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ABSTRACT	

DNA	Methylation	in	the	Demosponge	Amphimedon	queenslandica	is	
Involved	in	Genome	Evolution	and	Transcription	

Juan	Antonio	Ruiz	Santiesteban	

	

DNA	methylation	is	an	epigenetic	mechanism	with	roles	that	range	from	the	fine	tuning	

of	 transcription	 to	 genome	 wide	 dynamic	 acclimation	 to	 changing	 environments	 and	

regulation	of	developmental	processes.	While	recent	work	has	confirmed	the	presence	

and	regulatory	functions	of	DNA	methylation	in	non-bilaterians,	its	role	and	distribution	

in	 Porifera	 has	 never	 been	 addressed.	 In	 this	 study,	 we	 performed	 whole	 genome	

bisulfite	 sequencing	 of	 the	 demosponge	 Amphimedon	 queenslandica	 and	 show	 that	

DNA	methylation	occurs	mostly	in	CpG	dinucleotides	of	coding	regions.	While	high	levels	

of	 gene-body	methylation	 correlate	 positively	with	 high	 expression	 and	 co-occur	with	

the	 histone	 modification	 H3K36me3,	 they	 are	 not	 associated	 with	 amelioration	 of	

spurious	transcription	as	found	in	other	metazoans;	nonetheless,	per-exon	methylation	

levels	are	predictive	for	exon	retention	suggesting	a	role	in	mRNA	splicing.	Additionally,	

analyses	of	Amphimedon	and	other	sponges	genomic	data	consistently	revealed	biased	

dinucleotide	 frequencies	 that	 suggest	 a	 long	 history	 of	 methylation-driven	 CpG	

conversion.	 Despite	 a	 genome	 wide	 loss	 of	 CpG	 dinucleotides,	 these	 are	 positively	

selected	in	exons	and	in	methylated	genes.	These	results	indicate	DNA	methylation	as	a	

component	of	early	metazoans	regulome	and	challenge	hypothesis	on	CpG	methylation	

acting	as	a	means	for	codon	usage	optimization.	
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Chapter	1	

Introduction	

1.1	DNA	Methylation	

1.1.1	What	is	DNA	Methylation?	

DNA	methylation	 is	 the	 active	 covalent	 modification	 of	 DNA-integrated	 bases	 by	 the	

addition	of	a	methyl	group	(-CH3)	without	an	effect	on	their	pairing	or	coding	identities.	

In	 animals,	 5-methylcytosine	 (5mC)	occurring	on	both	 strands	of	 the	palindromic	CpG	

dinucleotide	 is	 the	 most	 common	 and	 studied	 form	 [1].	 Although	 present	 in	 all	

eukaryotic	 lineages,	cytosine	methylation	remains	as	an	epigenetic	 feature	of	debated	

causes	and	consequences,	from	the	ontogenic	to	the	macroevolutionary	time	scales	[2].	

The	family	of	proteins	that	establish	and	keep	CpG	methylation	in	animals	is	referred	to	

as	DNA	methyltransferases	(DNMTs).	These	have	been	proposed	to	act	under	a	model	

were	 DNMT3	 catalyzes	 the	 de	 novo	 methylation	 of	 both	 cytosines	 of	 CpGs,	 while	

DNMT1	preserves	these	modifications	targeting	hemimethylated	CpGs	after	replication	

[3,4];	however,	these	divisions	of	labor	may	not	be	so	discrete	[5].	With	the	exception	of	

Placozoa,	DNMTs	are	 found	across	all	animal	phyla;	nonetheless,	 loss	of	either	one	or	

both	 of	 these	 genes,	 as	 well	 as	 loss	 of	 CpG	 methylation,	 has	 occurred	 in	 multiple	
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lineages	 [6].	 In	 those	 organisms	where	 CpG	methylation	 is	 present,	 as	 in	 vertebrates,	

mutations	on	members	of	DNMT	or	deregulation	of	their	activity	are	lethal	[7].	

1.1.2	DNA	Methylation	in	Gene	Bodies	

In	literature,	it	is	common	to	find	the	functional	significance	of	CpG	methylation	defined	

as	a	mean	for	transcriptional	repression,	either	facultative	at	CpG	enriched	promoters	of	

vertebrates’	genes,	or	 spread	all	over	 transposable	elements	 [8].	However,	 it	must	be	

noted	 that	 such	 repressive	 character,	 and	 the	 existence	 of	 CpG	 islands,	 are	 clade	

exclusive	 features.	 When	 accounting	 for	 all	 animals,	 methylated	 CpGs	 (mCpG)	

predominantly	occur	within	gene	bodies	rather	than	in	promoters,	intergenic	regions,	or	

even	transposons,	as	is	the	case	for	some	invertebrates	[9].	

DNA	 methylation	 is	 absent	 or	 has	 a	 minimal	 presence	 in	 some	 adopted	 model	

organisms,	 such	 as	 Caenorhabditis	 elegans	 or	 Drosophila	 melanogaster.	 Being	

dispensable,	it	has	been	argued	that	methylation	within	gene	bodies	is	just	a	byproduct	

of	transposon	silencing	and	thereby	has	no	biological	relevance	[10].	However,	 lineage	

specific	 losses	 should	 not	 be	 interpreted	 as	 absence	 of	 function,	 especially	 when	

growing	 evidence	 argues	 for	 associations	 between	 gene	 body	 methylation	 and	

transcription.	 Furthermore,	 its	 broad	 distribution	 and	 hundreds	 of	 million	 year-old	

presence	across	all	eukaryotic	lineages	should	not	be	understated	[11].		

The	 most	 common	 and	 broadly	 found	 association	 of	 gene	 body	 methylation	 to	

transcription	is	alternative	splicing.	In	addition	to	the	description	of	significant	changes	
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in	the	occurrence	of	mCpGs	at	exon	and	intron	boundaries	[12],	it	has	been	noted	that	

methylation	 in	 constitutively	 included	 exons	 is	 stronger	 than	 in	 those	 skipped	 during	

splicing	 [12,13,14].	 Indeed,	models	have	been	proposed	 that	describe	how	5mC	could	

affect	RNA-Poll	rate	of	elongation	and	thereby	affect	the	use	of	available	splicing	sites	

[15].	 A	 function	 of	 DNA	 methylation	 in	 alternative	 splicing	 is	 also	 supported	 by	

experiments	 showing	 that	 knock-down	or	 chemical	 inhibition	 of	 DNMTs	 and	 targeted	

loss	of	CpG	methylation	results	in	differences	of	splice	variant	abundance	[16,17,18].	

The	other	proposed	effect	of	gene	body	methylation	is	the	fine-tuning	of	transcription	

[19].	 Active	 transcription	 drives	 gene	 body	methylation	 via	 RNA-Pol	 II	 recruitment	 of	

SetD2,	 an	 enzyme	 that	 marks	 nucleosomes	 with	 the	 histone	 post-translational	

modification	 (PTM)	 H3K36me3	 that	 is	 in	 turn	 recognized	 by	 the	 PWWP	 domain	 of	

DNMT3	[20,21].	In	murine	cell	lines,	the	loss	of	gene	body	methylation	either	by	knock-

out	of	DNMT3	or	by	abrogation	of	 its	 recruitment,	 resulted	 in	an	 increase	of	aberrant	

transcripts	 originating	 from	 cryptic	 intragenic	 promoters	 [22].	 Additionally,	 in	 the	

anemone	Aiptasia	 pallida	 and	 in	 the	 coral	 Stylophora	 pistillata,	 genes	 A	 reduction	 of	

transcriptional	 noise	 reported	 in	 other	 organisms	 [23],	 has	 also	 been	 described	

suggesting	an	ancient	origin	of	this	function.		

1.1.3	5mC	Hypermutability	and	Sequence	Evolution	

DNA	methylation	 entails	 a	 high	mutagenic	 cost	 that	may	 explain	 why	 it	 as	 been	 lost	

multiple	 times.	While	 spontaneous	deamination	of	 cytosine	 already	makes	C	 to	 T	 the	

most	 common	 of	 transitions,	 5mC	 is	 more	 prone	 to	 undergo	 deamination	 and	 its	
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product	 it	 is	 less	 likely	 to	be	 repaired	 [26,2].	 Considering	 that	most	5mC	occur	within	

CpGs,	 their	elevated	mutation	 rates	drive	 the	conversion	of	CpG	palindromes	 to	TpGs	

and	 CpA	 on	 the	 sense	 and	 antisense	 strands	 [27].	 Biased	 frequencies	 of	 these	 three	

dinucleotides	 are	 a	 hallmark	 of	 genomes	 with	 DNA	 methylation,	 being	 mammals	 an	

exemplar	case	where	CpGs	are	remarkably	scarce	[28].		

This	footprint	of	CpG	conversion	can	be	appreciated	in	the	codon	usage	frequencies	of	

those	amino	acids	with	CpG	bearing	codons,	either	NCG	or	CGN.	Since	substitutions	on	

the	 third	 position	 of	 NCGs	 never	 result	 in	 amino	 acid	 changes,	 NCAs	 have	

inconsequentially	 replaced	a	 substantial	portion	of	NCGs	 in	methylated	genomes	 [29].	

This	 phenomenon	 has	 recently	 been	 proposed	 as	 a	 means	 for	 codon	 optimization,	

arguing	that	strong	methylation	of	actively	transcribed	genes	favors	the	appearance	and	

selection	of	NCA	 codons	 that	 are	optimal	 over	NCG	 [30].	 This	 hypothesis	 extends	 the	

functional	 significance	 of	 gene	 body	 methylation	 and	 proposes	 a	 favorable	 outcome	

from	the	hypermutability	of	methylated	CpGs.	

1.2	Porifera	

1.2.1	What	are	Sponges?	

Sponges	 (Porifera)	 are	 benthic	 and	 filter-feeding	 animals	 that	 with	 a	 characteristic	

morphological	 simplicity	 were	 once	 considered	 an	 intermediate	 state	 between	

protozoan	 aggregations	 and	 true	 animals.	 Currently,	 they	 are	 recognized	 as	 a	

monophyletic	 group	 within	 Metazoa	 for	 having	 traits	 as	 embryonic	 layering,	 actin-
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myosin	contractile	elements,	type	IV	collagen,	among	others	[31].	Their	position	is	also	

supported	by	phylogenomics	studies,	which	have	placed	them	as	the	earliest	branching	

metazoan	 lineage	 [32].	This	 condition,	and	having	a	biology	 that	 likely	 captures	 states	

similar	 to	 those	 of	 the	 last	 common	 ancestor	 of	 animals,	 makes	 them	 a	 key	 to	

understand	early	animal	and	genome	evolution	[31].	

1.2.2	Sponges	Have	Complex	Genomes	

It	 is	 well	 known	 that	 sequencing	 of	 the	 first	 animal	 genomes	 revealed	 unexpectedly	

similar	 gene	 numbers	 between	 vertebrates	 and	 invertebrates,	 redirecting	 hypotheses	

on	 the	 evolution	 of	 organismal	 complexity	 towards	 the	 appearance	 of	 mechanisms	

regulating	a	genetic	toolkit	instead	of	to	the	appearance	of	novel	genes	with	specialized	

functions.	 Along	 these	 ideas,	 sequencing	 of	 the	 first	 Expressed	 Sequence	 Tags	 of	

sponges	 followed	 by	 the	 release	 of	 the	 first	 sponge	 draft	 genome	 revealed	 gene	

repertoires	 in	 Porifera	 as	 rich	 in	 content	 and	 functionality	 as	 those	 from	 higher	

metazoans	 [33,34].	 Moreover,	 recent	 studies	 describing	 the	 distribution	 of	 histone	

PTMs	 in	 a	 sponge	 also	 found	 regulatory	 landscapes	 characteristic	 of	 animals	 that	 are	

absent	in	their	closest	unicellular	relatives	[35].	

1.2.3	DNA	Methylation	in	Sponges	

Knowledge	 about	 DNA	 methylation	 in	 Porifera	 is	 lacking.	 Four	 decades	 ago,	 High-

Pressure	 Liquid	 Chromatography	 (HPLC)	 identified	 abundances	 of	 5mC	 comparable	 to	

those	 from	 vertebrates	 in	 two	 distinct	 classes	 of	 sponges	 [36,37].	 In	 recent	 years,	
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immunochemistry	 assays	 and	 Mass	 Spectrometry	 found	 changing	 amounts	 of	 5mC	

through	the	development	of	a	fresh	water	demosponge.	This	was	accompanied	by	the	

identification	of	homologs	of	mediators	for	the	crosstalk	between	methylated	DNA	and	

nucleosome	remodeling	complexes	[38].	

Aside	 those	 studies,	 no	 other	 assessment	 of	 DNA	 methylation	 in	 Porifera	 has	 been	

made.	 With	 published	 detailed	 descriptions	 of	 DNA	 methylation	 from	 other	 non-

bilaterians	 such	 as	 anemones	 [24],	 corals	 [25],	 and	 ctenophores	 [6],	 similar	 data	 for	

sponges	 is	 missing	 to	 fill	 a	 major	 gap	 and	 to	 track	 the	 proposed	 functions	 and	

distribution	of	DNA	methylation	deeper	in	Metazoa.	

1.2.4	Amphimedon	queenslandica	and	Objectives	

To	 tackle	 this	 lack	 of	 information,	 this	 study	 used	whole-genome	bisulfite	 sequencing	

(WGBS),	 the	 gold	 standard	 to	 characterize	DNA	methylation	at	 single	base	 resolution,	

for	the	first	time	in	a	sponge.	The	subject	species,	Amphimedon	queenslandica	Hooper	

&	van	Soest	2006	[39]	(herein	Amphimedon),	is	a	sponge	from	the	class	Demospongiae	

that	 inhabits	 the	Great	Barrier	Reef.	Being	 the	sponge	model	 for	most	Developmental	

Biology	and	Phylogenomics	studies	looking	beyond	bilateria,	Amphimedon	was	the	first	

Poriferan	to	have	its	genome	sequenced	and	an	extensive	repertoire	of	gene	expression	

and	 even	 Chromatin	 Immunoprecipitation	 Sequencing	 (ChIP-Seq)	 data	 is	 publically	

available	[40,35].	Together	with	a	description	of	the	distribution	of	DNA	methylation	in	

Amphimedon,	 these	 resources	 were	 deemed	 crucial	 to	 assess	 the	 associations	 of	

methylation	 with	 the	 transcriptional	 processes	 and	 genome	 compositional	 bias	 just	
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described,	 aiming	 to	 contribute	 to	 the	 general	 understanding	 of	 functions	 and	

implications	of	DNA	methylation	in	animals.	
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Chapter	2	

Materials	and	Methods	

2.1	WGBS	Libraries	Preparation	and	Sequencing	

DNA	from	purified	nuclei	of	a	single	Amphimedon	adult	collected	at	Magnetic	Island	in	

the	Great	Barrier	Reef	was	subjected	to	two	rounds	of	bisulfite	convertion	and	used	to	

prepare	two	paired-end	150	bp	Illumina	libraries.	These	were	run	on	separate	lanes	on	a	

Illumina	HiSeq	4000	plataform.	Raw	 sequenced	data	will	 be	 released	 in	 the	 Sequence	

Read	 Archive	 (SRA)	 database	 of	 the	 National	 Centre	 for	 Biotechnology	 Information	

(NCBI)	[41]	upon	publication.		

Aminals	where	colected	and	DNA	was	exctrated	by	the	group	of	Nicole	Wesbter	at	the	

Australian	 Institute	of	Marine	 Sciences.	 Bisulfite	 convertion,	 libraries	 preparation,	 and	

sequecing	 run	were	performed	by	Craig	 T.	Mitchell	 at	 the	King	Abdullah	University	of	

Science	and	Technology.	

2.2	Mapping	and	Annotation	of	Sequenced	Data	

Raw	sequencing	data	was	processed	as	in	Li	2018	[24]	and	Liew	2018	[25].	Reads	were	

trimmed	 with	 Cutadapt1.8	 [42]	 and	 mapped	 to	 Aqueenslandica2.0	 genome	 with	

Bowtie2	 under	 Bismark0.18.1	 supervision	 [43,44],	 which	 was	 sequentially	 used	 to	

remove	duplicated	alignments	and	to	extract	putative	methylated	sites.	A	selection	for	
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bona-fide	methylated	 sites	was	made	with	 a	Python	 pipeline,	 keeping	only	 those	 that	

matched	 the	 following	 criteria:	 i)	 Average	 coverage	 higher	 or	 equal	 to	 10,	 ii)	 Site	 is	

methylated	in	both	replicates,	iii)	Methylated	state	had	significant	support	assuming	1%	

non-conversion	 rate	 and	 considering	 base	 sequencing	 quality.	 For	 those	 sites,	

methylation	 level	was	calculated	as	 the	 ratio	of	 reads	where	 it	was	 found	methylated	

over	its	total	coverage.	

Annotation	of	methylated	sites	to	genomic	features	was	performed	with	Python	scripts	

wich	also	calculated	the	amount	of	methylated	CpGs,	methylation	density	(methylated	

CpG	 /	 total	 CpGs),	 and	median	methylation	 level	 separately	 for	 every	 gene	and	exon.	

Methylated	genes	were	 then	defined	as	 those	with	at	 least	 five	methylated	CpGs	and	

Highly	Methylated	Genes	as	those	over	the	third	quartile	of	Median	Methylation	Level.		

2.3	Additional	Data	Collection	and	Processing	

Two	RNA-Seq	 datasets	 generated	 from	non-reproductive	 tissue	 of	 adult	Amphimedon	

individuals	were	downloaded	from	the	SRA	database	of	NCBI.	RNA-Seq	dataset	1	 [40],	

identified	 in	 SRA	 as	 SRP055403,	 was	 sequenced	 from	 Single-End	 50	 bp	 long	 libraries	

made	 from	 three	 biological	 replicates	 and	 divided	 in	 two	 technical	 replicates	 each.	

Dataset	2	[45],	identified	as	SRP044247,	was	generated	from	a	single	but	deeper	Paired-

End	200	bp	library.	

ChIP-Seq	 data	 for	 the	 histone	 modifications	 H3K27me3,	 H3K36me3,	 and	 for	 RNA	

Polymerase	 II	 (CTD	with	non-phosphorylated	 serines)	 [35]	 generated	 from	 three	adult	
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individuals	 of	Amphimedon	 collected	 at	 the	 same	 location	 as	 the	 other	 datasets	 was	

retrieved	 from	 NCBI	 Gene	 Expression	 Omnibus	 (GEO)	 [46].	 Files	 with	 coordinates	 of	

enriched	loci	for	each	of	target	were	found	with	the	GEO	identifier	GSE79645.	

Genome	 assemblies,	 annotation	 files,	 and	 gene	 models	 used	 in	 this	 study	 were	

downloaded	from	reefgenomics	[47],	COMPAGEN	[48],	the	Amphimedon	Transcriptome	

Resource	[49],	and	public	Bitbucket	repositories	[50].	

2.4	Analyses	Details	

Per-gene	absolute	expression	was	calculated	as	Transcripts	per	Kilobase	Million	 (TPM)	

values	mapping	 the	RNA-Seq	dataset	1	against	gene	models	of	 the	Aqu2.1	 annotation	

using	Kallisto	 [51].	These	were	later	averaged	first	within	technical	replicates	and	then	

as	biological	replicates.	

Per-exon	 relative	 expression	 values	 required	 for	 spurious	 transcription	 and	 splicing	

analyses	 were	 calculated	 as	 in	 Li	 2018	 [24]	 and	 Liew	 2018	 [25].	 This	 consisted	 of	

mapping	RNA-Seq	datasets	1	and	2	against	the	Aqu2.0	genome	using	the	splice-aware	

aligner	HISAT2	[52].	With	the	Aqu2.1	genome	annotation,	a	Python	script	was	then	used	

to	calculate	every	exon	median	coverages	that	were	then	corrected	by	their	length	as	if	

they	were	Read	Per	Kilobase	Million	(RPKM)	values.	For	each	gene,	exons	RPKMs	were	

then	 divided	 by	 the	 expression	 of	 its	 first	 exon	 and	 log-transformed.	 Only	 data	 from	

genes	with	 a	minimum	of	 six	 exons	 and	with	 a	minimum	 TMP	 of	 1	was	 kept	 for	 the	

analyses.	
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From	the	same	data,	frequently	spliced	exons	were	defined	as	those	with	an	expression	

lower	than	the	first	exon.	Then,	five	substets	of	genes	where	made	selecting	for	genes	

were	any	exon,	from	the	second	to	the	sixth,	was	marked	as	frequently	spliced.	

Two	Generalized	Linear	Models	(GLM)	were	used	to	test	the	effect	of	methylation	and	

other	features	on	exon	relative	expression;	one	for	splicing	using	per-exon	methylation	

values,	 and	 one	 for	 spurious	 transcription	 using	 the	 methylation	 state	 of	 the	 gene.	

Models	were	tested	with	the	StatsModels	package	[53]	of	Python	and	were	expressed	as	

it	 follows:	 i)	 Exon	Relative	 Expression	 ~	Gene	 Expression	 +	Gene	Methyation	 Status	 +	

Exon	 Rank,	 ii)	 Exon	 Relative	 Expression	 ~	 Length	 +	 Methylated	 sites	 +	 Median	

Methylation	+	(Length	*	Methylated	Sites).	

Codon	 usage	 bias	 was	 addressed	 using	 Relative	 Synonymous	 Codon	 Usage	 (RSCU)	

scores.	These	were	calculated	from	Aqu2.1	gene	models	with	a	Python	script	based	on	

Sharp	1986	[52],	computing	the	deviation	from	a	random	use	of	synonymous	codons	for	

all	amino	acids	with	at	least	one	CpG	bearing	codon	(Threonine,	Proline,	Alanine,	Serine,	

and	Arginine).		

2.5	General	Notes	and	Attributions	

All	 data	 was	 manipulated	 within	 a	 Unix	 terminal	 or	 with	 R	 under	 the	 RStudio	

environtment	 [53].	 Scripts	 of	 the	 pipeline	 for	 filtering	bona	 fide	methylated	 sites,	 for	

calculating	median	methylation	 over	 a	 normalized	 gene	model,	 and	 for	 calculation	 of	

genome-wide	 dinucleotide	 frequencies,	 were	 writen	 by	 Yi	 Jin	 Liew.	 Pipeline	 for	
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converting	HISAT	alignments	to	per-exon	experssion	values	was	written	by	Yong	Li.	For	

all	 other	 calculations	 and	 analyses,	 either	 R	 or	 Python	 scripts	 were	 made.	 Data	

visualization	and	figures	were	produced	with	the	R	package	ggplot2	[54]	and	miniatures	

in	figures	were	obtained	from	phylopic	[55]	or	manually	generated.	
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Chapter	3	

Results	

3.1	DNA	Methylation	 in	Amphimedon	queenslandica	Occurs	 in	CpGs	and	

Concentrates	in	Coding	Regions	

Bismark-supervised	bowtie	alignments	had	a	mapping	efficiency	of	15.4	and	10.7%	from	

each	 library,	 resulting	 in	 average	 genome	 coverage	 of	 38x.	 5mC	 were	 mostly	 found	

within	 CpG	 dinucleotides	 (~83%),	 with	 only	 a	 very	 few	 present	within	 a	 CHH	 or	 CHG	

context.	

After	 filtering	 for	bona	fide	methylated	Cytosines	 in	CpG	sites,	a	 total	of	634,966	sites	

were	 annotated.	 From	 those	positions,	 70.2%	were	 annotated	within	 genes,	 55.3%	 in	

exons	 and	 14.8%	 in	 introns;	 the	 remaining	 29.8%	 were	 found	 in	 intergenic	 regions	

(Fig.1A).	Interestingly,	methylated	CpGs	in	exons	were	not	just	more	abundant	but	also	

showed	the	highest	methylation	levels	(Fig.1B).		

The	total	5mC	represented	2.44%	of	all	Cytosines	in	Amphimedon	genome,	which	does	

not	deviate	much	 from	5mC/C	 ratios	 reported	 in	other	 invertebrates	by	WGBS	and	 in	

other	 sponges	by	HPLC.	However,	when	accounting	 for	CpG	dinucleotides	and	not	 for	

cytosine,	17.7%	of	them	were	found	methylated,	making	Amphimedon	the	invertebrate	

with	the	highest	mCpG	/	CpG	ratio	described	so	far	(Fig.1C).	Methylation	density	(mCpG	

/	 CpG)	 also	 varied	 among	 genomic	 features,	 with	 25.5%	 of	 all	 CpGs	 in	 exons	 being	
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methylated	and	with	 introns	showing	a	 lower	methylation	density	comparable	 to	 that	

from	intergenic	regions	(Fig.1D).	

Fig.1.	 Distribution	 of	 CpG	 methylation	 in	 Amphimedon	 genomic	 features.	 A)	 Gross	 distribution	 of	
methylated	 GpGs	 in	 exonic	 (55.3%),	 intronic	 (14.8%),	 and	 intergenic	 regions	 (29.8%).	 B)	 Relative	
frequencies	of	methylated	sites	across	a	normalized	gene	model.	Frequencies	are	normalized	to	the	mean	
length	 of	 the	 features	 shown.	 C)	 Comparison	 of	 genomic	 mCpG/CpG	 ratios	 among	 representatives	 of	
major	animal	lineages.	From	top	to	bottom:	Homo	sapiens	(Chordata),	Crassostrea	gigas	(Mollusca),	Apis	
mellifera	 (Arthropoda),	 Aiptasia	 pallida	 (Cnidaria),	Mnemiopsis	 leidyi	 (Ctenophora),	 and	 Amphimedon	
queenslandica	 (Porifera).	 Miniatures	 from	 phylopic	 [55]	 or	 manually	 generated.	 D)	 Normalized	
frequencies	on	different	regions.	

 

3.2	 Gene	 Body	 CpG	 Methylation	 is	 Associated	 With	 the	 Histone	 PTM	

H3K36me3	and	With	Higher	Expression	

Since	 conservation	 of	 a	 PWWP	 domain	 was	 confirmed	 by	 SMART	 [56]	 in	 the	

Amphimedon	DNMT3	homolog,	 the	common	association	between	the	presence	of	 the	
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histone	 PTM	 H3K36me3	 and	 CpG	 methylation	 that	 depends	 on	 it	 was	 analyzed.	 As	

expected,	genes	enriched	for	the	histone	modification	H3K36me3	significantly	showed	a	

higher	methylation	density	and	higher	methylation	levels	than	other	genes.	Conversely,	

genes	marked	by	H3K27me3,	a	histone	PTM	associated	to	transcriptional	repression,	did	

not	 show	 any	 enrichment	 for	 methylation	 (Fig.2A).	 As	 commonly	 described,	 the	

presence	of	H3K36me3	and	H3K27me3	was	 respectively	associated	with	high	and	 low	

expression	 levels	 (Fig.2B).	Moreover	 and	 independently	 of	 histone	 PTMs,	methylated	

genes	 also	 showed	 expression	 levels	 significantly	 higher	 than	 those	 not	 methylated	

(Fig.2C).	

Fig.2.	 Association	 of	 GpG	 methylation	 with	 histone	 PTMs	 and	 expression.	 A)	 Signal	 of	 H3K36me3	 is	
positively	correlated	with	higher	levels	and	density	of	methylation	while	H3K27me3	is	not.	B)	Genes	with	
histone	PTMs	H3K36me3	and	H3K27me3	have	significantly	higher	and	lower	expression	than	other	genes	
respectively.	 C)	Methylated	 genes	 are	 significantly	more	 expressed	 than	 non-methylated	 genes.	 For	 all	
graphs:	t	test	***p	<	0.001,	NS	=	Not	significant. 
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3.3	Per-exon	CpG	Methylation	Predicts	Retention	in	mRNA	Splicing	

The	 functional	 significance	 of	 the	 annotated	 gene	 body	methylation	was	 investigated	

evaluating	 its	association	to	splicing	and	to	spurious	transcription.	To	assess	 its	 role	 in	

splicing,	the	effect	of	CpG	methylation	levels	and	density	of	individual	exons	was	tested	

with	a	Generalized	Linear	Model	(GLM)	that	found	a	positive	and	significant	association	

of	these	variables	with	exons	relative	expression.	

Fig.3.	 Spliced	 exons	 exhibit	 lower	 levels	 of	 methylation.	 A)	 Methylation	 levels	 of	 skipped	 exons	 are	
significantly	lower	than	in	other	exons.	***p	<	0.001.	B)	Subsets	of	genes	where	exons	2	to	6	(one	for	each	
panel)	 were	 frequently	 spliced	 (represented	 by	 low	 relative	 expression	 captured	 in	 the	 left	 axis)	 show	
drops	in	their	methylation	level	of	that	same	exon	(right	axis).	Black	lines	indicate	standard	error.	Amount	
of	genes	on	each	set	is	indicated	at	the	bottom	of	each	panel.	

	

Additionally,	a	comparison	of	methylation	levels	between	frequently	skipped	exons	and	

the	rest	also	found	significant	differences	on	methylation	levels	and	density	(Fig.3A),	as	

it	 is	 commonly	 reported	 from	other	 organisms.	 Complementary	 to	 this,	 but	 assessing	
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whole	 transcripts	 instead	 of	 individual	 exons,	 subsets	 of	 genes	where	 a	 specific	 exon	

was	frequently	spliced	were	also	found	to	have	the	same	particular	exon	as	the	one	with	

the	lowest	methylation	level;	at	least	when	accounting	for	exon	2,	4,	5	and	6	(Fig.3B).	

3.4	CpG	Methylation	does	not	Reduce	Spurious	Transcription	

Assuming	 that	 sequencing	 of	 partial	 transcripts	 originated	 from	 intergenic	 promoters	

contribute	more	reads	to	intermediate	exons	than	to	the	first	exon,	relative	expression	

values	 of	 intermediate	 to	 the	 first	 exons	 were	 used	 as	 a	 proxy	 to	 measure	 the	

occurrence	 of	 spurious	 transcription.	 To	 test	 whether	 spurious	 transcription	 was	

reduced	 in	 methylated	 genes,	 levels	 of	 intermediate	 exons	 relative	 expression	 were	

compared	 among	 groups	 of	 genes	 with	 different	 methylation	 states.	 Differing	 from	

observations	 of	 cnidarians	 and	mice	 [22,24,25],	 intermediate	 exons	 from	methylated	

genes	 of	 Amphimedon	 showed	 higher	 and	 increasing	 relative	 expression	 than	 those	

from	non-methylated	genes	(Fig.4A).	

Additionally,	 a	 GLM	 that	 assessed	 the	 effect	 of	 gene	 body	 methylation	 state,	 gene	

absolute	 expression,	 and	 exon	 rank,	 found	 significant	 and	 positive	 associations	 for	 all	

these	 variables	 to	 exon	 relative	 expression.	 While	 it	 was	 expected	 that	 higher	 gene	

expression	 and	 a	 longer	 distance	 downstream	of	 the	 typical	 Transcriptional	 Start	 Site	

(TSS)	 predicted	 spurious	 transcription,	 the	 positive	 effect	 of	 methylation	 was	 again	

opposite	to	expectation.	
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ChIP-seq	data	was	then	used	to	select	a	group	of	genes	with	inactive	RNA	polymerases	

set	 downstream	 to	 their	 TSS,	 assuming	 this	 represented	 spurious	 recruitment	 of	 the	

transcriptional	 machinery	 to	 cryptic	 promoters.	 As	 expected,	 these	 genes	 exhibited	

increased	relative	expression	of	intermediate	exons,	suggesting	more	events	of	spurious	

transcription.	 Nonetheless,	 such	 genes	 also	 showed	more	 dense	 and	 higher	 levels	 of	

methylation	than	the	rest	(Fig.4B).	

Fig.4.	Methylated	genes	do	not	show	less	spurious	transcription.	A)	Transcription	of	intermediate	introns	
is	 lower	 in	 non-methylated	 genes	 than	 in	methylated	 genes.	 Y-axis	 shows	 the	 natural	 logarithm	of	 the	
relative	 expression	 of	 exons	 1	 to	 6	 to	 exon	 1	 (n	 =	Highly	Methylated:	 1312,	 Slightly	Methylated:	 2360,	
Non-methylated:	947).	Black	lines	 indicate	standard	error.	B)	Genes	with	intergenic	recruitment	of	RNA-
Pol	II	predicts	more	spurious	transcription	but	are	more	strongly	and	densely	methylated.	***p	<	0.001	(n	
=		w/	Intragenic	Pol-II:	989,		Other	genes:	3630). 
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3.5	Poriferan	Genomes	Have	a	Strong	Compositional	Bias	Characteristic	of	

Recurrent	CpG	Conversion	

Initial	 exploration	 of	 mCpG	 distribution	 in	 Amphimedon	 genes	 revealed	 an	 unusual	

scarcity	 of	 CpG	dinucleotides,	with	 the	majority	 having	CpG	observed/expected	 ratios	

(CpG	 O/E)	 below	 0.5.	 Interestingly,	 these	 values	 followed	 an	 atypical	 unimodal	

distribution	 not	 observed	 in	 other	 animals	 with	 DNA	methylation	 (Fig.5A).	 Moreover	

and	also	contrasting	with	common	observations,	CpG	O/E	values	of	methylated	genes	

were	significantly	higher	than	those	from	non-methylated	genes	(Fig.5B).	

Fig.5.	Distribution	of	CpG	O/E	in	Amphimedon	genes	is	heavily	biased	and	higher	in	methylated	genes.	
A)	 The	 big	 majority	 of	 genes	 in	 Amphimedon	 have	 much	 less	 CpG	 dinucleotides	 than	 expected.	 This	
contrasts	with	the	typical	distributions	of	CpG	O/E	from	other	 invertebrates	(represented	by	the	orange	
dotted	 line).	 B)	 Methylated	 genes	 show	 significantly	 higher	 CpG	 O/E	 values;	 however,	 a	 considerable	
overlap	exists	between	distributions.	***p	<	0.001.	

	

Since	compositional	bias	can	be	attributed	to	contamination	and	Amphimedon	genome	

is	 in	 a	draft	 state,	 genes	CpG	O/E	 values	 and	whole-genome	dinucleotide	 frequencies	

were	also	calculated	from	gene	models	and	genome	assemblies	of	other	sponges.	This	

implied	 incorporating	 data	 from	 members	 of	 the	 three	 other	 classes	 of	 Porifera:	
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Hexactinellida	(Oopsacas	minuta),	Homoscleromorpha	(Oscarella	carmela),	and	Calcarea	

(Sycon	ciliatum).	

Results	indicated	that	Amphimedon	low	and	skewed	distribution	of	CpG	O/E	values	was	

not	a	peculiarity	of	 its	assembly	but	a	distinctive	 feature	of	Poriferan	genomes.	While	

distributions	 of	 genes	 CpG	 O/E	 from	 other	 sponges	 were	 consistently	 unimodal	 and	

centered	 in	 low	 values	 (Fig.6A),	 genome-wide	 dinucleotide	 O/E	 ratios	 also	 exhibited	

similar	deviations	in	their	composition	(Fig.6B).	CpG	had	by	far	the	most	biased	O/E	ratio	

of	 all	 dinucleotides	 in	 all	 sponge	 genomes	 analyzed,	 reaching	 values	 below	 0.5.	

Conversely,	 but	 equally	 remarkable,	 high	 O/E	 ratios	 (~1.25)	 of	 TpG	 and	 CpA	

dinucleotides	were	also	characteristic	of	sponge	genomes	(Fig.6B),	pointing	to	the	CpG	

loss	 being	 a	 consequence	 of	 C	 to	 T	 conversion	 in	 CpG	 contexts.	 Additionally,	 it	 was	

notorious	that	in	these	analyses	sponges	resembled	more	a	mammalian	than	any	other	

invertebrate	with	DNA	methylation.	
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Fig.6.	 A	 common	 CpG	 O/E	 bias	 is	 characteristic	 of	 Porifera.	 A)	 Genes	 from	 demosponges	 and	 a	
hexactinellid	exhibit	similar	CpG	O/E	distributions	that	differ	from	other	invertebrates	(a	coral	in	grey)	but	
resemble	a	vertebrate's	one	 (house	mouse	 in	orange).	B)	Genome	wide	observed/expected	frequencies	
for	every	dinucleotide	of	three	demosponges	and	one	calcarean	show	high	deviations	for	CpG,	TpG,	and	
CpA.	As	in	section	A,	sponges	are	represented	in	blue,	a	coral	in	gray,	and	mouse	in	orange.	

	

Accounting	 separately	 for	 exons	 and	 introns,	 strong	 CpG	 O/E	 bias	 remained	 true	 for	

both	 fractions;	 however,	 it	 was	 significantly	more	 pronounced	 in	 introns	 (Fig.7).	 This	
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also	reveled	thousands	of	genes	whose	introns	did	not	contain	any	CpG	dinucleotide	at	

all	and	indicated	positive	selection	of	CpG	sites	within	exons.			

Fig.7.	 Introns	of	sponges	have	relatively	 few	or	no	CpGs	at	all.	CpG	O/E	values	of	 introns	were	always	
significantly	lower	than	those	from	exons.	Peaks	of	introns	CpG	O/E	at	0	accounted	for	a	portion	of	genes	
not	containing	a	single	CpG	in	its	introns.	***p	<	0.001.	*Note:	Xestospongia	genome	is	presumed	to	have	
substantial	contamination. 

	

3.6	Biased	Usage	of	GpG	Bearing	Codons	Reflects	Genome	Wide	 Loss	of	

CpGs	

To	test	whether	the	scarcity	of	GpGs	in	Amphimedon	genome	conveyed	a	biased	use	of	

CpG	bearing	codons,	Relative	Synonymous	Codon	Usage	(RSCU)	scores	of	Amphimedon	

genes	 were	 calculated	 and	 analyzed	 in	 relation	 to	 gene	 absolute	 expression	 and	
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methylation	 levels.	Since	RSCU	represents	how	much	a	codon	 is	used	 in	relation	to	 its	

synonymous	codons,	and	Amphimedon	genome	is	poor	in	CpGs,	low	RSCU	for	NCG	and	

CGN	codons	(where	N	can	be	any	base)	were	anticipated.	

RSCU	 scores	 of	 NCG	 codons	were	 strikingly	 low	 for	 all	Amphimedon	 genes;	 however,	

significant	 differences	 in	 most	 pair-wise	 comparisons	 between	 codons	 of	 methylated	

and	 non-methylated	 genes	 were	 found.	 Interestingly,	 and	 recalling	 the	 unusual	

observation	of	methylated	genes	showing	high	CpG	O/E	values,	only	methylated	genes	

displayed	 a	 modest	 use	 of	 NCG	 codons	 while	 these	 were	 nearly	 or	 even	 completely	

dismissed	 in	 non-methylated	 genes	 (median	RSCU	 for	NCG/GCN	=	 0).	 For	 all	 the	CGN	

codons	of	Arginine,	RSCU	reflected	a	clear	underrepresentation	when	compared	to	AGA	

or	AGG	(Fig.8).	

When	 analyzing	 methylated	 genes	 and	 how	 RSCU	 scores	 changed	 at	 different	

methylation	 levels,	 RSCU	 of	 CpG	 bearing	 codons	 always	 decreased	 towards	 higher	

methylation	 while	 RSCU	 of	 NCA	 increased;	 but	 interestingly,	 RSCU	 of	 CpG	 bearing	

codons	 showed	 a	 significant	 increase	 at	 the	 highest	 methylation	 levels	 (Fig.9A).	 This	

observation,	together	with	methylated	genes	using	more	CpG	bearing	codons	than	non-

methylated	 genes,	 contradicts	 the	 hypothesis	 of	 gene	 body	 methylation	 serving	 to	

replace	 NCG	 codons	 with	 NCA.	 Additionally,	 analyzing	 RSCU	 at	 different	 expression	

levels	 showed	 that	 RSCU	 of	 NCA	 codons	 actually	 remained	 steady	 or	 exhibited	

decreasing	trends	towards	higher	expression	values,	speaking	against	NCA	being	more	

optimal	than	NCG	as	such	hypothesis	proposes	as	well	(Fig.9B).	
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Fig.8.	Use	 of	NCG,	 CGN,	 and	 their	 synonymous	 codons,	 vary	 among	methylated	 and	 non-methylated	
genes.	Significant	differences	on	the	relative	use	of	synonymous	codons	(RSCU)	were	found	in	most	pair-
wise	comparisons.	For	NCG	and	CGN	codons,	the	difference	was	always	significant	and	clearly	appreciated	
by	 the	median	 (central	 line	of	 the	box)	at	0	of	 the	Y-axis	 in	methylated	genes.	Mt	=	Methylated,	NM	=	
Non-methylated.	***p	<	0.001,	**p	<	0.01,	*p	<	0.05. 
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Fig.9.	Use	of	CpG	bearing	codons	vary	with	methylation	levels.	Average	RSCU	of	each	codon	from	amino	
acids	 with	 CpG	 bearing	 codons	 at	 different	 levels	 of	 methylation	 (left)	 and	 the	 logarithm	 of	 absolute	
expression	(right).	Gray	shadows	represent	standard	error.	NCG	and	CGN	codons	highlighted	in	blue.	NCA	
codons	highlighted	in	orange.	
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Chapter	4	

Discussion	

4.1	CpG	Methylation	in	Sponges	is	Remarkably	High	

This	study	is	the	first	to	describe	in	detail	the	distribution	and	high	abundance	of	5mC	in	

a	sponge	genome.	Findings	 like	 its	predominant	occurrence	within	gene	bodies	and	 in	

the	 form	 of	 CpGs,	 as	 is	 the	 norm	 for	 animals	 suggest	 a	 dependence	 on	 DNMTs	 for	

cytosine	 methylation.	 The	 high	 mCpG/CpG	 ratios	 of	 Amphimedon	 are	 remarkable,	

especially	 when	 compared	 to	 other	 invertebrates.	 Considering	 that	 Amphimedon	

genome	assembly	is	a	draft	and	likely	fails	to	account	for	repetitive	elements	where	CpG	

methylation	 is	 common,	 there	 is	 a	 reasonable	 chance	 for	 this	 ratio	 being	 an	

underestimation	 of	 actual	 biological	 methylation	 levels.	 Moreover,	 under	 the	 fair	

assumption	of	5mC	mostly	occurring	 in	CpGs	of	other	 sponge	 species,	 the	high	molar	

ratios	of	 5mC	 reported	by	HPLC	 [36,37]	 together	with	 the	described	 low	CpG	 relative	

abundances	common	to	porifera,	suggest	that	mCpG/CpG	ratios	can	be	similar	or	even	

higher	in	other	sponge	species.	

4.2	CpG	Methylation	does	not	Predict	Less	Spurious	Transcription	

While	 recruitment	 of	 DNMT3	 to	 constitutively	 transcribed	 genes	 is	 supported	 by	 the	

enrichment	of	CpG	methylation	on	genes	marked	by	H3K36me3	and	by	the	conservation	

of	 its	PWWP	domain,	 gene	body	methylation	does	not	 reflect	 a	decrease	on	 spurious	

transcription	 as	 described	 in	 mice	 and	 cnidarians	 [22,24,25].	 There	 are	 substantial	



36 
 

differences	observed	on	spurious	transcription	rates	of	methylated	and	non-methylated	

genes	of	Amphimedon;	however,	this	may	be	mostly	driven	by	the	higher	and	constant	

transcription	 of	 such	 genes,	 as	 suggested	 by	 their	 H3K36me3	 enrichment	 and	 higher	

transcript	abundances.		

When	 compared	 with	 other	 metazoan	 genomes,	 the	 Amphimedon	 genome	 is	

distinctively	 compact.	 It	 has	 short	 intergenic	 regions	 and	 a	 relatively	 low	 amount	 of	

introns	 that	 are	much	 shorter	 than	 those	 from	higher	metazoans	 [57].	 Since	 compact	

gene	 bodies	 represent	 less	 ground	 for	 unwanted	 recruitment	 of	 transcription	

machinery,	spurious	transcription	in	Amphimedon	might	probably	be	a	smaller	problem	

mitigated	 by	 mechanisms	 independent	 of	 gene	 body	 methylation,	 i.e.	 targeting	 the	

degradation	of	missense	transcripts	as	 it	occurs	 in	other	organisms	where	methylation	

as	been	lost	[58].	

4.3	A	Role	in	Splicing	Explains	Heavy	CpG	Methylation	in	Exons	

Although	no	functional	evidence	is	provided	in	most	studies	linking	methylation	levels	to	

exon	 retention	 during	 mRNA	 splicing,	 evidence	 for	 this	 positive	 association	 broadly	

spans	 over	 the	 three	 bilaterian	 superphyla	 and	 now	 extends	 to	 the	 root	 of	Metazoa	

[13,14,16].	 In	Amphimedon,	 a	 role	 for	CpG	methylation	 in	alternative	 splicing	explains	

the	 evident	 enrichment	 of	 CpGs	 and	 their	 frequent	 methylation	 in	 exons,	 especially	

since	the	almost	dismissible	use	of	CpG	bearing	codons	does	not	appear	to	explain	the	

observed	differences	between	the	CpG	O/E	of	exons	and	introns.	
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Sequencing	 of	 full	 transcripts	 would	 allow	 for	 a	 better	 examination	 of	 these	

associations.	 Proper	 quantification	 of	 isoforms	 could	 be	 used	 to	 ultimately	 answer	

whether	 methylated	 genes	 show	 a	 higher	 diversity	 of	 them	 and	 whether	 their	

abundance	reflects	particular	gene	body	methylation	patterns.	

4.4	Positive	Selection	Maintains	CpGs	in	Exons	of	Methylated	Genes	

The	 distinctive	 genome	wide	 loss	 of	 CpGs	 and	 uniformly	 skewed	 distributions	 of	 CpG	

O/E	values	of	sponges	is	definitely	worth	of	attention.	Particularly,	the	fact	that	CpG	O/E	

values	of	Amphimedon	methylated	genes	are	relatively	high	and	not	the	lowest	as	it	 is	

the	norm	for	other	organisms	[59].	If	this	can	be	interpreted	as	Amphimedon	being	at	a	

turning	 point	 where	 it	 is	 no	 longer	 affordable	 to	 loose	 their	 remaining	 methylation	

substrate,	it	speaks	for	an	existing	pressure	not	just	to	keep	a	minimum	of	CpGs	but	also	

to	maintain	methylation	where	this	is	needed.		

Complementary	to	this,	the	observation	of	methylated	genes	being	the	only	group	using	

NCG	 codons	 sets	Amphimedon	 as	 an	 extreme	 case	 of	 CpG	 conversion	 that	 does	 not	

reflect	the	proposed	effect	of	this	condition	on	codon	usage	optimization	[30].	Even	 if	

this	discrepancy	is	particular	to	sponges,	this	study	stands	as	the	first	one	to	assess	such	

associations	 with	 the	 only	 reliable	 method	 to	 quantify	 methylation	 levels	 and	

distribution.	 A	 similar	 analysis	 to	 test	 the	 same	 relations	 on	 cnidarians,	 invertebrates	

where	CpG	methylation	and	CpG	loss	are	more	modest,	will	be	performed	 in	the	near	

future	to	extend	the	evaluation	of	such	hypothesis.	
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4.5	Concluding	Remarks	

The	 significant	 associations	 of	 CpG	 methylation	 to	 histone	 PTMs	 and	 transcription,	

together	 with	 its	 different	 enrichment	 on	 distinct	 features,	 suggest	 that	 CpG	

methylation	 serves	 a	 crucial	 role	 in	Amphimedon	 genomic	 regulation.	 The	 remarkable	

footprint	 left	 by	 CpG	 conversion	 on	 its	 genome	 and	 in	 those	 of	 sponges	 from	 other	

Porifera	classes,	indicates	that	a	high	price	DNA	methylation	has	been	paid	for	hundreds	

of	million	 years.	 From	 the	 evolutionary	 point	 of	 view,	 a	 benefit	 of	 at	 least	 the	 same	

magnitude	should	be	expected;	this	since	neither	the	mechanisms	maintaining	it	nor	its	

mutagenic	substrate	within	gene	bodies	have	disappeared	at	this	time.	
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