyses	support	H0	as	 the	sister	 to	all	other	

extant	placozoans	(4).	However,	a	secondary	loss	scenario	of	the	nad5	intron	can	

not	be	completely	excluded	for	P.	mediterranea	H0.	In	contrast	to	H0,	haplotype	

H3	 is	 branching-off	 deeply	 within	 placozoan	 lineages	 (9),	 which	 all	 posses	 an	

nad5	 intron.	 Therefore,	 the	nad5	 intron	 in	H3	has	 likely	 been	 secondarily	 lost,	

while	 all	 other	 Trichoplax-/Hoilungia-group	 mt	 genomes	 retained	 this	 nad5	

intron,	 which	 has	 then	 been	 gained	 along	 the	 stem	 leading	 to	 both	 groups.	

Another	(less	likely)	scenario	suggests	a	primary	absence	of	an	nad5	intron	in	all	

Trichoplax-/Hoilungia-group	 mt	 genomes	 and	 therefore	 would	 imply	 an	

independent	gain	of	an	nad5	 intron	in	clade	I	as	well	as	in	the	Hoilungia-group,	

respectively.	

	 In	sum,	while	all	intron-containing	genes	(i.e.	nad5,	cox1	and	16S)	show	

the	general	evolutionary	tendency	for	increasing	fragmentation,	sporadic	intron	

losses	have	been	found	in	all	three	genes	in	distantly	related	placozoan	taxa.	We	

would	 like	 to	 emphasize	 that	 the	 sporadic	 intron	 loss	 (and	 therefore	 the	

secondary	 re-compaction	 of	 genes)	 does	 not	 necessarily	 predate	 the	 general	

scenario	 of	 secondary	 size	 amplification	 of	 placozoan	 mitogenomes.	 The	

sporadically	observed	 intron	 losses	might	rather	emphasize	 the	high	structural	

dynamics	 within	 placozoan	 mitogenomes,	 although	 further	 analyses	 have	 to	

confirm	this	hypothesis.	

	

Conclusions	

The	 comparative	 analyses	of	mitochondrial	 genomes	 from	 the	Hoilungia-group	

provide	 new	 insights	 into	 the	 genetic	 diversity	 and	 complex	 evolution	 of	

placozoan	mitogenomes.	Future	studies	on	nuclear	genomes	as	well	as	functional	

studies	 on	 mitochondrial	 DNA	 replication	 will	 help	 to	 better	 understand	 the	

mechanisms	 underlying	 the	 genetic	 radiation	 processes	 in	 placozoan	

mitochondria.	Pending	comprehensive	phylogenetic	analyses	based	on	different	
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mitochondrial	data	sets	will	help	 to	 further	clarify	 the	 taxonomic	status	within	
the	Hoilungia-group.	
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Figure	1	

Phylogenetic	relationships	of	placozoan	haplotypes	within	the	Hoilungia-group.	

Shown	 is	 an	 approximately	 Maximum	 Likelihood	 tree	 based	 on	 FastTree-

analyses	 of	 the	diagnostic	 16S	 rDNA	 fragment.	 The	haplotypes	H18,	H19,	H23,	

H24	and	H25	have	been	characterized	in	the	course	of	this	thesis.	The	colors	of	

the	 16S	 clades	 III-VII	 correspond	 to	 colors	 already	 used	 in	 previous	 studies	

(9,10).	
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Figure	2	

Distribution	of	mitochondrial	open	reading	frames	in	Placozoa.		
The	 figure	 shows	 the	 distribution	 of	 mitochondrial	 open	 reading	 frames	 in	
distantly	 related	 placozoan	 haplotypes.	 Some	 of	 the	 listed	 predicted	 ORFs	 of	
unknown	 function	 partially	 overlap	with	 other	 ORFs,	 which	 possess	 the	 same	
transcriptional	direction.	Listed	ORFs,	which	are	completely	nested	within	other	
ORFs,	must	possess	an	opposite	transcriptional	orientation.	Please	note	that	the	
absence	of	specific	ORFs	in	some	lineages	might	imply	that	rudimental	fragments	
of	these	ORFs	are	still	detectable	in	respective	mitogenomes.	
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Figure	3	

Positional	alignment	of	linearized	mitochondrial	genomes	from	Hoilungia-group	

placozoans.	

Typical	mitochondrial	coding	genes	are	illustrated	as	color-coded	boxes	(not	to	

scale).	Genes	with	opposite	orientation	(i.e.	3’-5’	instead	of	5’-3’)	are	labeled	with	

a	black	bar	at	the	bottom	of	the	respective	gene	icon.	According	to	the	standard	

code,	 single	 letters	 name	 the	 corresponding	 amino	 acid	 of	 tRNA	 genes.	 Please	

note	that	some	neighboring	exons	of	cox1,	nad5	and	16S,	respectively,	have	been	

merged.	Multiple	cox1	and	16S	icons	at	different	loci,	however,	still	 indicate	the	

fragmentation	 of	 these	 genes.	 Positions	 of	 potentially	 functional	 open	 reading	

frames	are	 labeled	by	respective	symbols,	while	ORFs	of	unknown	function	are	

not	shown	for	clarity.	Gene	orders	which	deviate	from	the	reference	mitogenome	

(i.e.	 from	Hoilungia	hongkongensis	H13)	are	highlighted	with	dotted	 line	boxes.	

(RT:	 reverse	 transcriptase/maturase,	 LAG:	 LAGLIDADG-	 homing	 endonuclease,	

PolB:	DNA	polymerase	B).	
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Figure	4	

Exon	structures	of	the	fragmented	cox1	gene	in	the	placozoan	16S	haplotype	H0	

and	 the	16S	 clades	 I-VII.	Exons	with	 identical	boundaries	have	 the	 same	color.	

Neighboring	 exons	have	been	 strung	 together.	The	cox1	gene	 is	 separated	 into	

three	different	blocks	A,	B	and	C.	The	size	of	respective	exons	is	approximate	to	

scale,	except	for	the	cox1	micro	exon,	which	is	indicated	by	a	black	line	in	block	C	

in	clade	I-VII,	but	which	is	absent	in	H0.	
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Figure	5	

Exon	structures	of	the	fragmented	16S	gene	in	the	placozoan	16S	haplotype	H0	

and	 the	16S	 clades	 I-VII.	Exons	with	 identical	boundaries	have	 the	 same	color.	

Neighboring	 exons	 have	 been	 strung	 together.	 The	 16S	 gene	 is	 separated	 into	

two	different	blocks	A	and	B.	Exons	are	only	shown	as	relative	approximations	in	

unified	size,	and	homologous	exon	boundaries	have	been	aligned.	
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Figure	6	

Exon	structures	of	the	fragmented	nad5	gene	in	the	placozoan	16S	haplotype	H0	

and	 the	16S	 clades	 I-VII.	Exons	with	 identical	boundaries	have	 the	 same	color.	

Neighboring	exons	have	been	strung	together.	Exons	are	approximate	to	scale.	
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3.	General	discussion	
Placozoan	mitogenomic	data	are	a	valuable	resource	for	targeting	multiple	fields	

of	 research	 at	 the	 base	 of	 Metazoa.	 Major	 open	 questions	 relate	 to	 the	

phylogenetic	position	of	placozoans	within	Metazoa,	 the	placozoan	biodiversity	

and	 inner	 systematic	 as	 well	 as	 to	 the	 molecular	 evolution	 of	 placozoan	

mitochondrial	genomes.	These	questions	have	been	addressed	in	this	thesis.	

	

Mitochondrial	metazoan	phylogenetics		

Previous	 phylogenetic	 analyses	 using	 concatenated	 mitochondrial	 respiratory	

chain	 genes	 have	 indicated	 that	mitochondrial	 protein	 coding	 sequences	 are	 a	

valuable	data	 set	 to	 reconstruct	 relationships	 at	 the	base	of	Metazoa	 (e.g.	 1,2).	

However,	 previous	 studies	 suffer	 from	 incomplete	 taxon	 sampling	 and/or	 the	

usage	 of	 inadequate	 evolutionary	 substitution	 models	 and	 have	 led	 to	

contradictory	 results	 (e.g.	 3,4).	 To	 overcome	 these	 shortcomings	 five	

comprehensive	metazoan	data	 sets	with	proper	non-metazoan	outgroups	have	

been	 generated,	 and	 subsequent	 phylogenetic	 analyses	 have	 been	 conducted	

using	appropriate	substitution	models	(Chapter	II).	The	outcome	of	the	analyses	

generally	 support	 a	 sister	 group	 relationship	 of	 bilaterian	 and	 non-bilaterian	

animals.	 	This	principal	 topology	has	been	observed	 in	previous	mitochondrial	

(1,2,5)	as	well	as	total-evidence	based	analyses	(6).	However,	this	topology	has	

not	 been	 recovered	 for	 instance	 in	 a	 nuclear	 gene	based	phylogenetic	 analysis	

(Chapter	VI),	which	instead	supports	a	sister	group	relationship	of	sponges	to	all	

other	animals,	with	Placozoa	as	a	sister	to	a	clade	formed	by	Cnidaria+Bilateria.	

To	 investigate	 these	 discrepancies,	 a	 closer	 look	 at	 the	 mitochondrial-based	

analyses	 is	 justified.	 It	 turns	 out	 that	 mitochondrial	 sequence	 evolution	 rates	

vary	substantially	between	and	within	non-bilaterian	phyla	(7).	Primary	targets	

for	long-branch	attraction	(LBA)	artifacts	(8)	are	the	phylum	Ctenophora	(9-11)	

and	 the	 two	 poriferan	 classes	 Hexactinellida	 (12)	 and	 Calcarea	 (13).	 Another	

striking	 example	 for	 a	 problematic	 taxon	 is	 the	 cnidarian	 class	 Anthozoa	

(Hexacorallia+Octocorallia),	which	comes	out	paraphyletic	in	our	mitochondrial	

data	analyses	(Chapter	II)	as	well	as	in	previous	studies	(e.g.	14).	Despite	these	

problematic	 taxa,	 several	well-supported	 nodes	 like	monophyletic	 Placozoa	 or	

Demospongiae	 (phylum	 Porifera)	 highlight	 the	 resolution	 of	mitogenome	 data	
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analyses	to	resolve	topologies	at	higher	taxonomic	levels.	Metazoan	phylogenetic	

analyses	 reflect	 a	 trade-off	 between	 broad	 taxon	 sampling	 and	 the	 depth	 of	

subsequent	analyses	(15,16).	On	the	one	hand,	broad	taxon	sampling	is	generally	

considered	to	improve	the	outcome	of	phylogenetic	analyses	(see	e.g.	17),	while	

on	 the	 other	 hand,	 adding	 more	 data	 increases	 the	 amount	 of	 compositional	

heterogeneity	 across	 sites	 and/or	 lineages	 (see	 e.g.	 18).	 The	 handling	 of	 large	

heterogenic	data	sets	requires	complex	evolutionary	substitution	models,	which	

are	 computationally	 highly	 demanding	 (e.g.	 19,20,21).	 It	 seems	 that	 currently	

available	models	and	computational	resources	are	severely	limited	to	deal	with	

these	issues,	especially	for	mitochondrial	data.	

	

RNA	sequencing	data	uncover	the	placozoan	cox1	micro	exon	

Deep	 RNA	 sequencing	 (RNAseq)	 is	 a	 modern	 technique	 to	 understand	

mitochondrial	transcript	processing	in	early	branching	metazoans	(e.g.	22).	As	a	

complement	 to	 placozoan	 mtDNA	 data,	 the	 placozoan	 mitochondrial	 RNAseq	

data	 generated	 in	 this	 thesis	 reveal	 new	 insights	 into	 the	 unique	 mRNA	

processing	and	gene	structure	evolution	of	the	placozoan	cox1	gene	(Chapter	IV).	

In	detail,	a	previously	postulated	cox1	mRNA	editing	mechanism,	which	has	been	

deduced	from	expressed	sequence	tag	(EST)	data	in	Trichoplax	adhaerens	H1	(4),	

is	not	supported	by	Trichoplax	sp.	H2	RNAseq	data.	In	contrast,	RNAseq	as	well	

as	 mtDNA	 intron	 predictions	 from	 Trichoplax	 sp.	 H2	 reveal	 the	 existence	 of	 a	

previously	overseen	single	base	pair	cox1	micro	exon	in	placozoans.	This	 is	the	

first	report	of	an	ultra-short	single	base	pair	mitochondrial	exon	in	animals.	The	

unusual	 cox1	 micro	 exon	 originates	 from	 an	 intron	 insertion	 event,	 which	

separated	 the	 single	nucleotide	 from	 the	 remaining	exon.	This	 intron	 insertion	

must	 have	 occurred	 after	 the	 split-off	 of	 Polyplacotoma,	 as	 the	 micro	 exon	 in	

Polyplacotoma	mediterranea	H0	 is	 still	merged	with	 the	original	 exon	 (Chapter	

VII).	The	existence	of	a	single	base	pair	micro	exon	is	a	remarkable	example	of	

extreme	 mitochondrial	 gene	 fragmentation	 in	 a	 non-bilaterian	 animal	 and	

highlights	the	crucial	role	of	Placozoa	as	a	genetic	model	system.	This	case	study	

also	 highlights	 the	 importance	 of	 high	 coverage	 RNAseq	 data	 to	 identify	 rare	

transcripts	and	intermediate	splicing	stages.	
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Biodiversity	and	inner	systematic	of	Placozoa	based	on	mitochondrial	and	

nuclear	genome	data	

Comparative	 studies	 on	 the	 early	 evolution	 of	 metazoan	 traits	 require	 a	

representative	choice	of	placozoan	taxa	to	minimize	potential	analyses	artifacts	

(Chapter	I).	In	order	to	address	this	task,	worldwide	field	sampling	(23)	has	been	

conducted	 to	 maximize	 the	 probability	 of	 collecting	 highly	 diverse	 placozoan	

lineages	 (Chapter	 III,	 VII,	VIII	 and	 IX).	 Six	new	placozoan	 lineages	 identified	 in	

this	thesis	have	substantially	widened	our	knowledge	on	placozoan	biodiversity	

but	at	the	same	time	call	for	new	approaches	to	formally	describe	new	placozoan	

species.	

The	traditional	biological	species	concept	could	be	an	appropriate	species	

concept	 for	 placozoans,	 although	 sexual	 reproduction	 experiments	 on	

placozoans	under	 laboratory	conditions	are	 still	problematic	 (24).	The	 indirect	

proof	 of	 reproductive	 isolation	 by	 the	 grade	 of	 allele	 sharing	 between	 two	

placozoan	 lineages	 (see	 also	 25),	 however,	 is	 a	 practical	 solution	 to	 overcome	

this	 issue	 (Chapter	 VI).	 Although	 future	 economic	 approaches	 should	 focus	 on	

mtDNA,	the	haploid	nature	of	mitogenomes	requires	the	 initial	 implementation	

of	nuclear	genome	data	to	test	for	reproductive	isolation.	Such	approaches	have	

been	 applied	 to	 the	 placozoan	 lineages	 H2	 (Chapter	 V)	 and	 H13	 (Chapter	 VI),	

respectively,	which	are	closely	(H2)	and	distantly	(H13)	related	to	the	only	so	far	

named	 species	 Trichoplax	 adhaerens	 H1	 (23).	 While	 the	 H2	 nuclear	 genome	

reveals	 a	 high	 degree	 of	 allele	 sharing	 with	 H1,	 the	 allele	 content	 of	 the	 H13	

nuclear	 genome	 suggests	 a	 long	 time	 of	 independent	 evolution	 due	 to	

reproductive	isolation	from	H1.	These	general	similarity	patterns	have	also	been	

found	 in	whole	mitogenome	comparisons	as	well	 as	 in	16S	based	phylogenetic	

analyses	 (Chapter	 III,	 VI,	 VIII	 and	 IX).	 Consequently,	 molecular	 diagnostic	

characters	 extracted	 from	 the	 16S	 marker	 have	 been	 used	 in	 a	 taxogenomic	

approach	 combined	with	 the	whole	 nuclear	 genome	 data	 to	 formally	 describe	

Hoilungia	hongkongensis	H13	gen.	nov.,	spec.	nov.	(Chapter	VI).	

The	 formal	 description	 of	 the	 genus	 Hoilungia	 has	 been	 of	 substantial	

importance	for	subsequent	taxonomic	approaches	to	placozoans.	The	reference	

mitochondrial	 genomes	 of	 Trichoplax	 adhaerens	 H1	 (1)	 and	 Hoilungia	

hongkongensis	 H13	 can	 serve	 as	 landmarks	 and	 allow	 for	 the	 first	 time	
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taxonomic	calibrations	of	comparative	mitochondrial	genome	analyses.	In	detail,	

the	H1	and	H13	mitogenomes	represent	a	maximum	of	mitogenomic	separation	

between	respective	genera.	The	shared	characteristics	have	been	used	to	define	

mitochondrial	 genome	 synapomorphies	 for	 the	 entire	 Trichoplax/Hoilungia	

clade.	 The	 new	 placozoan	 lineage	 H0,	 which	 possesses	 a	 unique	 ramified	

morphological	 habitus,	 separates	 itself	 from	 both	 genera	 by	 substantial	

deviations	from	these	mitogenome	synapomorphies	(Chapter	VII).	Phylogenetic	

analyses	 of	 both,	 mitochondrial	 and	 nuclear	 markers,	 support	 a	 sister	 group	

relationship	 of	 H0	 to	 a	 clade	 formed	 by	 all	 other	 placozoans.	 Thus	 H0	 was	

described	 as	 a	 new	 species,	 Polyplacotoma	 mediterranea,	 in	 a	 new	 genus	

(Chapter	VII).		

The	 three	 genera	 Trichoplax,	 Hoilungia	 and	 Polyplacotoma	 represent	 a	

new	(and	first)	systematic	framework	for	future	taxonomic	approaches.	A	large	

number	 of	 genetically	 still	 incompletely	 characterized	 placozoan	 lineages	 are	

awaiting	 a	 systematic	 classification	 and	 adumbrate	 the	 existence	 of	 further	

genera	or	even	higher	taxonomic	ranks	within	the	phylum	Placozoa	(Chapter	III).	

Future	comparative	studies	on	the	early	evolution	of	Metazoa	will	clearly	benefit	

from	the	implementation	of	taxa	from	at	least	these	three	placozoan	genera.	

	

Comparative	placozoan	mitogenomics	

The	evolution	of	mitochondrial	genomes	in	the	phylum	Placozoa	has	previously	

been	 inferred	 from	 a	 limited	 number	 of	 two	 Trichoplax-group	 and	 three	

Hoilungia-group	mtDNAs	(1,2,26).	The	description	of	the	first	mitogenome	from	

the	 new	 placozoan	 genus	 Polyplacotoma	 (Chapter	 VII)	 as	 well	 as	 the	

characterization	of	 in	 sum	8	new	placozoan	mitogenomes	 from	the	Trichoplax-

/Hoilungia-group	 in	this	 thesis	(Chapter	VI,	VIII	and	IX)	more	than	doubles	 the	

number	 of	 completely	 sequenced	 placozoan	 mitogenomes.	 This	 substantially	

enlarged	data	set	improved	the	resolution	of	comparative	mitogenome	analyses	

and	revealed	several	remarkable	independent	evolutionary	pathways.	

The	 highly	 compact	 mitochondrial	 genome	 of	 Polyplacotoma	

mediterranea	H0	challenges	in	many	respects	the	textbook	knowledge	of	‘typical’	

placozoan	mitochondrial	genome	 traits	 (Chapter	VII).	A	putative	mitochondrial	

control	 region,	 a	 deviating	 number	 of	 tRNA	 genes	 or	 the	 missing	 cox1	micro	
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exon,	 are	 only	 some	 examples	 of	 the	 exceptional	 mtDNA	 characteristics	 of	

haplotype	H0.	 Compared	 to	Trichoplax-	 and	Hoilungia-group	mitogenomes,	 the	

mitochondrial	genome	of	P.	mediterranea	seems	to	be	less	susceptible	for	hairpin	

proliferation,	 gain	 of	 ORFs	 or	 fragmentation	 of	 genes.	 It	 therefore	 retained	

several	potentially	more	ancestral	placozoan	mtDNA	features.	Future	studies	on	

the	 nuclear	 encoded	 mitochondrial	 genes	 of	 H0	 as	 well	 as	 on	 molecular	 data	

from	other	Polyplacotoma	species	will	help	to	reconstruct	the	underlying	factors,	

which	led	to	the	substantial	mtDNA	differences	in	this	genus.	

With	a	size	of	more	than	43	kb,	 the	mitochondrial	genome	of	Trichoplax	

adhaerens	H1	(clade	 I)	represents	an	exceptionally	 large	placozoan	mtDNA	(1).	

The	 characterization	 of	 two	 additional	 clade	 I	 mitogenomes	 in	 this	 thesis	

(Chapter	VIII)	supports	the	hypothesis,	that	an	mtDNA	size	of	more	than	40	kb	is	

a	 synapomorphy	 of	 this	 clade.	 A	 previously	 neglected	 feature,	 i.e.	 the	

accumulation	of	GC-rich	hairpins,	substantially	contributes	to	the	remarkable	mt	

genome	size.	Although	such	hairpins	are	found	in	all	Trichoplax-	and	Hoilungia-

group	mitogenomes,	an	enrichment	of	them	apparently	has	only	been	occurred	

in	 clade	 I.	 The	 resulting	differential	 distribution	pattern	within	 the	Trichoplax-

group	 (i.e.	 the	enrichment	of	hairpins	 in	 clade	 I,	but	not	 in	 clade	 II)	 suggests	a	

further	 subdivision	 of	 this	 group	 into	 two	 distinct	 taxa.	 In	 addition,	molecular	

signatures	indicate	that	hairpins	might	have	played	a	role	in	previous	placozoan	

mitogenome	 rearrangement	 events	 at	 least	 within	 the	 Hoilungia-group.	 The	

precise	 molecular	 mechanisms,	 however,	 which	 lead	 to	 the	 enrichment	 of	

hairpins	 or	 to	 mitogenome	 rearrangements,	 are	 target	 for	 future	 studies	 for	

instance	on	placozoan	mtDNA	replication.	

The	 characterization	 of	 six	 new	 Hoilungia-group	 mtDNAs	 revealed	 a	

complex	pattern	of	gene	order	evolution	within	this	group	(Chapter	VI	and	IX).	

Despite	 possessing	 a	 variable	 number	 of	 additional	 ORFs,	 clades	 IV,	 VII	 and	 V	

(except	 for	 H25,	 see	 below)	 nevertheless	 share	 a	 conserved	 order	 of	 typical	

mitochondrial	genes.	In	contrast,	clade	III	seems	to	possess	a	clade-specific	gene	

order	within	the	Hoilungia-group.	With	special	focus	on	clade	V,	the	gene	order	

of	 lineage	H25	 surprisingly	 differs	 from	 the	 other	 clade	V	members	 (including	

Hoilungia	hongkongensis	H13)	due	to	the	rearrangement	of	a	large	mitogenome	

fragment.	Clade	V	therefore	is	the	first	clade	within	the	phylum	Placozoa,	which	
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harbors	two	different	mitochondrial	gene	orders.	The	observed	exon	patterns	in	

the	 cox1,	 nad5	 and	 the	 16S	 genes	 likewise	 reveal	 a	 complex	 history	 of	 gene	

fragmentation	 in	 Placozoa,	 which	 surprisingly	 even	 comprises	 sporadic	 intron	

loss	 events	 in	distantly	 related	 taxa.	The	overall	 observed	differences	between	

Hoilungia-group	 mitogenomes	 clearly	 indicate	 the	 existence	 of	 additional	

species,	which	are	awaiting	their	formal	description.	

	

Improved	 working	 hypotheses	 on	 the	 early	 evolution	 of	 metazoan	

mitochondrial	genomes	

The	 constantly	 increasing	 number	 of	 complete	 mt	 genomes	 reveals	 a	 high	

diversity	 of	 mitochondrial	 genomes	 in	 non-bilaterian	 phyla	 (7).	 This	 diversity	

raises	the	question	about	the	characteristics	of	the	mitochondrial	genome	in	the	

urmetazoon	as	well	as	in	the	last	common	metazoan	ancestor	(LCMA)	(27).	In	an	

earlier	 stage	 of	 this	 thesis,	 a	 scenario	 on	 the	 evolution	 of	 metazoan	

mitochondrial	genomes	has	been	discussed	(Chapter	I),	which	was	subsequently	

revised	 (Chapter	 VIII).	 In	 both	 scenarios,	 however,	 the	 urmetazoan	

mitochondrial	 genome	 potentially	 was	 a	 large	 circular	 molecule	 harboring	 a	

large	 set	 of	 mitochondrial	 ribosomal	 proteins,	 while	 the	 mitogenome	 of	 the	

LCMA	 might	 have	 been	 a	 more	 compact	 circular	 molecule	 lacking	 any	

mitochondrial	ribosomal	protein	(28).	This	relatively	compact	circular	molecule	

could	have	been	a	parsimonious	starting	point	for	the	independent	evolution	of	

mtDNA	in	Placozoa,	Porifera,	Cnidaria,	Ctenophora	and	Bilateria,	as	all	of	 these	

taxa	 still	 possess	more	 or	 less	 compact	mitogenomes	 at	 least	 in	 some	 subtaxa	

(7).	 However,	 the	 grade	 of	 compaction	 from	 the	 urmetazoon	 up	 to	 the	 last	

common	metazoan	ancestor	remains	controversial	in	both	scenarios	(29).		

With	 focus	 on	 the	 more	 recent	 scenario	 (Chapter	 VIII),	 independent	

evolutionary	 pathways	 in	 the	 four	 non-bilaterian	 phyla	 become	 evident.	 In	

Porifera,	 the	 originally	 rather	 compact	 circular	 mitogenome	 as	 found	 e.g.	 in	

demosponges,	evolved	into	multiple	linear	chromosomes	for	instance	in	Calcarea	

(13).	 The	 same	 independent	 tendency	 for	 mt	 genome	

linearization/fragmentation	can	be	seen	 in	 the	Cnidaria.	 In	detail,	while	almost	

all	 Anthozoa	 still	 possess	 a	 single	 compact	 circular	 mtDNA	 (but	 see	 30),	

linear/fragmented	 mitogenomes	 can	 be	 found	 in	 Medusozoa	 (e.g.	 31).	 In	
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contrast,	mitochondrial	genomes	in	the	phylum	Ctenophora	are	an	extreme	case	

of	 secondary	 size	 reduction	of	mtDNA	 (9-11).	 Finally,	 placozoan	mitochondrial	

genomes	possess	clear	molecular	signatures	for	secondary	size	amplification	due	

to	 the	 gain	 of	 introns,	 ORFs	 and	 hairpin	 structures	 after	 the	 split-off	 of	

Polyplacotoma	mediterranea	 (which	still	possesses	a	compact	mtDNA)	(Chapter	

VII).	 However,	 it	 should	 be	 highlighted	 that	 improved	 placozoan	 or	

choanoflagellate	 taxon	 sampling	 might	 lead	 to	 alternative	 evolutionary	

hypotheses,	 like	 the	 scenario	 discussed	 in	 Chapter	 I.	 Furthermore,	 all	 of	 these	

scenarios	 also	 depend	 to	 some	 extend	 on	 the	 phylogenetic	 trees,	 on	 which	

respective	characteristics	are	mapped.	

	

Conclusions	

The	generation	of	a	comprehensive	placozoan	mitochondrial	molecular	data	set	

together	 with	 the	 in-depth	 analyses	 in	 the	 course	 of	 this	 thesis	 revealed	 new	

important	 insights	 into	 the	 mtDNA	 evolution	 in	 the	 non-bilaterian	 phylum	

Placozoa.	The	results	stress	the	power	of	comparative	mitogenomics	to	address	

questions	 on	phylogenetic	 relationships,	molecular	mitochondrial	mechanisms,	

mitochondrial	genome	evolution	and	radiation	processes	at	the	base	of	Metazoa.	

Yet,	knowledge	on	the	overall	mitochondrial	genetic	diversity	in	non-bilaterians	

as	well	as	in	non-metazoan	outgroups	is	still	patchy	and	future	approaches	must	

intensify	taxon	sampling	to	fill	the	gaps	in	current	data	sets.	
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