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Abstract	
	

	

	

	

Sponges	of	 the	phylum	Porifera	are	benthic,	 filter	 feeding	animals	which	can	be	 found	 in	
waters	 throughout	 the	world.	 Because	 of	 these	 qualities,	 consistent	 challenges	 they	 face	
include	exposure	 to	pathogenic	microorganisms,	 spatial	 competition	with	other	benthics,	
and	 predation	 from	 more	 mobile	 animals.	 To	 protect	 themselves,	 many	 sponges	 have	
developed	 complex	 chemical	 defences	 which	 display	 antimicrobial,	 antifouling,	 and	
antifeeding	purposes.	In	turn,	isolated	chemical	compounds,	or	natural	products,	from	these	
organisms	have	been	shown	to	exhibit	activity	towards	clinically	relevant	targets	such	as	
pathogenic	microorganisms,	parasites,	and	tumoral	cells.	While	derived	from	an	animal,	it	
has	been	 shown	 that	many	 sponge	natural	products	 are	 actually	produced	by	 associated	
microorganisms	living	on	or	within	the	host.	Traditionally,	such	natural	products	would	be	
isolated	and	characterized	via	chemical	extraction,	purification,	structure	elucidation,	and	
bioassays.	However,	advances	in	next-generation	sequencing	and	heterologous	expression	
have	produced	an	alternative	process	to	drug	discovery.	First,	the	genome	of	an	organism	is	
sequenced	and	genes	responsible	for	known	or	unknown	natural	products	are	identified	in	
silico	via	a	process	known	as	genome	mining.	Second,	these	genes	are	cloned	and	expressed	
in	 a	 heterologous	 expression	 system	 in	 vivo	 to	 determine	 their	 connection	 to	 a	 natural	
product.	This	second	approach	to	drug	discovery	has	been	used	to	identify	the	biosynthetic	
origin	of	natural	products	from	many	organisms	including	sponges.	

The	 overall	 aim	 of	 this	 project	 was	 to	 employ	 this	 genomics-driven	 approach	 to	 drug	
discovery	to	identify	genes	responsible	for	new	and	known	natural	products	with	possible	
therapeutic	 and	biotechnological	 applications	 from	 Irish	 sponges.	A	 specific	 focus	was	 to	
identify	the	biosynthetic	origin	of	a	family	of	compounds	known	as	3-alkylpyridine	alkaloids	
(3-APs)	which	are	highly	limited	to	sponges	of	the	Order	Haplosclerida.	These	compounds	
are	hypothesized	to	be	produced	via	a	polyketide	synthase	(PKS)	which	accepts	nicotinic	
acid	(NTA)	as	a	starter	unit.	Two	species	found	in	Ireland,	Haliclona	indistincta	and	Haliclona	
viscosa,	 are	 known	 sources	 of	 3-APs	 and	 thus	 were	 chosen	 to	 test	 this	 hypothesis.	
Furthermore,	 chemical	 extracts	 from	 these	 species	 have	 exhibited	 selective	 cytotoxicity	
towards	tumoral	cells	which	may	be	attributed	to	their	3-APs.	However,	it	was	a	secondary	
goal	of	this	project	to	also	identify	alternative	genes	responsible	for	new	natural	products	
such	as	sterols	and	larger,	bioactive	proteins.	

Based	on	these	goals,	I	 first	sequenced	the	transcriptomes	of	H.	indistincta	and	H.	viscosa,	
mapped	protein-coding	genes	to	metabolic	pathways,	and	identified	a	pathway	to	produce	
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NTA	from	tryptophan	in	both	species.	However,	a	source	of	the	alkyl	chain	was	not	identified	
as	 no	 complete	 pathway	 for	 polyketide	 or	 fatty	 caid	 biosynthesis	 could	 be	 identified.	 To	
overcome	the	limitations	of	transcriptomics,	I	then	sequenced	and	mined	the	metagenome	
of	 H.	 indistincta.	 This	 allowed	 for	 the	 identification	 of	 a	 single	 megasynthase	 gene,	 a	
nonribosomal	 peptide	 synthetase-polyketide	 synthase	 (NRPS-PKS),	 which	 fit	 the	 PKS	
hypothesis	 on	 3-AP	 biosynthesis.	 This	 NRPS-PKS	 gene	 appears	 to	 originate	 from	 a	
chromosome	of	H.	indistincta	rather	than	its	associated	microbiota	which	is	unheard	of	in	
the	field	of	marine	natural	products.	By	analysing	publicly	available	sponge	genomes	and	
transcriptomes,	 I	 was	 able	 to	 identify	 similar	 enzymes	 in	 other	 sponges	 of	 the	 classes	
Demospongiae	and	Homoscleromorpha.	This	indicates	that	sponges	themselves	should	not	
be	 discounted	 in	 comparison	 to	 their	 associated	 microbiota	 as	 sources	 of	 nitrogenous	
natural	products.	Because	in	silico	predictive	analysis	could	not	determine	whether	the	H.	
indistincta	NRPS-PKS	could	create	3-APs,	I	attempted	heterologous	expression	of	the	entire	
gene	in	Saccharomyces	cerevisiae	with	the	intention	of	in	vitro	functional	characterization.	
No	heterologous	expression	was	observed	which	may	indicate	the	presence	of	undetected	
introns	within	 the	 synthesized	gene.	Finally,	 an	alternative	 source	of	bioactive	molecules	
from	H.	indistincta	and	H.	viscosa	was	identified:	an	array	of	genes	encoding	for	actinoporin-
like	proteins	(ALPs).	By	characterizing	the	ALPs	with	in	silico	methods,	I	predicted	that	one	
likely	 has	 membrane	 binding	 and	 cytolytic	 capabilities	 similar	 to	 actinoporins	 from	
cnidarians.	These	ALP	genes	are	widespread	in	the	phylum	Porifera	and	thus	represent	an	
untapped	source	of	bioactive	proteins	with	potential	applications.
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Observed	 Patterns,	 Biosynthetic	 Considerations	 and	 Chemical	 Ecology	 of	 3-alkylpyridine	
Alkaloids	from	the	Order	Haplosclerida.
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Natural	Products	Research	in	the	Genomics	Era	
Natural	 products	 (NPs)	 are	 chemical	 compounds	 or	 substances	 that	 are	 produced	 by	 an	
organism	in	nature.	NPs	encompass	both	central	(or	primary)	and	specialized	(or	secondary)	
metabolites.	The	former	are	directly	involved	in	the	growth,	development	and	reproduction	
of	 an	 organism.	 The	 latter	 are	 not	 involved	 in	 these	 processes,	 but	 instead	 provide	 said	
organism	with	an	advantage	for	its	survival	and	include	pigments,	hormones,	pheromones	
and	 toxins.	Many	 specialized	metabolites	 are	 often	 involved	 in	 the	 chemical	 offense	 and	
defence	of	the	producing	organism	with	those	it	interacts	with.	As	a	result,	these	compounds	
often	 display	 activities	 towards	 therapeutic	 targets	 of	 interest	 such	 as	 tumoral	 cells,	
pathogenic	microorganisms,	and	parasites;	this	translates	to	natural	products	being	of	great	
interest	for	the	development	of	new	medicines.	In	support	of	this,	as	of	the	year	2014	it	is	
estimated	that	over	half	of	clinically	approved	drugs	are	either	unaltered	natural	products,	
natural	product	derivatives,	or	synthetic	mimics	of	natural	products	[1].	For	the	remainder	
of	 this	 introduction,	 the	 term	 “natural	 product”	 will	 specifically	 be	 in	 reference	 to	
“specialized	metabolite”.	

Traditionally,	 NPs	 were	 isolated	 via	 extraction,	 fractionation,	 purification,	 and	 structure	
elucidation	from	target	organisms	in	the	laboratory.	While	this	approach	is	essential	for	the	
pipeline	of	NP	discovery	and	remains	crucial	today,	it	is	not	without	drawbacks.	For	one,	the	
re-isolation	of	previously	discovered	compounds	is	a	frequent	issue	which	results	in	wasted	
time	and	necessitates	dereplication	strategies	[2].	Furthermore,	often	the	genes	responsible	
for	 a	 bioactive	 compound	 are	 either	 not	 expressed	 or	 lowly	 expressed	 at	 the	 time	 of	
sampling,	resulting	in	potential	NPs	being	overlooked	[3].	Considering	this,	an	alternative	
approach	to	NP	discovery	has	developed	which	relies	on	the	connection	they	have	with	the	
central	dogma	of	molecular	biology	(Figure	1.1).	This	dogma	illustrates	that	transcription	of	
DNA	produces	RNA	which	is	in	turn	translated	to	produce	protein.	Excluding	cases	of	non-
enzymatic	 reactions,	 the	 biosynthesis	 of	 NPs	 and	 other	 metabolites	 is	 overwhelmingly	
performed	by	enzymatic	proteins	thus	linking	them	to	this	dogma.	Based	on	this	connection,	
the	 revolution	 in	 next-generation	 sequencing	 has	 resulted	 in	 a	 new,	 complimentary	
approach	to	drug	discovery	in	which	new	or	known	NPs	are	linked	to	the	genes	responsible	
for	their	biosynthesis.	

 

Figure	1.1	The	central	dogma	of	molecular	biology	with	the	addition	of	enzymatic	metabolite	biosynthesis.	
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Microorganisms	 have	 especially	 been	 the	 target	 of	 choice	 for	 this	 new	 approach	 due	 to	
several	features.	For	one,	certain	taxa	such	as	the	actinobacteria	are	prolific	sources	of	NPs	
with	many	having	significant	portions	of	their	genome	devoted	to	specialized	metabolism	
[4].	 Furthermore,	 these	 biosynthetic	 genes	 are	 often	 clustered	 together	 in	 regions	 of	
microbial	genomes	known	as	biosynthetic	gene	clusters	(BGCs)	[5].	This	particular	feature	
has	allowed	the	development	of	genome	mining	software	which	screen	sequenced	genomes	
for	 BGCs	 responsible	 for	 the	 production	 of	 several	 well-studied	 classes	 of	 NPs	 such	 as	
polyketides,	 nonribosomal	 peptides,	 ribosomally	 synthesized	 and	 post-translationally	
modified	 peptides,	 and	 terpenes	 [6-8].	 Finally,	microorganisms,	 particularly	 bacteria	 and	
fungi,	have	significantly	smaller	genomes	than	other	prolific	sources	of	NPs	such	as	plants	
and	animals	[9].	Due	to	this,	high-coverage	genomes	are	easily	sequenced	and	assembled	
from	microorganisms.	Furthermore,	axenic	DNA	is	readily	acquirable	from	those	which	can	
be	 cultured	 on	 synthetic	 media.	 This	 alternative	 approach	 to	 drug	 discovery	 has	 been	
particularly	powerful	in	understanding	the	biosynthetic	potential	of	microbial	“dark	matter”;	
those	microorganisms	which	cannot	yet	be	cultured	[10].	By	taking	environmental	samples,	
extracting	 and	 sequencing	DNA,	 and	 assembling	metagenomes,	 the	 biosynthetic	 genes	 of	
these	microbial	communities	become	available	for	further	analyses	[11].	

The	above	approach	of	sequencing,	assembling	and	mining	a	genome	is	a	powerful	one	to	
estimate	the	biosynthetic	potential	of	an	organism	or	identify	possible	genes	responsible	for	
a	known	NP.	However,	to	truly	connect	a	gene	to	a	natural	product	further	in	vivo	or	in	vitro	
studies	are	necessary.	Bacteria,	fungi,	plants	and	animals	can	be	manipulated	via	means	such	
as	gene	deletion	studies	to	estimate	whether	a	gene	plays	a	role	in	the	biosynthesis	of	a	NP	
[12-14].	However,	 as	mentioned	previously	many	NPs	and	 their	 corresponding	BGCs	are	
derived	 from	 uncultivable	 microorganisms	 and	 thus	 are	 unsuitable	 for	 such	 methods.	
Furthermore,	 gene	 editing	 in	 certain	 organisms	 which	 are	 rich	 sources	 of	 NPs,	 such	 as	
sponges,	is	in	its	infancy	[15].	In	cases	such	as	these,	cloning	of	the	responsible	gene	or	BGCs	
into	an	expression	vector,	 transforming	a	heterologous	host,	and	expressing	 the	genes	of	
interest	 represents	 the	 most	 thorough	 ways	 to	 truly	 link	 a	 natural	 product	 to	 its	
corresponding	gene(s).	In	this	way,	the	NP	may	be	directly	produced	from	the	heterologous	
host	 which	 is	 commonly	 done	 in	 vivo	with	 numerous	 bacterial	 species	 that	 have	 been	
modified	 to	 function	 as	 chassis	 [16].	 Alternatively,	 the	 expression	 and	 isolation	 of	 the	
responsible	 biosynthetic	 enzyme(s)	 followed	 by	 in	 vitro	 characterization	 with	 suitable	
substrates	is	another	method	which	has	been	applied	to	biosynthetic	genes	not	suitable	for	
microbial	fermentation	[17].	

The	Oceans	as	a	Source	of	Marine	Natural	Products	
Originally	 terrestrial	 organisms	 such	 as	plants,	 fungi	 and	bacteria	 represented	 the	major	
source	of	NPs,	but	the	20th	century	saw	new	inspiration	for	drug	discovery	in	the	oceans	of	
our	planet.	In	particular,	benthic	organisms	such	as	macroalgae,	sponges,	corals,	bryozoans,	
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molluscs	 and	 tunicates	 have	 been	 found	 to	 be	 rich	 sources	 of	 marine	 natural	 products	
(MNPs).	This	is	likely	derived	from	the	need	of	these	organisms	to	compete	with	one	another	
for	space	to	grow,	to	ward	off	more	mobile	predators,	and	to	prevent	infection	by	pathogens.	
Despite	many	MNPs	having	been	isolated	from	the	aforementioned	benthic	macroorganisms,	
the	 true	 origin	 of	 these	 compounds	 has	 almost	 always	 been	 traced	 to	 microorganisms	
associated	 with	 said	 macroorganisms	 or	 in	 a	 symbiotic	 relationship	 with	 them	 [18].	
However,	it	should	be	noted	that	some	exceptions	have	been	identified	in	which	marine	algae	
and	invertebrates	have	been	identified	as	the	true	source	of	MNPs	[17,19-22].	The	unique	
biodiversity	of	the	oceans	in	comparison	to	terrestrial	environments	has	also	translated	into	
a	more	unique	chemistry	with	features	such	as	nitrogen	and	bromine	atoms	being	far	more	
common	 in	MNPs	 than	 their	 terrestrial	counterparts	 [23].	To	date,	 there	are	17	clinically	
approved	drugs	which	trace	their	origins	to	MNPs	and	an	additional	29	in	clinical	trials	[24].	
For	 these	 reasons,	 the	 oceans	 and	 its	 denizens	 represent	 a	 proliferative	 source	 of	 new	
compounds	with	applicable	bioactivities.	Due	to	their	high	degree	of	biodiversity,	tropical	
marine	environments	such	as	coral	reefs	were	often	the	focus	of	choice	for	the	discovery	of	
new	MNPs.	However,	more	recently	other	underexplored	regions	such	as	 the	more	 frigid	
waters	of	Ireland	have	been	recognized	as	promising	sources	of	new	MNPs	[25].	

To	determine	whether	a	MNP	 is	suitable	 for	some	 form	of	commercial	exploitation,	 large	
quantities	are	necessary	for	the	myriad	of	bioassays	which	can	be	tested.	In	some	cases,	the	
organism	 of	 origin	 has	 been	 harvested	 from	 the	 wild.	 A	 prime	 example	 is	 the	 story	 of	
halichondrin	B	from	which	1	ton	of	harvested	Lissodendoryx	sp.	yielded	an	unsustainable	310	
mg	 of	 compound	 [26].	 To	 avoid	 this	 issue	 as	well	 as	 those	 associated	with	 aquaculture,	
chemical	synthesis	is	the	preferred	method	to	produce	pharmaceuticals	derived	from	NPs	
due	to	its	controlled	nature.	Still,	synthetic	chemistry	can	often	not	mimic	the	efficiency	of	
biosynthetic	 pathways	which	 have	 resulted	 from	 years	 of	 evolution	 as	 is	 evident	 by	 the	
semisynthetic	process	 for	 the	production	of	 trabectedin	and	 the	 completely	 fermentative	
process	for	the	production	of	the	pre-clinical	salinosporamide	[27,28].	Thus,	knowledge	on	
the	biosynthetic	mechanisms	by	which	MNPs	are	produced	plays	a	crucial	role	in	not	just	the	
sustainability	 but	 also	 the	 possibility	 of	 advancing	 a	 potential	 MNP	 to	 becoming	 a	
commercial	product.	This	is	especially	so	with	benthic	marine	invertebrates	which	are	often	
slow-growing	and	thus	susceptible	to	overharvesting.	

Sponges	 are	 aquatic	 animals	 of	 the	 phylum	 Porifera.	 They	 can	 be	 found	 in	 tropical,	
temperate,	and	polar	waters	throughout	the	world	and	at	depths	ranging	from	the	shallow	
coasts	to	the	deep-sea	floor	[29].	As	adults	they	are	members	of	the	benthic	fauna	in	a	variety	
of	 biodiverse	 ecosystems	 such	 as	 coral	 reefs	 and	 the	 more	 recently	 recognized	 sponge	
grounds	[30].	The	majority	of	these	animals	derive	their	nutrition	by	filtering	vast	quantities	
of	 dissolved	 organic	matter	 and	microorganisms,	 although	 several	 exceptions	 have	 been	
reported	including	acquisition	of	nutrition	from	microbial	symbionts	or	direct,	carnivorous	
predation	 on	 smaller	 animals	 [31-33].	 Due	 to	 these	 qualities,	 sponges	 face	 the	
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aforementioned	challenges	of	benthic	marine	organisms	which	drive	them	to	be	prominent	
sources	 of	 MNPs.	 Indeed,	 sponges	 have	 been	 the	 origin	 of	 several	 of	 the	 previously	
mentioned	clinically	approved	MNPs.	The	first	example	is	the	Caribbean	sponge	Tectitethya	
crypta	 from	 which	 spongothymidine	 and	 spongouridine	 were	 isolated	 and	 served	 as	
inspiration	for	the	design	of	cytarabine	and	vidarabine	[34].	Furthermore,	halichondrin	B	
from	the	Japanese	sponge	Halichondria	okadai	is	the	progenitor	of	the	cytotoxic	eribulin	[35].	
Overall	 sponges	 and	 their	 associated	microbiota	 have	 been	 a	 particularly	 consistent	 and	
lucrative	source	of	MNPs	[36].	As	such,	it	is	likely	that	this	phylum	will	continue	to	serve	as	
the	origin	of	new	clinically	approved	MNPs	or	MNP-derivatives	in	the	future.	In	lieu	with	the	
biodiscovery	efforts	being	pursued	in	Ireland,	several	sponges	collected	in	the	waters	of	the	
country	have	been	identified	as	promising	sources	of	bioactive	MNPs	[37-40].	

3-Alkylpyridine	Alkaloids	from	Sponges	of	the	Order	Haplosclerida	
Sponges	of	the	order	Haplosclerida	are	a	particularly	well-known	source	of	many	different	
types	 of	 MNPs	 such	 as	 polyacetylenes	 and	 the	 renieramycin	 alkaloids	 [41].	 However,	
perhaps	one	of	the	most	well-known	families	of	MNPs	from	this	order	are	the	3-alkylpyridine	
alkaloids	(3-APs).	These	alkaloids	were	first	discovered	in	1978	upon	the	identification	of	
the	high-molecular	weight	polymer	halitoxin	from	several	Caribbean	haplosclerid	sponges	
(Figure	1.2)	[42].	Since	this	initial	finding,	over	three-hundred	unique	3-AP	structures	have	
been	isolated	primarily	from	this	order	[43-184].	They	appear	to	be	a	global	phenomenon	as	
they	have	been	isolated	from	specimens	throughout	the	waters	of	the	world	(Figure	1.3).	
Often	these	compounds,	in	particular	the	high-molecular	weight	polymers,	are	considered	
discardable,	nuisance	compounds	 in	 that	 they	are	consistently	 isolated	 from	haplosclerid	
sponges	and	exhibit	non-selective	inhibition	of	pharmacological	targets	[185,186].	However,	
several	 smaller	 isolated	 3-APs	 have	 considerable	 promise	 for	 pharmaceutical	 or	
biotechnological	 applications.	 One	 of	 the	 first	 to	 be	 discovered,	 manzamine	 A	 from	 an	
unidentified	Haliclona	sp.,	exhibited	a	potent	IC50	value	of	0.07	µg/mL	towards	P388	mouse	
leukaemia	cells;	since	then	it	has	also	been	shown	to	exhibit	notable	activity	towards	targets	
such	as	other	tumoral	cell	lines,	viruses	and	parasites	[47,187].	In	addition	xestospongin	C,	
originally	isolated	from	Neopetrosia	chaliniformis	(then	Xestospongia	exigua),	was	found	to	
exhibit	an	IC50	of	55	µM	on	the	inositol	1,4,5-trisphosphate-dependent	release	of	Ca2+	ions	
and	is	commercially	available	for	assays	related	to	this	mechanism	[45,188].		

	
Figure	1.2	Halitoxin,	the	first	structurally	characterized	3-AP	[42].	The	pyridinium	ring	and	the	alkyl	chain	
positioned	on	the	3rd	atom	of	said	ring	are	respectively	highlighted	in	blue	and	red.	

N N
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Some	 of	 the	 haplosclerid	 sponges	 from	 Ireland,	 namely	 the	 sister	 species	 Haliclona	
indistincta	 and	 Haliclona	 viscosa,	 are	 also	 known	 sources	 of	 3-APs	 which	 exist	 in	 a	
polymerized	 form	 of	 undetermined	 length	 (Figure	 1.4)	 (Olivier	 Thomas,	 personal	
communication)	 [173].	 These	 species	 are	 of	 particular	 interest	 due	 to	 the	 selective	
antitumoral	activity	their	chemical	extracts	display	towards	DU145	and	MDA-MB-468	cell	
lines	while	not	causing	damage	to	normal	fibroblast	cells;	it	is	believed	that	such	activity	is	
due	to	the	3-APs	which	are	highly	concentrated	in	their	tissue	(Grace	P.	McCormack,	personal	
communication).	Chemical	analyses	have	indicated	that	the	detergent-like	substance	exuded	
by	 these	 species	 upon	 physical	 damage	 comprise	 the	 polymeric	 3-APs	 (Olivier	 Thomas,	
personal	communication).	

 

Figure	1.4	Haliclona	indistincta,	H.	viscosa,	and	the	polymeric	3-APs	which	have	been	respectively	isolated	from	
these	species	collected	in	Irish	waters	(Photograph	credit:	Daniel	Rodrigues).	The	pyridinium	ring	and	the	alkyl	
chain	positioned	on	the	3rd	atom	of	said	ring	are	respectively	highlighted	in	blue	and	red.	

As	suggested	by	their	name,	these	alkaloids	are	united	in	their	common	possession	of	one	or	
more	pyridine,	pyridinium	or	piperidine	rings	as	well	as	the	position	of	their	alkyl	chains	on	
said	rings	(Figure	1.2;	Figure	1.4;	Figure	1.5).	This	has	resulted	in	a	common	biosynthetic	
origin	being	postulated	 for	 the	3-APs.	Such	a	notion	was	 first	 realized	by	Cimino	and	co-
authors	 in	 that	 the	 saraines,	 xestospongins	 and	 petrosins	 could	 originate	 from	 a	
hypothetical,	 cyclic,	 dimeric	 3-AP	 precursor	 [190].	 Such	 a	 precursor	was	 later	 identified	
upon	the	isolation	of	the	cyclostellettamines	and	haliclamines	[54,71].	Furthermore,	the	link	
between	these	smaller	dimers	with	the	polymeric	halitoxins	was	also	proposed	by	Cimino	
and	co-authors	in	that	coupling	of	alkylated	pyridine	or	piperidine	units	could	be	a	common	
biosynthetic	 process	 [190].	 This	 notion	 was	 strengthened	 upon	 the	 identification	 of	 the	
monomeric	niphatynes	[49].	Later,	Baldwin	and	Whitehead	significantly	expanded	upon	the	
perceived	 diversity	 of	 3-APs	 by	 proposing	 a	 link	 between	 cyclic	 dimers	 and	 the	 more	
structurally	complex	manzamine	alkaloids	[191].	This	hypothesis	was	later	supported	by	the	
isolation	 of	 the	 ingenamine	 and	 ircinal	 skeletons	 which	 corresponded	 to	 proposed	
intermediates	in	the	Baldwin	and	Whitehead	hypothesis	[64,77].	Based	on	these	hypotheses	
Anderson	and	co-workers	proposed	an	organized	hierarchy	of	3-APs	from	simple	monomers	
to	more	complex	derivatives	which	has	largely	remained	stable	since	its	initial	publication	
[192].	
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Figure	1.5	Examples	of	some	of	the	first	3-APs	to	be	discovered	[43,45,46,47,49,54,64,71,77].	The	common	
structural	motifs	of	3-APs,	 specifically	 the	pyridine,	pyridinium	or	piperidine	 rings,	 are	highlighted	 in	blue	
while	the	alkyl	chain	positioned	on	the	3rd	atom	of	said	ring	is	highlighted	in	red.	

Broadly,	there	appear	to	be	several	core	biosynthetic	steps	which	differentiate	the	numerous	
types	of	3-AP	skeletons	derived	from	the	common	building	blocks.	The	simplest	are	linear	
monomers	which	 appear	 to	 be	 the	 result	 of	modification	of	 a	 precursor	monomeric	 unit	
without	resulting	 in	any	oligomerization	or	cyclization.	Second	is	 the	dimerization	of	 two	
monomers	 in	which	 the	 terminal	ends	of	both	alkyl	chains	are	conjugated	 in	a	 tail-to-tail	
fashion.	Third	is	the	bonding	of	the	alkyl	chain	of	one	monomer	with	the	pyridine	nitrogen	
atom	of	another	(or	itself)	in	a	head-to-tail	as	well	as	cyclic	or	linear	fashion.	Fourth	is	the	
formation	 of	 a	 bis-quinolizidine	 or	 similar	 skeleton	 from	 a	 cyclic	 dimer.	 Fifth	 is	 the	
intramolecular	bonding	between	two	pyridine	rings	of	a	cyclic	dimer.	Sixth	is	the	opening	of	
one	pyridine	ring	of	the	fifth	category	resulting	in	the	ircinol,	and	consequently	manzamine,	
skeletons.	 Based	 on	 these	 observations,	 six	 general,	 but	 not	 exhaustive,	 biosynthetic	
categories	 of	 3-APs	 can	 be	 envisioned:	 linear	 monomers	 (LM),	 linear	 tail-to-tail	 dimers	
(LTTD),	 linear	and	cyclic	head-to-tail	conjugates	(LCHTC),	cyclic	bis-quinolizidines	(CBQ),	
cyclic	dimeric	pyridine	conjugates	(CDPC)	and	ircinols	and	manzamines	(IM)	(Figure	1.6).	
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Figure	1.6	Adaptation	of	the	biosynthetic	connection	of	several	types	of	3-APs	as	proposed	by	Fontana	(2006)	
[193].	All	3-APs	are	grouped	 into	 six	different	 categories	which	 respectively	 require	a	hypothetical	unique	
biosynthetic	step.	The	categories	are	as	follows:	CBQ,	cyclic	bis-quinolizidines;	LTTD,	linear	tail-to-tail	dimers;	
CDPC,	cyclic	dimeric	pyridine	conjugates;	IM,	ircinols	and	manzamines;	LCHTC,	linear	and	cyclic	head-to-tail	
conjugates;	LM,	linear	monomers.	
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By	considering	both	instances	of	initial	discovery	and	re-discovery	of	3-APs	it	is	possible	to	
visualize	a	quantified	distribution	of	the	aforementioned	six	biosynthetic	mechanisms	across	
the	different	families	of	the	Order	Haplosclerida	as	well	as	identify	which	occur	in	multiple	
families	(Figure	1.7)	[42-184].	In	this	way,	an	idea	on	which	biosynthetic	steps	are	common	
across	the	Order	or	specific	 to	certain	 families	can	be	determined.	As	seen	 in	the	stacked	
UpSet	plot,	a	majority	of	the	3-APs	have	been	isolated	from	the	Petrosiidae,	Niphatidae	and	
Chalinidae	whereas	the	Phloedictyidae	and	Calyspongiidae	have	been	less	explored	[194].	
The	 LMs	 are	 distributed	 across	 all	 five	 families,	 although	 only	 a	 single	 example	 from	 a	
Haliclona	sp.	supports	their	presence	in	the	Chalinidae.	Furthermore,	the	LMs	comprise	most	
3-APs	which	have	been	isolated	from	non-haplosclerid	sponges.	The	LTTDs	represent	the	
most	 taxonomically	 specific	 category	 as	 they	 have	 strictly	 been	 derived	 from	 the	 order	
Niphatidae.	The	LCHTCs	are	also	spread	across	all	five	families	although	the	majority	have	
been	isolated	from	the	Chalinidae.	The	CBQs,	which	are	some	of	the	simplest	derivatives	of	
cyclic	dimers,	are	also	 taxonomically	 restricted	 to	 the	Petrosiidae,	Phloeodictyidae,	and	a	
single	Niphatidae.	 Both	 the	 CDPCs	 and	 the	 IMs	 are	widely	 distributed	 across	 all	 families	
except	the	Phloedictyidae.	

 
Figure	1.7	Distribution	of	different	types	of	3-APs	across	poriferan	taxonomic	groups	[42-184].	Abbreviations	
are	as	 follows:	CBQ,	cyclic	bis-quinolizidines;	LTTD,	 linear	 tail-to-tail	dimers;	CDPC,	cyclic	dimeric	pyridine	
conjugates;	 IM,	 ircinols	 and	 manzamines;	 LCHTC,	 linear	 and	 cyclic	 head-to-tail	 conjugates;	 LM,	 linear	
monomers.	The	stacked	UpSet	plot	was	created	using	ComplexUpset	version	1.3.3	[194].	
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Biosynthetic	Considerations	of	3-Alkylpyridine	Monomeric	Units	
Based	on	their	shared	structural	motifs,	it	appears	likely	that	the	3-APs	also	share	a	common	
biosynthetic	origin.	However,	what	is	enigmatic	is	the	biosynthetic	formation	of	the	common,	
monomeric	units	they	share.	One	of	the	first	proposals	for	the	latter	was	also	by	Baldwin	and	
Whitehead	 in	 that	 a	 dihydropyridine	 ring	 could	 be	 produced	 by	 the	 condensation	 of	
ammonia,	an	acyclic	dialdehyde,	and	a	C3	subunit	such	as	acrolein	(Figure	1.8)	[191].	Such	a	
proposal	 also	 connected	 the	 3-APs	 with	 other	 non-3-AP	 alkaloids	 associated	 with	 the	
Haplosclerida	 such	 as	 manzamine	 C,	 keramaphidin	 C,	 keramamine	 C,	 papuamine,	
haliclorensins	 and	 motuporamines	 A-C	 [70,195-198].	 However,	 there	 appears	 to	 be	 no	
genetic	 or	 enzymatic	 evidence	 of	 this	 process	 occurring	 either	 in	 sponges,	 or	 other	
organisms.	

 
Figure	1.8	The	Baldwin	and	Whitehead	hypothesis	on	the	biosynthesis	of	a	3-AP	cyclic	dimer	[191].	

A	second	proposal	was	conceived	upon	the	isolation	of	the	pachychaline	alkaloids	in	that	the	
norspermidine	moiety	could	be	a	precursor	to	a	pyridinium	ring	(Figure	1.9)	[136,142].	In	
this	proposal	 the	norspermidine	moiety	would	 first	be	used	to	generate	a	 tertiary	amine.	
Following	this,	pyridinium	formation	would	be	achieved	by	steps	of	oxidation,	cyclization	
and	 elimination.	 Similar	 to	 the	 Baldwin	 and	 Whitehead	 hypothesis,	 the	 norspermidine	
moiety	would	also	provide	the	equivalent	of	a	C3	subunit.	In	this	manner,	both	the	C-N	and	
C-C	 connections	 between	 pyridinium	 rings	 observed	 in	 the	 pachychalines	 could	 be	
accounted	 for.	 In	addition,	 the	proposed	processes	of	 forming	a	 tertiary	amine	were	also	
thought	to	be	the	method	in	which	alkaloids	such	as	the	aforementioned	motuporamines	are	
created.	3-APs	possessing	similar	norspermidine	moieties	have	yet	to	be	isolated	from	other	
haplosclerid	sponges	which	questions	their	role	as	a	fundamental	biosynthetic	moiety.	
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Figure	 1.9	The	 Laville	 hypothesis	 on	 the	 biosynthesis	 of	 pyridine	 rings	 accounting	 for	 both	 C-N	 and	 C-C	
oligomerization	[136,142].	

An	alternative	theory	to	the	origin	of	the	pyridine	ring	was	briefly	proposed	by	Andersen	
and	co-authors	in	that	nicotinic	acid	(NTA)	may	function	as	a	starter	unit	for	chain	elongation	
via	sequential	Claisen	condensation	reactions	in	a	similar	manner	to	fatty	acid	or	polyketide	
biosynthesis	 (Figure	 1.10)	 [192].	 NTA	 plays	 an	 important	 role	 in	 the	 biosynthesis	 and	
recycling	of	the	ubiquitous	cofactor	nicotinate	mononucleotide,	and	it	is	often	acquired	via	
diet	[199].	Alternatively,	it	can	be	recycled	from	nicotinamide	via	nicotinamidase	in	certain	
organisms	 such	 as	 bacteria,	 fungi	 and	 plants;	 genome	 sequencing	 of	 the	 haplosclerid	
Amphimedon	 queenslandica	 indicates	 that	 this	 sponge,	 and	 thus	 possibly	 others,	 are	 also	
capable	of	this	feat	[200].	This	hypothesis	was	later	used	to	illustrate	how	linear	monomers	
derived	 from	a	hypothetical,	highly	reducing	polyketide	synthase	(PKS)	could	 function	as	
building	blocks	for	more	complex	3-AP	skeletons	[193].	Of	the	proposed	hypotheses,	this	is	
the	most	well-studied	in	biological	systems	in	that	there	is	a	precedence	in	nature	for	NTA	
to	 be	 incorporated	 into	 polyketides.	 However,	 many	 of	 these	 observations	 have	 been	
primarily	 derived	 from	 metabolites	 of	 organisms	 other	 than	 sponges	 of	 the	 Order	
Haplosclerida.	In	this	way,	their	biosynthesis	mainly	serves	as	inspiration	for	how	the	3-APs	
may	be	formed.	
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Figure	1.10	Simplified	example	of	 a	Claisen	condensation	 reaction	which	could	be	 catalysed	by	enzymatic	
domains	associated	with	polyketide	or	fatty	acid	biosynthesis.	In	the	case	of	3-AP	biosynthesis,	unit	R1	would	
be	a	pyridine	ring.	Abbreviations	are	as	follows:	KS,	ketosynthase;	AT,	acyltransferase;	PP,	phosphopantetheine	
attachment	site.	

Prior	 to	 the	 availability	 of	 genomics	 and	 a	 greater	 understanding	 of	 biosynthetic	 gene	
clusters,	 isotope-labelling	 studies	 provided	 the	 best	 insight	 into	 how	 the	 3-APs	 may	 be	
created.	Initially,	this	was	shown	when	the	biosynthesis	of	haminols,	alkaloids	isolated	from	
the	 mollusc	 Haminoea	 orbignyana	 which	 are	 structurally	 similar	 to	 a	 hypothetical,	
monomeric	 3-AP	 precursor,	 was	 determined	 to	 be	 via	 a	 PKS	 [201].	 In	 this	 biosynthetic	
pathway	the	pyridine	ring	and	the	first	carbon	of	the	alkyl-chain	at	C-12	were	determined	to	
originate	from	NTA	as	a	deuterated	form	of	this	molecule	was	incorporated	into	the	haminols	
without	loss	of	deuterium.	The	pyridine	ring	and	first	carbon	of	the	alkyl-chain	at	C-12	were	
found	to	originate	from	NTA.	Retaining	the	deuterium	atoms	implied	that	the	oxidation	state	
of	the	pyridine	ring	was	not	changed	during	biosynthesis.	In	turn	the	C-2,	C-4,	C-6,	C-8	and	
C-10	positions	of	alkyl	chain	were	found	to	be	constructed	with	sequential	additions	of	[1-
13C]-acetate	in	a	manner	similar	to	polyketide	biosynthesis.	A	follow-up	study	utilizing	[1,2-
13C]-acetate	revealed	that,	again	like	polyketide	biosynthesis,	the	entire	unit	of	acetate	was	
utilized	as	an	extender	unit	for	the	alkyl	chain	[202].	This	study	represented	the	first	instance	
of	a	polyketide	synthase	(PKS)	utilizing	NTA	as	a	starter	unit	and	is	the	likely	mechanism	by	
which	 additional	 monomeric	 3-APs	 from	 other	 cephalaspid	 molluscs	 are	 generated	
[203,204].	 Similarly,	 isotope-labelling	 studies	 have	 shown	 that	 NTA	 and	 acetate	 are	
respectively	responsible	for	the	piperidine	rings	and	alkyl	chains	of	the	alkaloid	saraine	A	
from	H.	 sarai	 (Olivier	Thomas,	personal	 communication)	 [170].	 Furthermore,	 tryptophan	
and	aspartate,	which	are	animal	and	bacterial	precursors	 to	NTA	respectively,	were	both	
observed	 to	 be	 incorporated,	 although	 the	 former	 at	 a	 greater	 amount.	While	 incredibly	
informative,	these	observations	leave	some	remaining	uncertainties.	For	one,	it	is	unclear	if	
the	alkyl	chains	are	derived	from	a	PKS	or	a	fatty	acid	synthase	(FAS)	as	both	would	utilize	
acetate.	Second,	the	incorporation	of	both	tryptophan	and	aspartate	raises	the	question	as	
to	whether	 the	 host	 organism,	 a	microbial	 symbiont	 or	 both	were	 creating	 the	 saraines.	
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Overall,	despite	these	relevant	observations	on	what	substrates	are	utilized	there	remains	a	
lack	of	evidence	on	the	genetic	level	as	to	what	enzymes	are	responsible	for	the	3-APs.	

Several	BGCs	have	been	identified	in	bacteria	and	fungi	which	involve	the	incorporation	of	
NTA	into	polyketide	biosynthesis.	While	none	of	these	microbial	isolates	were	derived	from	
a	haplosclerid	sponge,	their	BGCs	may	provide	clues	on	possible	similar	genes	that	could	be	
responsible	 for	 the	 3-APs.	 The	 first,	 which	 is	 most	 reminiscent	 of	 a	 hypothetical	 3-AP	
precursor,	are	the	pyridinopyrones	which	were	originally	extracted	from	a	Streptomyces	sp.	
isolated	from	marine	sediment	[205].	These	compounds	were	shown	to	be	produced	by	a	
similar	 mechanism	 to	 the	 haminols	 via	 feeding	 experiments	 with	 nicotinic	 acid-d4,	 15N-
aspartic	acid	(a	bacterial	building	block	for	NTA),	and	[1-13C]-acetate.	This	compound	was	
later	isolated	from	Streptomyces	albus	J1074	and	linked	to	a	BGC	encoding	for	an	iterative	
type	1	PKS	(Figure	1.11A)	[206].	The	authors	reported	that	upstream	of	this	PKS	is	a	gene	
with	the	proposed	function	2,3-dihydroxybenzoyl	adenylate	synthase	which	is	most	likely	
responsible	for	activating	the	NTA	as	a	starter	unit.	The	biosynthesis	of	a	linear,	monomeric	
haplosclerid	3-AP	precursor	may	be	accomplished	via	a	similar	system	(Figure	1.11B).	

There	are	also	several	instances	of	NTA	being	utilized	by	a	PKS	for	compounds	which	are	not	
structurally	 similar	 to	 3-APs	 (Figure	 1.12).	 The	 biosynthesis	 of	 the	 meroterpenoid	
pyripyropene	A	from	Aspergillus	fumigatus	strain	Af293	was	found	to	involve	a	CoA-ligase	
which	 prepares	 NTA	 as	 a	 starting	 unit	 for	 PKS	 chain-extension	 through	 cloning	 and	
expression	of	the	pyr1	and	pyr2	genes	[207].	In	turn	a	set	of	homologous	genes,	olcI	and	olcA,	
were	 shown	 to	 be	 involved	 in	 the	 biosynthesis	 of	 the	 second	 fungal	meroterpenoid	 15-
deoxyoxalicine	B	 from	Penicillium	canescens	 strain	ATCC	10419	via	 gene	deletion	studies	
[208].	Finally,	there	exists	an	instance	of	a	standalone	NRPS	adenylation	domain,	which	is	
involved	 in	 the	 biosynthesis	 of	 kosinostant	 by	Micromonospora	 sp.	 TP-A0468,	 utilizing	
nicotinic	 acid	 [209].	However,	 it	 should	be	noted	 that	 this	 is	 promiscuous	 activity	 of	 the	
adenylation	 domain	 as	 its	 primary	 function	 is	 to	 activate	 aminopyrrolinic	 acid	 for	 the	
biosynthesis	of	the	aminopyrrole	moiety	[210].	 	
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Figure	1.11	(A)	Proposed	biosynthesis	of	pyridinopyrone	A	[206].	 (B)	Hypothetical	biosynthesis	of	a	3-AP	
monomer	 via	 a	 CoA	 ligase	 and	 a	 fully	 reducing	 polyketide	 synthase	 as	 inspired	 by	 the	 biosynthesis	 of	
pyridinopyrone	A.	Abbreviations	are	as	 follows:	CAL,	CoA	ligase;	KS,	ketosynthase;	AT,	acyltransferase;	DH,	
dehydratase;	 KR,	 ketoreductase;	 MT,	 methyltransferase;	 ER,	 enoylreductase;	 PP,	 phosphopantetheine	
attachment	site;	TE,	thioesterase.	Parts	of	the	compound	derived	from	NTA	and	a	PKS	are	coloured	blue	and	
red	respectively.	
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Figure	1.12	Additional	polyketide	natural	products	whose	biosynthetic	pathways	involve	the	incorporation	
NTA	or	possess	the	capability	 to	solely	activate	 it.	Parts	of	 the	compound	derived	from	NTA	and	a	PKS	are	
coloured	blue	and	red	respectively.	

An	alternative	to	the	PKS	hypothesis	is	that	3-AP	monomeric	units	could	be	the	result	of	a	
condensation	between	NTA	and	an	already-formed	carbon	chain	such	as	a	fatty	acid.	There	
are	a	few	pieces	of	evidence	to	back	up	such	a	concept.	For	one,	the	alkyl-chains	of	the	3-APs	
are	often	fully	or	highly	reduced	with	very	few	instances	of	ketones	or	alcohol	groups.	 In	
addition,	rings	that	are	a	result	of	cyclization	after	the	release	of	the	polyketide,	such	as	is	
seen	with	pyridinopyrone	A,	are	completely	absent	in	all	reported	3-APs	[205].	Furthermore,	
skipped	polyenes,	a	common	feature	of	polyunsaturated	fatty	acids,	can	be	observed	on	the	
alkyl-chains	of	several	3-APs	such	as	madangamine	A	[211,212].	Typically,	the	ketosynthase	
domain	of	 a	PKS	or	FAS	 is	 involved	 in	 catalysing	a	Claisen	condensation	of	 two	acyl-CoA	
derivatives	which	results	in	the	elongation	of	a	polyketide	or	fatty	acid	respectively	(Figure	
1.10).	The	most	common	units	for	this	process	are	small	building	blocks	such	as	malonyl-
CoA.	However,	several	examples	of	a	ketosynthase	domain	utilizing	a	fully	formed	fatty	acid	
as	 a	 substrate	 have	 been	 reported	 such	 as	 that	 for	 the	 biosynthesis	 of	 norsolorinic	 acid	
anthrone	[213].	More	recently,	a	ketosynthase,	NocG,	which	catalyses	the	condensation	of	
two	fatty	acids	activated	by	a	fatty	acyl-AMP	ligase	at	their	respective	carboxylic	acids	was	
reported	 to	 be	 involved	 in	 the	 biosynthesis	 of	 the	 cyanobacterial	metabolite	 nocuolin	 A	
(Figure	1.13A)	[214].	A	similar	mechanism	for	the	condensation	of	NTA	and	a	fatty	acid	could	
be	envisioned	followed	by	decarboxylation	and	reduction	of	the	remaining	carboxylic	acid	
and	ketone	moieties	respectively	(Figure	1.13B).	While	a	fatty	acid	origin	of	the	alkyl	chain	
of	3-APs	has	not	been	determined,	there	is	a	precedence	for	fatty	acids	to	be	building	blocks	
for	sponge-derived	alkaloids	such	as	crambescin	C1-480	[215].	
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Figure	 1.13	 (A)	 Biosynthesis	 of	 the	 nocuolin	 A	 precursor	 [214].	 (B)	 Hypothetical	 biosynthesis	 of	 a	 3-AP	
monomer	 via	 a	 NocG-like	 pathway	 which	 involves	 condensation	 of	 NA	 with	 a	 fully	 formed	 fatty	 acid.	
Abbreviations	are	as	follows:	FAAL,	Fatty	acyl-AMP	ligase;	CAL,	CoA-ligase.	

Inspiration	 can	also	be	drawn	 from	plant	 alkaloids.	 Specifically,	 the	well-known	pyridine	
alkaloid	nicotine	represents	a	rare	instance	in	which	a	condensation	occurs	between	the	3rd	
atom	of	 a	pyridine	 ring	 relative	 to	 the	nitrogen	atom	with	 an	additional	 substrate	 [216].	
While	 the	biosynthetic	pathway	 is	not	completely	understood,	 two	enzymes	appear	to	be	
involved:	the	NADPH-dependent	reductase	A622	and	a	series	of	berberine	bridge	enzyme-
like	 (BBE-like)	 protein	 paralogs	 (Figure	 1.14A).	 A622	 is	 thought	 to	 be	 involved	 in	 the	
activation	of	NTA	and	is	hypothesized	to	reduce	the	pyridine	ring	[217,218].	In	turn,	this	may	
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result	in	a	decarboxylation	and	sequential	nucleophilic	attack	upon	an	electron-deficient	N-
methylpyrollinium.	 This	 sequential	 condensation	 reaction	 has	 been	 hypothesized	 to	 be	
spontaneous.	 The	 BBE-like	 proteins	 appear	 to	 perform	 one	 of	 the	 final	 steps	 of	 nicotine	
biosynthesis	 as	 knocking	 down	 expression	 resulted	 in	 the	 production	 of	
dihydrometanicotine	 whereas	 knocking	 out	 all	 BBE-like	 genes	 resulted	 in	 no	 nicotine	
production	 [219,220].	 Specifically,	 they	 are	 hypothesized	 to	 oxidize	 the	 pyridine	 ring	
resulting	in	the	final	product.	If	a	similar	method	of	condensation	is	involved	for	the	3-APs,	
it	could	also	be	that	similar	oxidizing	and	reducing	enzymes	specific	to	pyridine	rings	may	
play	a	role.	Potential	evidence	of	such	a	process	can	be	inferred	by	the	fact	that	reduction	of	
the	 pyridine	 ring	 is	 a	 commonly	 observed	 feature	 in	 isolated	 3-APs	 such	 as	
cyclostellettamine	P,	haliclamine	C,	and	dihydrohaliclamine	C	which	are	otherwise	identical	
in	structure	(Figure	1.14B)	[122,170,172].	

 

Figure	 1.14	 (A)	Hypothetical	 biosynthesis	 of	 nicotine	 [216].	 (B)	 Cyclostellettamine	 P,	 haliclamine	 C,	 and	
dihydrohaliclamine	C	respectively	[122,170,172].	
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While	 the	 above	 proposals	 explain	 how	 the	 common	monomeric	 building	 block	may	 be	
produced,	what	is	more	difficult	to	envision	is	how	these	building	blocks	are	oligomerized	
into	 larger	 3-APs.	 Some	 synthetic	 studies	 have	 relied	 on	 utilizing	 halogen	 atoms	 at	 the	
terminal	ends	of	 the	alkyl	chain	 to	 function	as	a	 leaving	group	[221,222].	 In	 this	way	the	
nitrogen	atom	of	the	pyridine	ring	of	a	second	monomer	acts	as	a	nucleophile	towards	the	
now	electron-deficient	carbon	atom	of	the	first	monomer	resulting	in	oligomerization.	No	
biosynthetic	enzymes	have	been	described	which	perform	such	a	reaction;	the	closest	is	the	
pathway	 in	 which	 the	 dimeric	 cyanobacterial	 natural	 product	 cylindrocyclophane	 F	 is	
formed	[223].	This	pathway	involves	chlorination	of	the	fatty	acid	moiety	of	one	precursor	
monomer	 by	 the	 halogenase	CylC.	 Following	 this,	 the	 enzyme	CylK	 catalyses	 an	 SN2-like	
nucleophilic	substitution	with	the	second	monomer	in	which	the	chlorine	atom	functions	as	
a	leaving	group	(Figure	1.15A).	That	said,	halogenated	3-APs	are	exceptionally	uncommon	
and	have	only	been	seen	in	those	which	are	already	dimerized	[144,180].	An	alternative	to	a	
halogen	 leaving	 group	 could	 be	 a	 quaternary	 ammonium	 moiety	 akin	 to	 the	 Hofmann	
elimination	(Figure	1.15B).	When	observing	the	structure	of	isolated	linear	monomeric	3-
APs,	they	almost	always	exhibit	a	nitrogenous	moiety	at	the	terminal	end	of	their	alkyl	chain.	
In	particular,	several	exhibit	methylation	of	this	nitrogen	atom;	it	could	be	that	additional	
methylation	 may	 result	 in	 a	 quaternary	 ammonium	 necessary	 for	 such	 a	 reaction	
[55,60,167].	

 
Figure	1.15	(A)	Biosynthesis	of	cylindrocyclophane	F	[223].	(B)	Hypothetical	biosynthesis	of	3-AP	oligomers	
as	inspired	by	the	biosynthesis	of	cylindrocyclophane	F.	

Overall,	 the	 biosynthetic	 mechanisms	 from	 which	 3-AP	 monomers	 are	 created	 and	
oligomerized	has	remained	unknown	since	 the	 initial	discovery	of	halitoxin	 [42].	While	a	
number	 of	 theories	 have	 been	 proposed,	 most	 assume	 reactions	 which	 have	 not	 been	

N

7

N

7

N

7

N

7

X

X

Cl

OHHO

Cl

HO OH

OHHO

HO OH

A

B



General	Introduction	

 20	

observed	to	be	catalysed	by	known	enzymes	[136,142,191].	In	contrast,	PKSs	are	a	class	of	
enzyme	which	have	been	heavily	studied	for	decades	and	many	of	their	catalytic	functions	
are	well	characterized.	In	turn,	numerous	bioinformatics	resources	have	been	designed	to	
not	only	identify	PKS	genes	in	genomic	information,	but	also	predict	what	types	of	substrates	
the	PKS	would	utilize	[6].	As	such,	the	biosynthesis	of	3-AP	monomers	via	a	PKS	represents	
the	most	testable	hypothesis	in	the	current	genomics	era.	

Poriferan	versus	Microbial	Origin	of	3-Alkylpyridine	Alkaloids	
An	 age-old	 question	 is	 whether	 the	 host	 organism,	 its	 associated	 microbiota,	 or	 a	
combination	of	both	are	responsible	for	the	biosynthesis	of	MNPs.	Sponges	are	particularly	
at	the	centre	of	this	debate	due	to	being	a	lucrative	source	of	MNPs	while	often	harbouring	
complex	microbial	communities.	To	date,	the	closest	evidence	of	the	sponge	itself	being	the	
source	of	an	MNP	is	 the	bioactive	peptides	known	as	barrettides	 from	the	sponge	Geodia	
barretti	 as	 supported	 by	 genomic	 and	 transcriptomic	 evidence	 [224].	 In	 contrast,	 many	
sponge-derived	MNPs	have	been	putatively	shown	to	be	produced	by	microbial	symbionts	
[225].	With	 this	 said,	 regarding	 the	majority	 of	 3-APs	 it	 is	 not	 truly	 known	whether	 the	
sponge	 or	 the	 associated	microorganisms	 are	 responsible.	 The	 proposed	 status	 of	 3-APs	
functioning	as	chemotaxonomic	markers	for	the	Order	Haplosclerida	gives	initial	strength	to	
the	concept	of	the	sponge	itself	having	a	contribution	in	the	biosynthesis	of	these	compounds	
[41,226].	Furthermore,	a	pattern	is	observed	in	which	haplosclerid	sponges	that	are	known	
sources	of	3-APs	consistently	group	together	in	a	distinct	clade	separate	from	those	which	
do	 not	 based	 on	 28S	 rRNA	 phylogenetics	 (Grace	 McCormack,	 personal	 communication)	
[227].	 However,	 previously	 described	 chemotaxonomic	 markers	 for	 the	 haplosclerids,	
particularly	 the	renieramycin	alkaloids,	have	been	shown	to	be	produced	by	 intracellular	
bacterial	 symbionts	 with	 reduced	 genomes	 [228].	 Thus,	 the	 proposed	 chemotaxonomic	
status	 of	 the	 3-APs	 does	 not	 necessarily	 translate	 to	 them	 being	 a	 haplosclerid-specific	
marker	unless	the	microbial	producer	is	specific	to	the	Order.	

One	study	attempted	to	address	the	question	of	true	origin	by	using	Percoll	density	gradient	
centrifugation	to	separate	and	enrich	different	sponge	cell	types,	as	well	as	an	intracellular	
dinoflagellate	 symbiont,	of	a	Great	Barrier	Reef	Haliclona	sp.	known	 to	contain	 the	cyclic	
dimeric	 haliclonacyclamines	 A-B	 [229].	 By	 using	 thin-layer	 chromatography	 and	 proton	
NMR	it	was	determined	that	the	alkaloids	were	predominantly	 in	 fractions	enriched	with	
smaller	sponge	cells	such	as	spongocytes	and	choanocytes.	On	the	other	hand,	the	fraction	
containing	dinoflagellates	was	devoid	of	alkaloids.	Initially,	this	may	imply	that	the	sponge	
cells	 produce	 these	 compounds	 or	 sequester	 them	 from	 a	 symbiont	 producer.	 However,	
caution	should	be	taken	in	such	an	interpretation	of	these	results	as	intracellular	microbes	
were	also	detected	in	the	cells	of	this	specimen.	In	turn,	intracellular	symbionts	of	sponges	
have	also	been	shown	to	be	producers	of	some	MNPs	[228].	
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Assuming	that	the	biosynthesis	of	3-APs	 involves	a	Claisen	condensation	characteristic	of	
PKS	and	FAS	biosynthesis,	some	insights	can	also	be	gained	from	studies	which	surveyed	the	
ketosynthase	region	through	PCR	amplification.	In	particular	the	low	microbial	abundance	
sponge	A.	compressa,	which	is	known	to	be	the	source	of	several	cationic	alkylpyridinium	
salts,	produced	a	single	amplicon	which	was	found	to	belong	to	the	sponge	ubiquitous	type	
1	PKS	group	via	phylogenetic	analysis	[230].	However,	this	observation	was	not	repeated	via	
PCR	amplification	of	the	primers	specific	for	this	PKS	group	using	metagenomic	DNA	from	A.	
compressa	 collected	 in	 the	 same	 area	 [231].	 In	 contrast,	 a	 diverse	 array	 of	 ketosynthase	
sequences	were	derived	from	the	sponge	Arenosclera	brasiliensis	which	is	known	to	produce	
the	 cyclic,	 dimeric	 arenosclerins	 A-C;	 a	 novel	 group	 of	 KS	 sequences	 found	 only	 from	A.	
brasiliensis	 were	 shown	 to	 cluster	 in	 their	 own	 monophyletic	 clade	 representing	 PKS	
specialized	metabolism	possibly	unique	to	this	sponge	[232].	

The	greatest	support	for	a	microbial	role	in	the	production	of	3-APs	is	the	reported	isolation	
of	a	Micromonospora	sp.	from	Acanthostrongylophora	ingens	which	produced	manzamine	A	
via	fermentation	[233].	Specifically,	fermentation	resulted	in	the	production	of	manzamine	
A	without	any	sort	of	added	precursor	monomeric	or	dimeric	3-AP,	although	the	addition	of	
ircinol	A,	 a	 likely	3-AP	precursor	 to	manzamine	A,	 to	 the	media	did	enhance	production.	
Assuming	 that	 the	Baldwin-Whitehead	hypothesis	 on	manzamine	biosynthesis	 is	 correct,	
this	 discovery	 implies	 that	 the	 isolated	Micromonospora	 sp.	 is	 also	 capable	 of	 de	 novo	
biosynthesis	of	a	dimeric,	cyclostellettamine-like	3-AP.	Thus,	it	would	possess	all	necessary	
genes	 for	 the	 biosynthesis	 of	 3-APs.	 However,	 there	 is	 an	 issue	 of	 reproducibility	 as	 the	
authors	reported	that	subsequent	fermentation	of	this	Micromonospora	isolate	resulted	in	a	
second	strain	incapable	of	producing	manzamines.	Yet	the	original	glycerol	stock	returns	the	
manzamine-producing	strain	and	16S	analysis	showed	both	strains	 to	be	 identical	 in	 this	
regard.	 These	 observations	 led	 the	 authors	 to	 conclude	 that	 the	 biosynthetic	 genes	
responsible	for	manzamines	may	be	found	on	a	plasmid	which	could	be	lost	over	multiple	
generations	of	subcultures.	However,	despite	the	advances	in	genomics	and	the	relative	ease	
of	sequencing	and	assembling	a	bacterial	genome	in	the	present	day,	no	genome,	plasmid,	or	
BGCs	from	this	isolate	have	been	published.	

The	notion	of	a	plasmid	origin	of	a	3-AP	presents	an	interesting	possible	explanation	as	to	
the	diversity	of	3-APs	which	can	be	found	in	a	single	sponge	[233].	It	has	been	postulated	
that	cationic	3-AP	salts	may	allow	for	the	transfer	of	genetic	information	across	the	sponge	
holobiont	based	on	their	pore-forming	abilities	[234].	Furthermore,	microbes	isolated	from	
Amphimedon	 chloros	 (previously	 Amphimedon	 viridis	 (Keller))	 have	 been	 shown	 to	 be	
resistant	to	the	lethality	of	the	cationic	halitoxin	and	amphitoxin	present	in	their	host	unlike	
those	 isolated	 from	 surrounding	 seawater	 [235,236].	 The	 ability	 of	 sponge-associated	
microbial	 symbionts	 to	 survive	 the	 exchange	 of	 genetic	 information,	 such	 as	 plasmids	
encoding	the	biosynthesis	of	3-APs,	may	be	mediated	by	these	cationic	3-AP	salts.	In	other	
words,	this	may	represent	the	method	by	which	different	symbionts	acquire	genes	for	the	
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biosynthesis	of	a	common	precursor	3-AP.	In	turn,	the	unique	metabolic	capabilities	encoded	
on	 the	 nuclear	 chromosome	 of	 the	 differing	 symbionts	may	 then	 be	 responsible	 for	 the	
numerous	more	structurally	complex	and	diverse	3-APs.	It	should	be	noted	that	cationic	3-
AP	salts	have	yet	to	be	reported	from	A.	ingens	which	downplays	the	notion	that	they	have	a	
role	in	the	transfer	of	a	hypothetical	plasmid	to	the	Micromonospora	strain.	

Any	potential	microbial	origin	of	3-AP	polymers	from	Irish	H.	indistincta	or	H.	viscosa	has	
particularly	been	questioned	based	on	both	transmission	electron	microscopy	and	16S	rRNA	
sequencing	which	showed	little	consistency	in	microbial	communities	between	the	two	as	
well	as	a	very	low	microbial	abundance	status	[237].	Rather,	the	primary	noted	consistency	
between	these	two	species,	as	well	as	the	Mediterranean	H.	sarai	from	which	3-APs	can	also	
be	isolated,	was	the	presence	of	sponge	cells	with	inclusion	bodies	which	were	hypothesized	
to	be	associated	with	the	3-AP	polymers	and	the	aforementioned	detergent-like	secretion	
(Marra	et	al.,	unpublished).	While	16S	sequences	with	homology	to	those	from	Micromospora	
sp.	were	identified	from	H.	indistincta	and	H.	viscosa	data,	they	were	not	consistently	found	
among	all	 specimens	sampled.	Based	on	 these	qualities,	a	possible	animal	origin	of	 these	
compounds	should	not	be	ignored.	Curiously,	none	of	the	smaller,	non-polymeric	3-APs	have	
been	isolated	from	Irish	specimens	of	these	species.	This	contrasts	with	observations	from	
arctic	specimens	of	H.	viscosa	which	may	imply	an	environmental	or	microbial	influence	on	
these	smaller	derivatives	[238].	

Alternative	Natural	Products	from	Irish	Haliclona	Species	
As	 mentioned	 previously,	 polymeric	 3-APs	 are	 likely	 responsible	 for	 the	 observed	
antitumoral	activity	of	extracts	from	H.	indistincta	and	H.	viscosa,	but	this	type	of	polymeric	
compound	 is	 associated	 with	 nonselective	 activity	 towards	 pharmaceutical	 targets	
[185,186].	 This	 potentially	 renders	 them	 not	 suitable	 for	 development	 into	 new	
pharmaceuticals.	Based	on	this,	alternative	natural	products	from	these	species	should	also	
be	 considered.	While	 no	 other	 compounds	 have	 been	 isolated	 from	H.	 indistincta	 and	H.	
viscosa	collected	in	Irish	waters,	inspiration	can	be	drawn	from	other	Irish	Haliclona	from	
which	 MNPs	 derived	 from	 terpenoid	 precursors	 have	 been	 consistently	 discovered.	
Haliclona	simulans	was	found	to	be	a	rewarding	source	of	bioactive	sterols	which	exhibited	
antitrypanosomal	and	antimycobacterial	activity	[38].	Furthermore,	Haliclona	oculata	was	
found	to	be	the	source	of	two	novel	sterols	bearing	uncommon	hydroperoxide	groups	[173].	
In	 the	 same	work,	 numerous	 previously	 identified	 sterols	 were	 also	 discovered	 from	H.	
oculata,	H.	simulans	and	Haliclona	urceolus.	While	not	collected	in	Ireland,	a	specimen	of	H.	
oculata	from	New	Brunswick	was	shown	to	be	a	source	of	novel	polar	sterols;	it	may	be	that	
other	specimens	of	Irish	H.	oculata	collected	in	different	locations	or	at	different	times	could	
yield	 similar	 compounds	 [239].	 Based	 on	 the	 prevalence	 of	 sterols	 and	 other	 terpenoid	
derivatives	 in	 Irish	 Haliclona	 species	 it	 is	 not	 unreasonable	 to	 consider	 these	 types	 of	
compounds	as	alternative	natural	products	to	be	isolated	from	H.	indistincta	and	H.	viscosa.	
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In	addition	to	MNPs,	sponges	are	also	a	source	of	larger,	bioactive	proteins	with	potential	
pharmaceutical	 or	 biotechnological	 applications.	 One	 of	 the	most	 well-studied	 examples	
from	this	phylum	are	lectins	which	have	largely	been	derived	from	the	Demospongiae	and	
exhibit	biological	activities	 including	cell	agglutination,	proinflammatory	modulation,	and	
antimicrobial	effects	[240].	Additional	examples	from	sponges	include	an	antibacterial	pore-
forming	protein	as	well	as	the	cytotoxic	suberitine	and	chondrosin	[241-243].	Furthermore,	
the	 genome	 of	 the	 sponge	 Oscarella	 pearsei	 was	 found	 to	 harbour	 genes	 encoding	 for	
actinoporin-like	proteins	[244-246].	As	their	name	suggests,	these	proteins	are	structurally	
and	biochemically	 similar	 to	proteinaceous	α-pore-forming	 toxins	known	as	actinoporins	
which	were	originally	derived	from	cnidarians	of	the	order	Actiniaria	[247].	Outside	of	the	
Actiniaria,	actinoporin-like	proteins	have	been	found	in	diverse	taxonomic	groups	such	as	
hydrozoans,	 molluscs,	 and	 fish	 [248-250].	 Based	 on	 their	 biochemical	 properties	
actinoporins,	and	thus	potentially	actinoporin-like	proteins	such	as	those	from	sponges,	are	
of	interest	for	various	applied	uses	such	as	the	development	of	immunotoxins	[251].	In	turn,	
the	reported	cytotoxic	activities	of	numerous	proteinaceous	toxins	from	sponges	also	makes	
them	a	target	of	interest	for	identifying	new	cytotoxic	molecules	from	H.	indistincta	and	H.	
viscosa	[240,242,243].	

Discovery	and	characterization	of	Novel	Poriferan	Biosynthetic	
Pathways	via	Next-Generation	Sequencing	
Due	to	the	increased	affordability	and	efficiency	of	next-generation	sequencing,	the	genetic	
resources	 of	 biotechnologically	 promising	 organisms	 such	 as	 sponges	 have	 now	 become	
accessible.	Considering	this	opportunity,	 the	scope	of	this	project	has	been	to	utilize	both	
transcriptomics	and	genomics	to	identify	new	genes	from	Irish	Haliclona	species	which	could	
have	applied	uses	in	fields	such	as	pharmaceuticals	or	biotechnology.	Altogether,	I	primarily	
sought	to	answer	two	questions	related	to	these	Irish	Haliclona	species	and	their	observed	
bioactivity.	First,	can	evidence	of	a	PKS	which	accepts	NTA	as	a	starter	unit	be	identified	in	
the	genomes	of	said	species	or	 their	associated	microbiota?	Second,	are	 there	alternative	
genes	associated	with	new	natural	products	to	be	discovered?	To	pursue	these	postulations,	
I	first	sequenced	new	transcriptomes	of	the	sister	species	H.	indistincta	and	H.	viscosa,	both	
of	which	are	associated	with	 the	polymeric	3-APs,	 to	 investigate	whether	 they	possessed	
metabolic	 pathways	 which	 would	 enable	 the	 production	 of	 hypothetical	 3-AP	 building	
blocks.	 Furthermore,	 I	 sequenced	 the	 genome	 of	 H.	 indistincta,	 along	 with	 those	 of	 its	
associated	 microbiota,	 using	 both	 long-	 and	 short-read	 sequencing	 technology.	 Genome	
mining	software	was	then	employed	to	identify	megasynthase	genes	which	would	best	fit	
the	hypothesis	of	3-AP	biosynthesis.	Cloning	and	expression	of	one	megasynthase	gene	of	
interest	 in	Saccharomyces	cerevisiae	with	the	 intent	of	 in	vitro	 functional	characterization	
was	then	attempted.	Tangentially,	I	explored	the	presence	and	characteristics	of	ALPs	in	my	
data	as	well	as	in	all	publicly	available	sponge	genomes	and	transcriptomes.	
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Introduction	
A	transcriptome	constitutes	a	sequenced	set	of	RNA	transcripts	derived	from	one	or	more	
specimens	 [1].	 Because	 gene	 expression	 is	 influenced	 by	 a	 number	 of	 factors,	 such	 as	
environmental	 conditions	 and	 the	 type	 of	 tissue	 sampled,	 transcriptomes	 represent	 a	
snapshot	of	coding	and	non-coding	RNA	which	was	being	expressed	at	the	time	of	sampling.	
This	 means	 that,	 unlike	 a	 complete	 genome,	 a	 transcriptome	 does	 not	 represent	 a	
comprehensive	picture	of	the	total	coding	genes	in	an	organism.	However,	for	the	purpose	
of	 studying	 protein-coding	 genes	 transcriptomics	 has	 several	 advantages	 over	 genome	
sequencing	 which	 make	 it	 a	 valuable	 tool	 for	 studying	 the	 protein-coding	 genes	 of	 an	
organism.	For	one,	because	the	sequencing	of	non-coding	nucleotides	can	be	avoided	the	cost	
efficiency	of	sequencing	a	library	prepared	from	mRNA	is	higher.	This	is	especially	so	when	
massively	parallel,	high-throughput	technologies	such	as	short-read	Illumina	sequencing	are	
utilized	 for	 RNA-seq	 [2].	 Furthermore,	 library	 preparation	 from	 polyadenylated	 mRNA	
allows	for	the	selective	sequencing	and	analysis	of	protein-coding	genes	from	a	eukaryotic	
host	 as	 opposed	 to	 any	 associated	 bacteria	 [3].	 As	 a	 result,	 transcriptomics	 can	 be	 an	
affordable	 alternative	 to	 genomics	 when	 the	 project	 is	 focused	 on	 identifying	 and	
characterizing	what	protein-coding	genes	an	organism	possesses,	especially	in	the	case	of	
eukaryotes	with	complex	microbiomes.	Innovations	in	sequencing	technology,	particularly	
third	generation	long-read	sequencing,	have	further	pushed	the	capabilities	of	RNA-seq	by	
improving	upon	read	length	allowing	for	better	detection	of	variant	isoforms	[4].	Due	to	its	
affordability,	transcriptomics	has	been	applied	to	a	wide	range	of	non-model	organisms	from	
which	reference	quality	genomes	may	be	too	difficult	to	achieve.	Sponges	are	no	exception,	
and	a	wealth	of	transcriptomic	information	has	been	generated	for	numerous	species	[5].	
Such	information	has	been	used	to	gain	 insight	 into	topics	such	as	animal	complexity	[6],	
symbiosis	with	microorganisms	[7],	early	diversification	of	animal	lineages	[8],	response	to	
pathogenic	microorganisms	[9],	response	to	climate	change	[10],	and	species	delimitation	
[11].		

Furthermore,	transcriptomics	has	been	employed	to	understand	specialized	metabolism	in	
different	 organisms.	 For	 example,	 the	 sequencing	 of	 long	 mRNA	 molecules	 with	 Pacific	
Biosciences	 technology	 has	 allowed	 the	 identification	 of	 isoforms	 alternate	 to	 those	
associated	 with	 the	 production	 of	 specialized	 metabolites	 [12].	 In	 addition,	 differential	
expression	 of	 genes	 associated	 with	 specialized	 metabolism	 is	 a	 powerful	 approach	 for	
characterizing	the	biosynthetic	origin	of	compounds	not	readily	detected	by	genome	mining	
algorithms	 [13].	 Gene	 annotation	 and	mapping	 to	 known	metabolic	 pathways	 associated	
with	specialized	metabolism	represents	another	method	of	gaining	insight	into	whether	the	
organism	 of	 study	 possesses	 the	 necessary	 genes	 to	 produce	 a	 compound	 of	 interest.	
Numerous	databases	of	metabolic	pathways	exist	such	as	the	Kyoto	Encyclopedia	of	Genes	
and	Genomes	(KEGG)	or	MetaCyc	[14,15].	KEGG	contains	pathways	associated	with	primary	
and	 specialized	 metabolites	 such	 as	 the	 biosynthesis	 of	 alkaloids,	 terpenoids,	 steroids,	
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polyketides	 and	 fatty	 acids.	 This	 makes	 it	 a	 powerful	 tool	 to	 predict	 and	 visualize	 the	
completeness	of	an	organism’s	metabolic	pathways.	For	example,	KEGG	has	been	utilized	to	
determine	whether	 the	 sponge	Amphimedon	queenslandica	 possesses	 complete	pathways	
for	the	biosynthesis	of	sterols	and	fatty	acids	[16].	

The	 3-alkylpyridine	 alkaloids	 (3-APs)	 are	 found	 throughout	 sponges	 of	 the	 Order	
Haplosclerida	 and	 their	 biosynthetic	 origin	 has	 largely	 remained	 a	 mystery	 [17].	 This	
includes	questions	such	as	which	enzymes	are	responsible	and	whether	the	host	sponge	or	
microbial	symbionts	encode	the	genes	for	said	enzymes.	The	two	major	moieties	of	the	3-
APs,	the	pyridine	ring	and	the	aliphatic	chain,	provide	clues	as	to	how	these	molecules	may	
be	 synthesized.	 In	 particular,	 the	 pyridine	 ring	 has	 been	 hypothesized	 to	 originate	 from	
nicotinic	acid	(NTA)	(Figure	1.11B)	[18-20].	NTA	is	 intrinsically	 linked	to	the	cycle	of	 the	
cofactor	nicotinamide	adenine	dinucleotide	(NAD+)	and	as	a	result	there	are	several	ways	it	
could	be	synthesized	 in	the	haplosclerid	holobiome	(Figure	2.1)	[21].	First,	 the	precursor	
quinolinic	acid	(QA)	can	be	synthesized	de	novo	in	various	organisms.	Animals	and	fungi	are	
known	to	utilize	tryptophan,	plants	utilize	aspartate,	and	bacteria	can	utilize	both.	QA	is	then	
converted	 to	 nicotinic	 acid	mononucleotide	 (NTAM),	 nicotinic	 acid	 adenine	 dinucleotide	
(NTAAD+)	and	then	NAD+	in	what	is	known	as	the	NAD+	cycle.	After	being	utilized,	it	is	then	
converted	to	nicotinamide	(NAM).	From	there,	the	two-step	or	four-step	salvage	pathways	
can	recycle	this	product	back	into	the	NAD+	cycle.	Therefore,	the	de	novo	biosynthesis	of	NTA	
likely	requires	either	a	complete	tryptophan	or	aspartate	pathway,	a	complete	NAD+	cycle	
pathway,	and	then	a	four-step	salvage	pathway.	Alternatively,	NTA	can	also	be	acquired	via	
the	diet	of	an	organism	[22].	When	examining	the	four-step	pathway,	there	are	two	critical	
enzymes	necessary	for	the	recycling	of	NTA.	The	first	is	nicotinamide	amidohydrolase	which	
is	 responsible	 for	 the	 conversion	 of	 NAM	 to	 NTA	 [23].	 The	 second	 is	 nicotinate	
phosphoribosyltransferase	which	 then	 converts	 NTA	 to	 NTAM,	 but	 a	 reversible	 reaction	
from	this	enzyme	which	results	in	the	production	of	NTA	has	been	reported	[24].	In	addition,	
there	 exists	 evidence	 of	 several	 enzymes	 such	 as	 5’	 nucleotidase	 being	 involved	 in	 the	
conversion	of	NTAM	to	NTA	[25,26].	
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Figure	2.1	The	NAD+	Cycle.	Modified	from	Lin	et	al.	2010	[21].	Moiety	abbreviations	are	as	follows:	R5P,	ribose	
5-phosphate;	ADPR,	adenosine	diphosphate	ribose.	

The	aliphatic	chain	of	3-APs	could	be	derived	from	the	condensation	of	malonyl-CoA	or	its	
derivatives	[18-20].	Such	a	condensation	is	typically	performed	via	the	enzymes	fatty	acid	
synthase	(FAS)	associated	with	primary	metabolism	or	polyketide	synthase	(PKS)	associated	
with	specialized	metabolism.	In	particular,	the	highly	reduced	nature	of	3-AP	aliphatic	chains	
supports	the	notion	that	this	portion	may	be	derived	from	a	FAS	or	a	highly	reducing	PKS.	
Two	 types	 of	 FAS	 exist.	 The	 type	 I	 system	 comprises	 a	 single	 enzyme	 containing	 all	 the	
necessary	 domains	 to	 synthesize	 fatty	 acids	 and	 is	 utilized	 by	 animals,	 fungi	 and	 some	
bacteria	[27-29].	Alternatively,	the	type	II	system	is	found	in	most	bacteria	and	plants	and	
comprises	 distinct,	 individual	 enzymes	 each	 responsible	 for	 the	 different	 reactions	
necessary	to	synthesize	fatty	acids	[30].	Both	systems	employ	the	same	steps	of	initiation,	
elongation,	and	termination	to	reach	the	fully	reduced	product	palmitic	acid.	Type	I	and	II	
PKS	are	also	divided	in	a	similar	manner,	but	often	contain	more	exotic	enzymatic	domains	
allowing	for	more	complex	modifications	and	polyketide	end	products	as	compared	to	fatty	
acids.	As	a	result,	unlike	fatty	acids,	polyketides	often	vary	in	methylation,	present	functional	
groups,	and	degrees	of	saturation	[31].	Furthermore,	Type	III	PKS	also	exist	 in	which	the	
system	 is	 independent	 of	 an	 acyl	 carrier	 protein.	 The	 polyketide	 hypothesis	 for	 3-AP	
biosynthesis	 is	 typically	paired	with	the	 idea	of	NTA	being	used	as	a	starter	unit.	Genetic	
evidence	of	this	reaction	occurring,	albeit	with	compounds	different	from	3-APs,	has	been	
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identified	 in	 three	 different	 microbial	 PKS	 biosynthetic	 gene	 clusters	 in	 which	 an	 AMP-
binding	enzyme	 ligates	NTA	to	coenzyme	A	allowing	 it	 to	be	utilized	by	 the	PKS	 [32-34].	
Furthermore,	there	exists	a	standalone	adenylation	domain	involved	in	the	biosynthesis	of	
the	 polyketide	 kosinostatin	 which	 can	 promiscuously	 activate	 NTA	 and	 represents	 an	
alternative,	hypothetical	method	to	incorporate	this	substrate	into	a	polyketide	[35].	

Plant	alkaloids	also	offer	an	alternative	 source	of	 inspiration	 for	how	 the	3-APs	could	be	
synthesized.	Rather	than	NTA	being	incorporated	into	polyketide	biosynthesis,	it	may	be	that	
it	 is	 instead	condensed	with	an	already	complete	aliphatic	chain.	No	publication	indicates	
that	 such	an	enzyme	exists	 to	perform	 this	 reaction.	However,	 the	alkaloid	nicotine	does	
represent	an	instance	in	which	an	NTA	derivative	condensed	with	an	N-methylpyrollinium	
at	 the	 same	 position	 that	 the	 aliphatic	 chain	 is	 located	 on	 a	 pyridine	 ring	 in	 3-APs.	
Specifically,	 the	 plant	 Nicotiana	 tabacum	 appears	 to	 utilize	 two	 distinct	 enzymes	 to	
accomplish	this	process	[36].	The	first	is	an	isoflavone	reductase	homolog	and	the	second	a	
berberine	 bridge	 enzyme-like	 (BBE-like)	 protein	 [37,38].	 Based	 on	 their	 role	 in	
condensation,	similar	enzymes	to	these	from	N.	tabacum	could	represent	an	alternate	way	
in	which	a	3-AP	monomer	is	created	via	the	sponge	holobiome.	Furthermore	3-AP	alkaloids	
are	 typically	 oligomerized	 resulting	 in	 the	 creation	 of	 3-alkylpyridinium	 salts	 [39].	 This	
process	involves	the	bonding	between	the	aliphatic	chain	terminal	end	of	one	monomer	with	
the	nitrogen	atom	of	another.	The	pyridine	alkaloid	trigonelline,	found	in	a	wide	variety	of	
plants	such	as	Arabidopsis	thaliana,	is	produced	by	an	N-methyltransferase	[40].	Trigonelline	
has	been	found	in	several	species	of	non-haplosclerid	sponge	and	it	may	be	that	a	similar	
enzyme	could	be	involved	in	the	oligomerization	of	monomeric	units	[41-44].	

Because	 of	 the	 specific	 association	 of	 3-APs	 with	 haplosclerid	 sponges	 it	 is	 often	
hypothesized	that	the	host	organism	may	be	the	true	source	of	these	compounds	rather	than	
its	associated	microbial	consortia.	Due	to	the	nature	of	poly(A)	selection,	which	enriches	for	
eukaryotic	 mRNA,	 transcriptome	 sequencing	 with	 libraries	 prepared	 from	 this	 method	
represents	a	targeted	insight	into	the	metabolic	capabilities	of	the	host	organism.	Based	on	
this	 reasoning,	 transcriptome	 sequencing	 and	 assembly	 of	 Irish	 Haliclona	 species	 was	
employed	to	assess	the	possession	of	genes	hypothesized	to	be	involved	in	the	biosynthesis	
of	3-APs.	A	specific	approach	was	the	use	of	metabolic	pathway	mapping	to	determine	the	
capability	of	these	sponges	to	produce	the	hypothesized	building	blocks	of	3-APs,	namely	
NTA	and	an	alkyl	chain.	Furthermore,	the	possession	of	metabolic	pathways	responsible	to	
produce	other	bioactive	compounds	commonly	associated	with	sponges,	such	as	sterols,	was	
a	secondary,	more	general	aim	of	this	pursuit.	
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Materials	and	Methods	
Sample	Collection	

Haliclona	indistincta	(MIIG1388)	(Figure	2.2A)	was	collected	at	Corranroo	on	17/05/2019	
and	Haliclona	viscosa	(MIIG1389	and	MIIG1390)	(Figure	2.2B)	was	collected	at	Bridges	of	
Ross	on	01/08/2019.	Visible	epibionts	were	removed.	The	sponges	were	rinsed	in	sterile	
artificial	 seawater.	The	 sponges	were	 then	dissected	 into	~1	cm3	 pieces	and	 flash-frozen	
with	 liquid	nitrogen.	Samples	were	stored	at	 -70	°C	until	 further	use.	Voucher	specimens	
were	stored	in	absolute	ethanol.	

	
Figure	2.2	(A)	MIIG1388	prior	to	dissection	and	flash	freezing.	(B)	MIIG1389	prior	to	dissection	and	flash-
freezing.	

RNA	Extraction	

A	~1	cm3	piece	of	flash-frozen	sponge	tissue	was	submerged	in	500	µL	of	Trizol	in	a	2	mL	
microcentrifuge	tube.	The	tissue	was	semi-homogenized	by	hand	with	a	pestle.	An	additional	
500	µL	of	Trizol	was	then	added	to	the	sample.	The	sample	was	mixed	by	gently	inverting	
five	 times	and	allowed	 to	 incubate	at	 room	temperature	 for	5	min.	The	sample	was	 then	
inverted	and	vortexed	with	a	VWR	Analogue	mini	vortex	mixer	at	maximum	speed	for	2	min.	

A	volume	of	100	µL	1–bromo–3–chloropropane	was	added	to	the	sample.	The	sample	was	
mixed	by	hand	for	20	sec	and	then	vortexed	for	10	sec	with	a	VWR	Analogue	mini	vortex	
mixer	at	maximum	speed.	The	sample	was	incubated	at	room	temperature	for	5-10	min.	The	
sample	was	then	centrifuged	at	16,000	×	g	for	15	min	at	6	°C.	The	clear,	aqueous	layer	at	the	
top	was	transferred	to	a	fresh	microcentrifuge	tube.	

RNA	was	purified	by	adding	500	µL	of	100%	isopropanol	to	the	aqueous	phase	sample.	The	
sample	was	 inverted	and	vortexed	with	a	VWR	Analogue	mini	vortex	mixer	at	maximum	
speed	for	2	min.	The	sample	was	left	to	incubate	for	10	min	at	room	temperature.	The	sample	
was	centrifuged	at	16,000	×	g	for	15	min	at	4	°C.	The	supernatant	was	discarded	and	1	mL	of	
75%	ethanol	was	added	to	the	RNA	pellet.	The	pellet	was	disrupted	by	vortexing.	The	RNA	
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sample	was	then	centrifuged	for	5	min	at	4	°C	at	7,500	×	g.	The	ethanol	was	carefully	removed	
without	disturbing	the	pellet.	The	washing	with	75%	ethanol	was	repeated	once.	The	RNA	
sample	was	allowed	to	air	dry	until	the	edges	of	the	pellet	were	visible.	Finally,	the	pellet	was	
resuspended	in	100	µL	molecular-grade	water.	The	RNA	sample	was	kept	frozen	at	-70	°C	
until	 further	use.	A	 subsample	of	 each	RNA	extraction	was	used	 for	quality	 and	quantity	
assessment	on	a	2100	Bioanalyzer	RNA	Eukaryotic	Chip.	

Transcriptome	Sequencing	

Samples	were	sent	to	Macrogen,	Inc.	for	the	preparation	of	Illumina	TruSeq	Stranded	mRNA	
libraries	from	poly(A)	selection	with	insert	sizes	of	150	bp.	The	libraries	were	sequenced	on	
a	 Novaseq	 6000	 with	 a	 targeted	 40	 million	 reads	 per	 sample.	 Raw	 RNA-seq	 reads	 are	
available	at	the	NCBI	BioProjeect	PRJNA795170.	

Transcriptome	Assembly	

Previously	 sequenced	 raw	 cDNA	 Illumina	 reads	 of	 Haliclona	 cinerea,	 H.	 indistincta	
(MIIG1093,	 MIIG1094	 and	 MIIG1095),	Haliclona	 oculata	 (MIIG1250	 and	 MIIG1251)	 and	
Haliclona	simulans	(MIIG1248	and	MIIG1249)	were	acquired	from	Dr	Grace	P.	McCormack	
and	Dr	Jose	Maria	Aguilar-Camacho	for	use	in	this	study	(personal	communication).	

Raw	 cDNA	 reads	 of	H.	 cinerea,	H.	 indistincta,	H.	 oculata,	H.	 simulans	 and	H.	 viscosa	were	
processed	with	 fastp	 version	 0.2	 on	 default	 settings	 to	 remove	 adapters	 and	 low-quality	
regions	[45].	The	processed	reads	were	then	assembled	with	Trinity	version	2.8.5	on	default	
settings	 [46].	 Reads	were	 pooled	 so	 that	 one	 transcriptome	 per	 species	was	 assembled.	
Isoforms	and	lowly-expressed	transcripts	were	retained	in	the	final	assembly.	The	longest	
translated	open	reading	frames	per	transcript	were	extracted	using	TransDecoder	version	
5.5.0	 [47].	 Homology	 searches	 using	 these	 open	 reading	 frames	 as	 a	 query	 against	 the	
SwissProt	database	(accessed	14/01/2020)	with	BLASTp	version	2.9.0	[48,49]	as	well	as	the	
Pfam	database	(accessed	14/01/2020)	with	HMMER	version	3.2.1	[50,51]	were	performed.	
Significant	 homologous	 alignments	 were	 used	 to	 guide	 TransDecoder	 in	 identifying	
additional	open	reading	frames.	The	completeness	of	the	transcriptomes	was	then	assessed	
using	 BUSCO	 version	 5.1.2;	 specifically,	 the	 assemblies	 were	 queried	 against	 the	 latest	
version	 of	 the	 eukaryota_odb10	 dataset	 which	 comprises	 near	 universal	 single-copy	
orthologs	 expected	 in	 all	 members	 of	 the	 kingdom	 (downloaded	 13/04/2021)	 [52].	
Transcriptome	 assembly,	 open	 reading	 frame	 extraction	 and	 BUSCO	 analysis	 were	
performed	with	an	account	at	the	Leibniz	Supercomputing	Centre.	

Screening	for	Enzymes	Hypothesized	to	be	Involved	in	3-AP	Biosynthesis	

Several	enzymes	hypothesized	to	be	involved	in	3-AP	biosynthesis,	as	described	previously	
(Chapter	 1),	 were	 used	 as	 tblastn	 queries	 against	 the	 assembled	 transcriptomes	 of	 H.	
indistincta	 and	 H.	 viscosa	 which	 are	 known	 to	 produce	 3-APs.	 If	 significant	 hits	 were	
identified	(E-value	less	than	1e-4),	homologs	were	searched	for	in	the	transcriptomes	of	H.	
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cinerea,	H.	oculata,	and	H.	simulans	as	these	species	are	not	known	to	produce	3-APs	and	
should	 thus	 lack	 similar	 enzymes.	 These	 queries	 include	 the	 AMP-binding	 CoA	 ligases	
involved	 in	 preparing	 NTA	 for	 the	 polyketide	 biosynthesis	 of	 pyripyropene	 A,	 5-
deoxyoxalicine	and	pyridinopyrone	A	(XP_751267.1;	no	accession;	AYD88521.1)	[32,33,34];	
the	standalone	adenylation	domain	involved	in	the	biosynthesis	of	kosinostatin	which	can	
promiscuously	 activate	 NTA	 (AFJ52660.1)	 [35];	 the	 nicotinate	N-methyltransferase	 of	A.	
thaliana	 involved	 in	 the	 biosynthesis	 of	 trigonelline	 (NP_190882.1)	 [40];	 two	 isoflavone	
reductase	 homologs	 of	 A622	 from	 N.	 tabacum	 involved	 in	 the	 biosynthesis	 of	 nicotine	
(NP_001312315.1;	 NP_001312742.1);	 and	 four	 individual	 BBE-like	 proteins	 from	 N.	
tabacum	also	involved	in	the	biosynthesis	of	nicotine	(NP_001312453.1,	NP_001313171.1;	
NP_001313194.1;	 BAK18781.1).	 Specifically,	 the	 regions	 corresponding	 to	 the	 conserved	
domain	Pfam00501,	which	represents	AMP-binding	domains,	were	identified	and	extracted	
from	 the	 aforementioned	CoA	 ligases	 and	 adenylation	domain	 using	 the	NCBI	 conserved	
domain	database	[53].	Significant	hits	where	then	screened	against	the	NCBI	non-redundant	
database	 to	 assess	whether	 they	 have	 a	 higher	 alignment	with	 different	 proteins	 not	 of	
relevance	[54].	

Metabolic	Pathway	Mapping	

The	 translated	 open	 reading	 frames	 of	 each	 assembly	 were	 uploaded	 to	 the	 KEGG	
blastKOALA	 service	 to	 annotate	 them	with	KEGG	Orthology	 numbers	 [55].	Open	 reading	
frames	 were	 then	 mapped	 to	 metabolic	 pathways	 in	 the	 KEGG	 database	 [14].	 Select	
pathways	 possibly	 linked	 to	 the	 biosynthesis	 of	 3-APs	were	 analysed	 to	 see	whether	H.	
indistincta	and	H.	viscosa	possessed	the	necessary	enzymes	to	synthesize	building	blocks	of	
these	 alkaloids.	 Furthermore,	 the	 ability	 of	 the	Halicona	 sp.	 to	 synthesize	 other	 types	 of	
specialized	 metabolites	 was	 assessed	 by	 identifying	 pathways	 with	 a	 high	 degree	 of	
completeness	within	 the	 comprehensive	KEGG	reference	pathway	 for	 the	biosynthesis	of	
specialized	metabolites.	 It	 should	be	noted	 that	 numerous	KEGG	Orthology	numbers	 can	
correspond	 to	 different	 enzymes	 in	 different	 pathways.	 In	 particular,	 the	 pathways	 for	
animal	and	plant	sterol	biosynthesis	are	affected	by	this	quality.	 In	this	case	the	enzymes	
identified	as	belonging	to	both	these	pathways	were	manually	examined	by	running	them	as	
blastp	queries	against	the	nr	database	to	estimate	which	pathway	they	belonged	to.	If	key	
enzymes	necessary	for	a	complete	metabolic	pathway	were	not	detected	by	KEGG,	a	query	
sequence	from	the	UniProt	database	was	used	to	manually	screen	the	nucleotide	sequences	
of	 the	 transcriptomes	 (Appendix	 1)	 [56].	 When	 possible,	 proteins	 from	 the	 sponge	 A.	
queenslandica	were	used	as	queries.	If	not,	then	proteins	from	model	organisms	were	used.	

Results	
Transcriptome	Assembly	

After	processing	with	 fastp,	approximately	472.68,	69.80,	257.97,	207.46,	and	94.64	Mbp	
(base	pair	values	rounded	up	to	two	decimal	places	here	and	for	every	instance	hereafter)	of	
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data	 were	 acquired	 for	 H.	 cinerea,	 H.	 indistincta,	 H.	 oculata,	 H.	 simulans	 and	 H.	 viscosa	
respectively.	 Five	 separate	 transcriptomes	 were	 then	 successfully	 assembled	 using	 the	
Trinity	 software	 (Table	 2.1).	 More	 data	 were	 available	 for	H.	 cinerea,	H.	 oculata	 and	H.	
simulans	which	appeared	to	be	reflected	in	the	larger	assembly	size	and	higher	number	of	
true	genes	when	compared	to	H.	indistincta	and	H.	viscosa.	Furthermore,	this	division	was	
also	apparent	regarding	GC	content	in	which	the	first	three	exhibited	a	value	around	39%	
while	 the	 latter	were	at	44.5%.	The	 total	 amount	of	 translated	open	 reading	 frames	was	
reflected	by	the	size	of	the	assemblies	with	H.	cinerea	yielding	the	most	protein	sequences	
while	H.	viscosa	yielded	the	least	(Table	2.2).	All	five	Haliclona	transcriptomes	exhibited	very	
high	completeness	when	assessed	with	the	BUSCO	eukaryote	data	set	(Table	2.3).	

Table	2.1	Trinity	assembly	statistics	of	the	five	Haliclona	transcriptomes.	

Species	 Total	(Mbp)	 Number	of	contigs	 Number	of	Trinity	‘genes’	
excluding	isoforms	

Contig	N50	
(kbp)	

GC	(%)	

H.	cinerea	 156.12	 123,111	 64,261	 2.81	 39.59	

H.	indistincta	 106.87	 123,111	 48,788	 2.03	 44.1	

H.	oculata	 142.18	 122,855	 70,008	 2.46	 38.56	

H.	simulans	 104.12	 106,366	 55,501	 1.89	 39.87	

H.	viscosa	 94.09	 105,831	 59,949	 1.73	 44.5	

 
Table	2.2	Transdecoder	open	reading	frame	statistics	of	the	five	Haliclona	transcriptomes.	

Species	 Total	(aa)	 Complete	ORF	 5’	Partial	ORF	 3’	Partial	ORF	

H.	cinerea	 34,243,765	 58,606	 14,476	 6,129	

H.	indistincta	 26,553,534	 29,232	 15,794	 7,290	

H.	oculata	 30,530,592	 49,528	 16,191	 5,687	

H.	simulans	 24,643,377	 31,081	 16,112	 7,561	

H.	viscosa	 22,299,218	 24,435	 12,776	 7,166	

Table	2.3	BUSCO	Eukaryotic	score	for	the	five	Haliclona	transcriptomes.	

BUSCO	 H.	cinerea	 H.	indistincta	 H.	oculata	 H.	simulans	 H.	viscosa	

Complete	(%)	 97.6	 99.6	 98.5	 97.6	 95.3	

Single	(%)	 23.9	 45.1	 31.4	 38.0	 55.3	

Duplicate	(%)	 73.7	 54.5	 67.1	 59.6	 40	

Fragmented	(%)	 0.8	 0.0	 0.4	 2.0	 4.3	

Missing	(%)	 1.6	 0.4	 1.1	 0.4	 0.4	
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Hypothesized	Enzymes	associated	with	3-AP	Biosynthesis	

Only	a	single	transcript	in	the	H.	indistincta	assembly	significantly	aligned	(bit	score	45.4)	
with	 the	 second	 isoflavone	 reductase	 homolog	 A622-like	 protein	 from	 N.	 tabacum.	
Sequentially	 this	protein	most	aligned	with	uncharacterized	proteins	 from	animals	 in	 the	
non-redundant	database,	but	the	conserved	domains	it	possessed	were	not	consistent	with	
those	of	A622.	All	five	Haliclona	species	were	found	to	possess	transcripts	encoding	proteins	
with	both	FAD	binding	4	and	BBE-like	domains.	All	five	appeared	to	share	homologous	genes	
which	 most	 aligned	 with	 those	 from	 cnidarians	 in	 the	 non-redundant	 database;	 these	
cnidarian	sequences	also	encoded	for	both	the	FAD	binding	4	and	BBE-like	domains.	The	
closest	 named	 protein	 was	 a	 spectrin	 alpha	 chain	 (PFX14964.1)	 from	 the	 stony	 coral	
Stylophora	pistillata	with	percent	identities	of	35.16%,	66.96,	47.15%,	47.22%,	and	64.09%	
for	the	first	isoforms	of	these	proteins	from	H.	cinerea,	H.	indistincta,	H.	oculata,	H.	simulans,	
and	 H.	 viscosa	 respectively.	 However,	 H.	 indistincta	 and	 H.	 viscosa	 possessed	 additional	
transcripts	encoding	for	these	two	domains	which	instead	most	aligned	with	FAD-binding	
oxidoreductases	 from	 bacteria	 of	 the	 genus	 Streptomyces;	 these	 bacterial	 proteins	 also	
contained	 the	 BBE-like	 domain.	 Particularly,	 that	 of	 H.	 indistincta	most	 aligned	 with	 a	
sequence	 from	 Streptomyces	 chartreusis	 (WP_150501450.1)	 with	 a	 percent	 identity	 of	
28.54%	whereas	 that	 of	H.	 viscosa	was	 with	 a	 sequence	 from	 Streptomyces	 tubercidicus	
(WP_159743968.1)	with	 a	 percent	 identity	 of	 30.47%.	 Significant	 local	 alignments	were	
detected	in	all	five	Haliclona	species	when	using	the	AMP-binding	domains	which	act	upon	
NTA	as	queries.	When	screening	the	top	corresponding	Haliclona	sequences	against	the	non-
redundant	database	no	 top	matches	 towards	AMP-binding	enzymes	which	act	upon	NTA	
were	detected.	Significant	matches	 towards	a	predicted	4-coumarate—CoA	 ligase	 from	A.	
queenslandica	 (XP_003386175.1)	 and	 a	 luciferase	 polypeptide	 from	 the	 sponge	 Suberites	
domuncula	(CAR31336.1)	were	instead	the	consistent	op	hits	with	percent	identities	higher	
than	 50%.	 The	 exception	 was	 a	 sequence	 from	 H.	 oculata	 which	 most	 aligned	 with	 a	
predicted	 acyl-CoA	 synthetase	 family	 member	 4-like	 protein	 from	 A.	 queenslandica	
(XP_019859051.1)	and	a	beta-alanine-activating	enzyme	from	the	fish	Megalops	cyprinoides	
(XP_036376699.1).	 None	 of	 the	 five	 Haliclona	 species	 possessed	 nicotinate	 N-
methyltransferase	to	convert	NTA	to	trigonelline,	or	N1-methylnicotinic	acid	(N1-MNTA),	as	
possibly	expected	for	3-alkylpyridinium	salts.	
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KEGG	Orthology	Functional	Annotation	

A	total	of	12,945,	11,161,	13,228,	10,413	and	12,600	extracted	open	reading	frames	from	H.	
cinerea,	H.	indistincta,	H.	oculata,	H.	simulans	and	H.	viscosa	were	respectively	assigned	KEGG	
Orthology	numbers.	This	accounts	for	23.29%,	26.63%,	25.31%,	23.21%	and	26.35%	of	the	
total	 extracted	open	 reading	 frames	 respectively	 for	 each	of	 the	 aforementioned	 species.	
Regarding	 the	 different	 classifications	 of	 KO	 numbers,	 each	 of	 the	 five	 species	 generally	
exhibited	similar	proportions	(Figure	2.3).	The	most	significant	exception	is	that	H.	simulans	
exhibited	 far	 fewer	 numbers	 of	 assigned	 KO	 identifiers	 associated	 with	 metabolism.	
Furthermore,	H.	 indistincta	 and	 H.	 simulans	 also	 exhibited	 fewer	 assigned	 KO	 identifiers	
associated	with	 human	disease	 than	 the	 other	 three	 species.	When	 focusing	 on	 different	
pathways	which	 fall	under	 the	metabolism	classification,	 the	 five	species	again	 tended	 to	
exhibit	similar	numbers	for	each	category	(Figure	2.4).	The	primary	exception	is	again	with	
H.	 simulans	 which	 received	 few	 amounts	 of	 KO	 identifiers	 associated	 with	 energy	
metabolism	and	nucleotide	metabolism.	

 
Figure	2.3	KEGG	Orthology	identifiers	from	six	broad	categories	assigned	to	each	of	the	five	Haliclona	species.	
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Figure	 2.4	KEGG	Orthology	 identifiers	 associated	with	metabolism	 that	were	 assigned	 to	 each	 of	 the	 five	
Haliclona	species.	

Primary	Metabolism	of	Nicotinic	Acid	in	Haliclona	Species	

All	five	Haliclona	species	possess	the	necessary	genes	to	convert	tryptophan	to	QA	(Figure	
2.5).	The	only	difference	is	that	H.	cinerea	possesses	an	additional	gene	for	tryptophan	2,3-
dioxygenase	 (EC:1.13.11.11)	 which	 converts	 tryptophan	 to	 N-formylkynurenine.	
Furthermore,	 the	 enzyme	 nicotinate-nucleotide	 pyrophosphorylase	 (EC:2.4.2.19)	 was	
present	in	all	species	indicating	a	connection	between	tryptophan	metabolism	and	the	NAD+	
cycle.	None	of	the	five	species	possessed	the	necessary	genes	to	convert	L-aspartate	to	QA	
(data	not	shown).	

All	five	Haliclona	species	possessed	the	necessary	genes	for	the	biosynthesis	of	NAD+/NADP+	
(Figure	 2.6).	 Furthermore,	 enzymes	 for	 the	 recycling	 of	 nicotinamide	 back	 into	 the	
NAD+/NADP+	 cycle	 as	 well	 as	 converting	 it	 into	 N1-methylnicotinamide	 (N1-MNAM)	 for	
waste	 excretion	 were	 present.	 The	 enzyme	 nicotinate	 phosphoribosyltransferase	 (EC:	
6.3.4.21),	which	is	capable	of	converting	NTAM	to	NTA,	was	not	present	in	any	of	the	five	
species.	Only	H.	 viscosa	possessed	 the	nicotinamidase	gene	 for	 the	 conversion	of	NAM	 to	
NTA,	but	it	most	aligned	with	nicotinamidase	sequences	from	other	metazoans	and	bacteria	
rather	than	any	sequence	from	A.	queenslandica.	No	similar	transcripts	were	found	in	the	
transcriptomes	of	the	other	four	species	using	this	nicotinamidase	from	H.	viscosa	as	a	query.	
Only	one	clear	path	towards	the	biosynthesis	of	NTA	from	QA	was	identified	via	pathway	
mapping.	All	 five	Haliclona	 species	possess	 the	genes	 for	5'-nucleotidase	 (EC:3.1.3.5)	and	
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purine-nucleoside	 phosphorylase	 (EC:2.4.2.1)	 which	 can	 convert	 NTAM	 to	 nicotinic	 acid	
riboside	(NTAR)	and	then	NTA	respectively	according	to	KEGG.	

 
Figure	 2.5	 Tryptophan	 metabolism	 of	 five	 Haliclona	 species.	 Abbreviations	 are	 as	 follows:	 L-TRP,	 L-
tryptophan;	 L-FK,	 L-Formylkynurenine;	 L-K,	 L-Kynurenine;	 3-H-L-K,	 3-Hydroxy-L-kynurenine;	 FA,	 Formyl-
anthranilate;	 A,	 Anthranilate;	 3-HA,	 3-Hydroxyanthranilate;	 2-A-3-CMA,	 2-Amino-3-carboxymuconate	
semialdehyde;	QA,	Quinolinic	acid.	A	possible	pathway	from	L-TRP	to	QA	is	highlighted	in	green.	
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Figure	2.6	Nicotinate	and	Nicotinamide	metabolism	of	five	Haliclona	species.	Abbreviations	are	as	follows:	QA,	
Quinolinic	acid;	NTAM,	Nicotinic	acid	mononucleotide;	NTAAD+,	Nicotinic	acid	adenine	dinucleotide;	NAMN,	
Nicotinamide	 mononucleotide;	 NAD+,	 Nicotinamide	 adenine	 dinucleotide;	 NADP+,	 Nicotinamide	 adenine	
dinucleotide	 phosphate;	 NAM,	 Nicotinamide;	 NAMR,	 Nicotinamide	 riboside;	 N1-MNAM,	 N1-
Methylnicotinamide;	NTA,	Nicotinic	acid;	NTAR,	Nicotinic	acid	riboside;	N1-MNTA,	N1-Methylnicotinic	acid.	
The	pathway	from	QA	to	NTA	is	highlighted	in	green.	
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Fatty	Acid	Biosynthesis	in	Haliclona	Species	

None	of	the	Haliclona	species	possessed	the	necessary	enzymes	to	synthesize	fatty	acids	in	
the	 cytosol	 (Figure	2.7).	No	modular	 fatty	 acid	 synthase	of	 type	 I	 biosynthesis	 similar	 to	
animals	 (FASN;	 EC:2.3.1.85),	 fungi	 (FAS1/FAS2;	 EC:2.3.1.86)	 or	 bacteria	 (fas;	 EC:2.3.1.-)	
were	detected	in	any	of	the	transcriptomes.	Evidence	of	type	II	biosynthesis	was	detected	in	
all	 species	 in	 that	 the	 enzymes	 [acyl-carrier-protein]	 S-malonyltransferase	 (fabD;	
EC:2.3.1.39)	 and	 3-oxoacyl-[acyl-carrier-protein]	 synthase	 II	 (fabF;	 EC:2.3.1.179),	 were	
detected;	 a	 blastp	 search	 against	 the	 NCBI	 non-redundant	 database	 indicated	 poriferan	
origin	 as	 their	 closest	 hits	were	 of	 similar	 proteins	 from	A.	 queenslandica.	 Furthermore,	
genes	 encoding	 for	 3-oxoacyl-[acyl-carrier	 protein]	 reductase	 (fabG;	 EC:1.1.1.100)	 were	
identified	 in	 each	 species	with	 high	 sequence	 similarity	 to	 one	 from	A.	 queenslandica.	 In	
addition,	H.	indistincta	and	H.	viscosa	possess	the	gene	for	HSD17B8	which	has	been	reported	
to	 function	 as	 a	 3-oxoacyl-[acyl-carrier	 protein]	 reductase	 alpha	 subunit	 (EC:1.1.1.62,	
1.1.1.239).	Finally	all	species	possessed	mitochondrial	enzymes	associated	with	type	II	fatty	
acid	biosynthesis,	 namely	mitochondrial	 enoyl-[acyl-carrier	 protein]	 reductase	 /	 trans-2-
enoyl-CoA	 reductase	 (MECR;	 EC:1.3.1.-).	 However,	 no	 genes	 coding	 for	 enzymes	 with	
dehydratase	 activity,	 such	 as	 FabA,	 were	 detected	 indicating	 that	 the	 type	 II	 fatty	 acid	
biosynthesis	 pathway	 is	 incomplete	 in	 these	 organisms.	 The	 five	 species	 also	 possessed	
complete	 pathways	 for	 the	 elongation	 of	 hexadeconoate	 and	 longer	 fatty	 acids	 in	 the	
mitochondria	 (Figure	 2.8A)	 and	 endoplasmic	 reticulum	 (Figure	 2.8B).	 A	 β-oxidation	
pathway	 for	 the	degradation	of	 hexadecanoate	 and	 smaller	 fatty	 acids	 to	 acetyl-CoA	was	
detected	in	all	five	Haliclona	species	(Figure	2.9).	
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Figure	2.7 Fatty	acid	biosynthesis	in	the	cytosol	of	five	Haliclona	species.	Red	stars	indicate	a	gene	was	not	
identified	by	KEGG	but	instead	by	manual	analysis.	
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Figure	2.8	(A)	Fatty	acid	elongation	in	the	mitochondria	of	five	Haliclona	species.	(B)	Fatty	acid	elongation	in	
the	endoplasmic	reticulum	of	five	Haliclona	species.	LC	stands	for	long-chain.	
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Figure	2.9	Fatty	acid	degradation	of	five	Haliclona	species.	
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Steroid	Biosynthesis	in	Haliclona	Species	

The	 only	 KEGG	 biosynthetic	 pathway	 associated	 with	 specialized	 metabolites	 which	
possessed	a	degree	of	completion	was	that	for	steroid	biosynthesis.	Four	of	the	five	Haliclona	
species	 lacked	 at	 least	 one	 gene	 necessary	 for	 the	 complete	 animal	 steroid	 biosynthesis	
pathway	in	which	farnesyl-PP	is	converted	to	cholesterol	(Figure	2.10).	Haliclona	cinerea,	H.	
indistincta,	H.	simulans	and	H.	viscosa	 solely	 lack	delta(24)-sterol	reductase	(EC:	1.3.1.72)	
which	is	one	of	the	final	enzyme	necessary	for	formation	of	cholesterol.	However,	KEGG	did	
identify	this	gene	as	being	present	in	the	H.	oculata	transcriptome.	A	manual	blastx	analysis	
against	the	nr	database	revealed	hits	towards	animal	proteins	with	the	correct	functional	
annotation.	However,	 no	 similar	proteins	 could	be	 found	 from	A.	 queenslandica	 or	 in	 the	
other	 four	 Haliclona	 transcriptomes.	 Originally,	 KEGG	 did	 not	 detect	 H.	 indistincta	 as	
possessing	 a	 lanosterol	 synthase	 gene	 (EC:	 5.4.99.7),	 but	 manual	 analysis	 revealed	 the	
presence	of	 this	 gene	 in	 the	 transcriptome	with	homology	 to	 that	 of	A.	 queenslandica.	 In	
contrast,	H.	cinerea	lacked	several	additional	genes	despite	its	transcriptome	assembly	being	
the	 largest.	 These	 missing	 genes	 include	 squalene	 monooxygenase	 (EC:1.14.14.17)	 and	
sterol	14α	-demethylase	(EC:1.14.14.154	1.14.15.36).	While	KEGG	did	not	detect	this	species	
as	 expressing	 the	 gene	 for	 lanosterol	 synthase,	 manual	 analysis	 also	 identified	 a	 small	
transcript	which	aligned	to	that	of	A.	queenslandica,	but	from	which	an	open	reading	frame	
was	not	extracted.	
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Figure	2.10	Animal	steroid	biosynthesis	in	five	Haliclona	species.	Abbreviations	are	as	follows:	1,	Farnesyl-PP;	
2,	Pre-Squalene-PP;	3,	Squalene;	4,	(S)-Squalene-2,3-epoxide;	5,	Lanosterol;	6,	4,4-Dimethyl-cholesta-4,14,24-
trienol;	7,	14-Demethyllanosterol;	8,	4-Methylzymosterol-carboxylate;	9,	3-Keto-4-methylzymosterol;	10,	4-
Methylzymosterol;	 11,	 4α-Carboxy-5α-cholesta-8,24-dien-3β-ol;	 12,	 Zymosterone;	 13,	 Zymosterol;	 14,	
Cholesta-7,24-dien-3β-ol;	 15,	 7-Dehydrodesmosterol;	 16,	 Desmosterol;	 17,	 Cholesta-8-en-3β-ol;	 18,	
Lathosterol;	19,	7-Dehydrocholesterol;	20,	Cholesterol;	21,	Cholesterol	ester.	Red	stars	indicate	a	gene	was	not	
identified	by	KEGG	but	instead	by	manual	analysis.	
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Genes	associated	with	plant	sterol	biosynthesis	were	also	detected	by	KEGG	(Figure	2.11).	
When	 screened	 against	 the	 nr	 database	 several	 displayed	 the	 pattern	 of	 being	 most	
homologous	to	a	protein	from	A.	queenslandica,	but	the	rest	of	the	alignments	were	of	plant	
origin.	Such	a	signature	was	 interpreted	as	 the	enzymes	being	capable	of	performing	 the	
enzymatic	reactions	necessary	for	the	biosynthesis	of	sterols	associated	with	plants.	First,	all	
five	species	possessed	sterol	methyltransferase	(SMT1;	EC:	2.1.1.41).	Second,	cycloeucalenol	
cycloisomerase	 (EC:5.5.1.9)	 was	 found	 in	 all	 but	H.	 cinerea.	 Third,	 7-dehydrocholesterol	
reductase	(DWF5;	EC:1.3.1.21)	was	found	in	H.	cinerea,	H.	oculata	and	H.	simulans.	Several	
additional	genes	which	may	perform	enzymatic	reactions	found	in	the	plant	pathway	were	
also	detected.	In	particular,	transcripts	from	H.	simulans	and	H.	viscosa	were	identified	which	
had	 top	 hits	 towards	 a	 predicted	 methylsterol	 monooxygenase	 1-like	 protein	 from	 A.	
queenslandica	 (XP_011404818.2),	 but	 also	 with	 proteins	 from	 other	 animals,	 fungi,	 and	
plants.	Furthermore,	a	single	transcript	in	H.	cinerea	which	has	a	higher	sequence	similarity	
to	the	24-methylenesterol	C-methyltransferase	(SMT2;	EC:2.1.1.143)	gene	from	A.	thaliana	
rather	than	its	SMT1	gene	was	detected.	This	gene	most	significantly	aligned	with	sequences	
from	 several	 bacteria	 and	 numerous	 eukaryotes	 included	 the	 segmented	worm	Capitella	
telata,	the	chonaoflagellate	Capsaspora	owczarzaki,	algae	and	plants.	Because	there	was	no	
homologous	 sequence	 to	 A.	 queenslandica,	 it	 is	 difficult	 to	 conclude	 if	 this	 SMT2	 gene	
identified	 in	 the	H.	 cinerea	 transcriptome	 is	 of	 sponge	 origin	 or	 contamination.	All	 other	
enzymes	 associated	 with	 plant	 sterol	 biosynthesis	 were	 either	 absent	 or	 incorrectly	
identified	as	present	by	KEGG	when	in	reality	they	represented	their	animal	homologs.	
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Figure	2.11	Plant	steroid	biosynthesis	in	five	Haliclona	species.	Abbreviations	are	as	follows:	1,	(S)-Squalene-
2,3-epoxide;	 2,	 Cycloartenol;	 3,	 24-Methylenecycloartenol;	 4,	 3β-Hydroxy-4β,14α-dimethyl-9β,19-cyclo-5α-
ergost-24(24(1))-en-4α-carboxylate;	5,	Cycloeucalenone;	6,	Cycloeucalenol;	7,	Obtusifoliol;	8,	δ8,14-Sterol;	9,	
4α-Methylfecosterol;	10,	24-Methylenelophenol;	11,	3β-Hydroxyergosta-7,24(24(1))-dien-4α-carboxylate;	12,	
Episterone;	 13,	 Episterol;	 14,	 5-Dehydroepisterol;	 15,	 24-Methylenecholesterol;	 16,	 24-epicampesterol;	 17,	
Brassicasterol;	18,	Campesterol;	19,	24-Ethylidenelophenol;	20,	4α-Carboxy-stigmasta-7,24(24(1))-dien-3β-
ol;	 21,	 Avenastenone;	 22,	 δ7-Avenasterol;	 23,	 5-Dehydroavenasterol;	 24,	 Isofucosterol;	 25,	 Sitosterol;	 26,	
Stigmasterol.	
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Discussion	
In	 this	 chapter	 I	present	a	 larger	and	more	comprehensive	 transcriptome	assembly	of	H.	
indistincta	 by	 combining	 new	 RNAseq	 data	 from	 MIIG1388	 with	 previously	 sequenced	
specimens	 [57].	 This	 assembly	 exhibits	 a	 higher	 total	 Mbp	 size,	 number	 of	 true	 genes	
excluding	isoforms	and	N50	value.	Furthermore,	novel	transcriptome	assemblies	for	both	H.	
cinerea	and	H.	viscosa	were	generated	the	latter	of	which	was	also	sequenced	in	this	chapter.	
For	consistent	comparison,	the	transcriptomes	of	H.	oculata	and	H.	simulans	were	also	re-
assembled	using	the	same	read	processing	methods	and	assembly	parameters	as	that	for	H.	
cinerea,	H.	indistincta,	and	H.	viscosa.	This	resulted	in	larger	assemblies,	but	a	similar	number	
of	true	genes	excluding	isoforms.	In	turn	this	likely	indicates	that	the	difference	in	size	is	due	
to	a	difference	in	isoform	number.	Because	the	version	of	Trinity	and	parameters	used	for	
the	old	transcriptomes	are	not	available	in	their	corresponding	publication,	it	is	difficult	to	
assess	why	such	a	size	difference	was	observed.	In	addition,	the	N50	value	of	the	H.	oculata	
and	 H.	 simulans	 assemblies	 were	 significantly	 improved	 upon	 by	 81.58%	 and	 47.05%	
respectively.	 The	 BUSCO	 evaluation	 of	 each	 transcriptome	 indicated	 a	 high	 level	 of	
duplication	which	 is	 likely	due	to	not	 filtering	out	 isoforms	prior	 to	running	this	analysis	
(Table	 2.3).	 Furthermore,	 a	 high	 degree	 of	 completeness	 was	 observed	 with	 each	
transcriptome	based	on	the	BUSCO	evaluation.	However,	a	degree	of	caution	should	be	taken	
when	interpreting	this	result.	Polyadenylation	is	a	process	used	by	eukaryotes	to	stabilize	
mRNA	whereas	 in	 prokaryotes	 it	marks	 the	molecule	 for	 degradation	 [58].	 As	 such,	 the	
selection	of	mRNA	with	poly(A)	tails	for	library	preparation	and	sequencing	was	a	means	to	
enrich	 for	 sponge	mRNA.	However,	 this	would	process	 likely	 also	 captured	 the	mRNA	of	
contaminating	eukaryotic	organisms	such	as	crustaceans	and	nematodes.	Furthermore,	it	is	
often	assumed	that	selecting	for	mRNA	with	a	poly(A)	tail	excludes	bacterial	mRNA.	It	should	
be	emphasized	that	this	is	only	a	method	to	enrich	for	eukaryotic	mRNA	rather	than	exclude	
that	 of	 bacteria.	 Thus,	 the	 complete	 absence	 of	 bacterial	 sequences	 in	 the	 produced	
transcriptomes	 cannot	 be	 assumed.	 The	 folly	 of	 making	 such	 an	 assumption	 can	 be	
illustrated	 in	 analyses	 which	 have	 identified	 bacterial	 contamination	 in	 RNA-seq	 data	
derived	from	enriched	eukaryotic,	polyadenylated	mRNA	[59].	

The	BBE-like	proteins	of	N.	tabacum,	which	are	involved	in	the	condensation	of	NTA	with	an	
N-methylpyrrolinium,	displayed	significant	matches	in	each	of	the	Haliclona	transcriptomes	
when	used	as	query	sequences	[38].	Based	on	this	information,	it	appears	that	each	of	the	
Haliclona	species	share	homologous	BBE-like	proteins	with	a	common	evolutionary	origin	
as	 their	 most	 significant	 alignments	 in	 the	 non-redundant	 database	 are	 with	 cnidarian	
sequences.	It	is	especially	promising	that	H.	indistincta	and	H.	viscosa,	the	two	species	which	
produce	3-APs,	both	appear	 to	have	an	additional	gene	 for	BBE-like	proteins	with	higher	
sequence	 similarity	 to	 those	 from	 Actinobacteria	 in	 the	 NCBI	 nr	 database.	 While	 this	
discovery	provides	a	promising	and	alternative	lead	on	identifying	the	biosynthetic	origin	of	
3-APs,	 several	 factors	 remain	 which	 dispute	 this	 concept.	 The	 primary	 one	 is	 that	 no	
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significantly	 similar	 sequences	 to	 the	 isoflavone	 reductase	 homolog	 A622	 of	N.	 tabacum	
were	identified	in	the	Haliclona	transcriptomes.	This	enzyme	is	hypothesized	to	convert	NTA	
into	 a	 3,6-dihydropyridine	 which	 can	 function	 as	 nucleophile	 towards	 an	 N-
methylpyrollinium	 [60].	 Afterwards,	 it	 is	 then	 hypothesized	 that	 the	 BBE-like	 protein	
oxidizes	the	3,6-dihydropyridine	ring	back	into	a	pyridine	ring.	As	such	the	BBE-like	proteins	
in	H.	indistincta	may	not	necessarily	be	responsible	for	the	condensation	of	NTA	with	another	
moiety,	 but	 rather	 the	 oxidation	 of	 a	 reduced	pyridine	 ring.	 BBE-like	 proteins	 catalyse	 a	
variety	of	reactions	involved	in	the	biosynthesis	of	specialized	metabolites,	but	are	largely	
associated	with	archaea,	bacteria,	fungi	and	plants	[61].	Whether	or	not	these	enzymes	are	
involved	in	3-AP	biosynthesis,	it	is	promising	that	sponges	also	appear	to	encode	for	BBE-
like	proteins	in	their	genomes	as	these	enzymes	are	also	associated	with	the	biosynthesis	of	
complex	specialized	metabolites.	

In	 addition,	 no	 strong	 evidence	 was	 found	 that	 any	 Haliclona	 species	 possessed	 genes	
encoding	 for	AMP-binding	 enzymes	which	 activate	NTA.	 This	 conclusion	 is	 based	 on	 the	
significant	 local	hits	with	the	aforementioned	AMP-binding	enzyme	queries	most	aligning	
with	4-coumarate—CoA	ligase	from	A.	queenslandica	(XP_003386175.1)	and	the	luciferase	
polypeptide	from	S.	domuncula	(CAR31336.1).	The	latter	has	been	functionally	characterized	
and	shown	to	not	be	involved	in	specialized	metabolism,	but	rather	a	photoreception	system	
[62].	For	this	reason,	the	similar	sequences	detected	in	the	transcriptomes	of	H.	indistincta	
and	H.	viscosa	are	likely	not	responsible	for	3-AP	biosynthesis.	Furthermore,	it	is	likely	that	
the	method	of	conjugation	between	the	alkyl	chain	of	one	monomer	and	the	nitrogen	atom	
of	another	is	not	similar	to	the	reaction	catalysed	by	trigonelline	synthase	as	no	significant	
alignments	were	detected	when	using	this	protein	as	a	local	query.	

As	expected	of	animals,	all	five	Haliclona	species	possessed	the	necessary	genes	allowing	for	
the	 de	 novo	 biosynthesis	 of	 NTAM,	 a	 fundamental	 metabolite	 in	 the	 NAD+	 cycle,	 from	
tryptophan	 [21].	However,	 from	that	point	 it	 is	difficult	 to	devise	a	pathway	 towards	 the	
biosynthesis	 of	 NTA.	 This	 is	 because	 the	 fundamental	 enzyme,	 nicotinamide	
amidohydrolase,	was	not	clearly	 found	 in	any	of	 the	 five	Haliclona	 transcriptomes.	While	
KEGG	identified	one	protein	sequence	from	H.	viscosa	as	having	this	function,	it	is	difficult	to	
assess	whether	this	sequence	is	eukaryotic	contamination.	This	enzyme	also	appears	to	be	
lacking	in	the	KEGG	pathway	for	the	model	sponge	A.	queenslandica	(data	not	shown)	which	
may	indicate	that	sponges	fundamentally	lack	a	4-step	salvage	pathway.	While	nicotinamide	
amidohydrolase	has	been	reported	from	the	proteome	of	A.	queenslandica,	a	lack	of	sharing	
the	 sequence	makes	 it	 difficult	 to	 identify	 similar	 homologous	 proteins	 in	 the	Haliclona	
transcriptomes	 [63].	 Similarly,	 nicotinate	 phosphoribosyltransferase	 which	 is	 known	 to	
convert	NTA	to	NTAM	with	KEGG	reporting	the	reverse	action	as	being	possible,	is	lacking	in	
all	Haliclona	transcriptomes	[24].		

The	only	identifiable	pathway	towards	NTA	biosynthesis	in	the	Haliclona	transcriptomes	is	
via	two	detected	enzymes,	5’-nucleotidease	and	purine-nucleoside	phosphorylase,	which	all	
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species	possessed.	5'-nucleotidase	is	known	to	act	upon	a	broad	range	of	substrates	[64].	
Specifically,	the	conversion	of	NTAM	to	NTAR	has	been	reported	by	this	type	of	enzyme	from	
both	mammals	and	yeast	[25,65].	In	addition,	this	enzyme	from	humans	has	been	reported	
to	catalyse	the	conversion	of	NTAM	to	NTAR,	albeit	at	a	lower	efficiency	than	upon	the	NAM	
analogues	 [25].	 In	 turn,	 purine-nucleoside	 phosphorylase	 has	 been	 reported	 to	 further	
convert	 NTAM	 to	 NTA	 in	 mammals	 and	 fungi	 [66].	 Unless	 other	 pathways	 towards	 the	
biosynthesis	of	NTA	exist	outside	of	the	KEGG	database,	the	use	of	these	two	aforementioned	
enzymes	is	likely	the	only	way	in	which	H.	indistincta	and	H.	viscosa	synthesize	the	pyridine	
ring	of	the	3-APs	de	novo	from	tryptophan	assuming	a	host	origin	other	than	a	dietary	source.	

The	 lack	of	 a	 complete	pathway	 for	 the	biosynthesis	of	palmitic	 acid	 in	 all	 five	Haliclona	
species	 is	 puzzling	 as	 fatty	 acids	 are	 essential	 components	 for	 both	 triglycerides	 and	
phospholipids.	In	turn	these	two	types	of	compounds	are	widely	utilized	for	energy	storage	
and	the	construction	of	cell	membranes	respectively	[67,68].	Furthermore,	the	majority	of	
3-APs	 possess	 an	 aliphatic	 chain	 that	 is	 no	 longer	 than	 that	 of	 palmitic	 acid	 (personal	
observation);	if	a	fatty	acid	origin	of	3-APs	from	the	sponge	were	true	it	would	be	expected	
that	the	host	organism	possesses	a	complete	biosynthetic	pathway	for	this	building	block.	
Such	results	are	consistent	with	a	prior	examination	of	the	model	sponge	A.	queenslandica	
and	its	inability	to	synthesize	common	short-chain	fatty	acids	[16].	

An	additional	pathway	for	fatty	acid	elongation	using	acetyl-CoA	instead	of	malonyl-CoA	as	
the	elongation	factor	for	the	synthesis	of	palmitic	acid	also	exists	in	the	KEGG	database.	KEGG	
indicates	that	all	Haliclona	species	possess	the	necessary	enzymes	to	fulfil	this	pathway	(data	
not	 shown).	 However,	 this	 pathway,	 known	 as	 the	 reverse	 β-oxidation	 pathway,	 is	 only	
known	to	exist	in	the	mitochondria	of	the	single-celled	algae	Euglena	gracilis	[69].	As	such,	
its	apparent	presence	 in	the	Haliclona	transcriptomes	should	be	 interpreted	with	caution	
because	 KEGG	 lists	 both	 the	 normal	 β-oxidation	 pathway,	 which	 is	 involved	 in	 the	
degradation	of	 fatty	acids,	and	the	aforementioned	reverse	pathway	as	utilizing	the	same	
types	of	enzymes	with	the	same	KEGG	orthology	numbers.	Indeed,	all	five	Haliclona	species	
were	also	shown	by	KEGG	to	possess	a	complete	pathway	for	the	degradation	of	fatty	acids.	
This	pathway	is	performed	by	the	mitochondria	of	numerous	animals	and	for	this	reason	it	
is	more	likely	that	the	Haliclona	species	also	utilize	the	associated	enzymes	for	degradation,	
rather	 than	 alternative	 biosynthesis,	 of	 fatty	 acids	 [70].	However,	 this	 conclusion	 cannot	
truly	be	absolute	without	biochemical	analyses	of	 the	sponge	enzymes	 involved	 in	 the	β-
oxidation	pathway.	Rather	than	complete	de	novo	biosynthesis	of	fatty	acids,	it	may	be	that	
sponges	 acquire	 these	 molecules	 via	 alternative	 means	 such	 as	 their	 diet	 or	 microbial	
symbionts	[71,72].	If	necessary,	larger	fatty	acids	derived	from	these	sources	could	possibly	
be	 broken	 down	 into	 smaller	 derivatives	 by	 the	 sponge	 β-oxidation	 pathway	 and	 later	
utilized	 for	 3-AP	 biosynthesis.	 Furthermore,	 if	 longer	 fatty	 acids	 are	 necessary	 then	
elongation	of	dietary	fatty	acids	would	be	possible	from	the	mitochondria	as	indicated	by	the	
complete	pathway.	
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Sterols	are	essential	compounds	found	in	all	animals	with	sponges	being	consistent	sources	
of	those	with	interesting	structures	and	bioactivities	[73].	Indeed,	the	species	H.	cinerea,	H.	
oculata	and	H.	simulans	involved	in	this	study	have	all	been	shown	to	be	the	source	of	unique	
sterols	 [74-76].	 Ample	 evidence	 from	 isotope-feeding	 studies	 and	 genome	 sequencing	
indicate	that	sponges	are	capable	of	de	novo	biosynthesis	of	sterols	in	addition	to	acquiring	
these	compounds	from	their	diet	[16,77].	Furthermore,	sterol	biosynthesis	has	been	a	trait	
largely	 found	 in	 eukaryotic	 organisms	 rather	 than	 bacteria	 such	 as	 those	which	may	 be	
associated	with	sponges	[78].	For	these	reasons,	it	is	to	be	expected	that	the	Irish	Haliclona	
species	would	possess	pathways	to	synthesize	common	sterols,	such	as	cholesterol,	which	
could	then	be	modified	into	more	exotic	derivatives.	This	is	supported	by	an	almost	complete	
pathway	for	the	biosynthesis	of	animal-associated	sterols	in	each	Haliclona	species	save	a	
delta(24)-sterol	 reductase	which	 is	 the	 final	 enzyme	 involved	 in	 cholesterol	biosynthesis	
(Figure	 2.10).	 The	 primary	 anomaly	 is	 the	 fact	 that	 KEGG	 indicated	 H.	 oculata	 solely	
possesses	 this	missing	gene.	Considering	 that	no	homologous	protein	 is	present	 in	 the	A.	
queenslandica	genome,	which	was	sequenced	from	cleaned	larval	tissue,	it	is	possible	that	
this	sequence	is	instead	the	result	of	eukaryotic	contamination	[16,79].	This	is	supported	by	
the	fact	that	top	hits	for	this	sequence	in	the	non-redundant	database	are	from	microscopic	
eukaryotic	organisms	such	as	 the	 flatworm	Macrostomum	 lignano.	While	 the	 libraries	 for	
these	 transcriptomes	were	 constructed	 from	polyadenylated	mRNA,	which	would	 largely	
exclude	bacterial	mRNA,	this	is	no	guaranteed	avoidance	of	mRNA	from	smaller	eukaryotes	
which	may	be	associated	with	the	sponge	holobiome.	Despite	the	lack	of	a	likely	delta(24)-
sterol	reductase	in	these	Haliclona	species,	a	number	of	explanations	on	how	cholesterol	is	
acquired	other	 than	diet	can	be	 inferred	 from	prior	publications	on	other	organisms.	For	
example	 microbial	 symbionts	 may	 be	 responsible	 for	 filling	 in	 this	 gap	 similar	 to	 the	
biosynthesis	of	cholesterol	by	Bathymodiolus	platifrons	and	one	of	its	endosymbionts	[80].		

At	first	glance,	it	is	questionable	why	the	five	Haliclona	species	only	possess	several	genes	
associated	with	phytosterol	biosynthesis.	However,	such	an	observation	is	consistent	with	
the	reported	isolation	of	phytosterols,	such	as	24-methylenecholesterol,	from	some	of	these	
species	 [74,76].	 Furthermore,	 similar	 results	 were	 observed	 when	 analysing	 sterol	
biosynthetic	genes	of	A.	queenslandica	[16].	Rather	it	is	more	likely	that	sterol	biosynthetic	
pathways	of	sponges	do	not	conform	to	the	classic	animal,	fungal	or	plant	pathways	found	
on	KEGG.	Such	a	quality	is	not	unheard	of	and	can	be	observed	in	other	non-model	organisms	
such	as	diatoms	[81].	Evidence	of	the	connectivity	between	the	lanosterol	and	cycloartenol	
pathway	is	evident	by	sterol	dealkylation	performed	by	sponges	in	which	phytosterols,	such	
as	 24-methylenecholesterol,	 are	 dealkylated	 into	 desmosterol	 and	 then	 converted	 into	
cholesterol	[82].	The	gene	responsible	for	sterol	demethylation	has	been	identified	in	the	
ciliate	Tetrahymena	thermophila,	although	no	similar	sequences	could	be	identified	in	the	
Haliclona	transcriptomes	(data	not	shown)	[83].	Overall,	it	is	likely	that	biochemical	analyses	
on	individual	enzymes	will	be	required	to	elucidate	a	sterol	biosynthetic	pathway	of	sponges.	
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However,	 the	 presence	 of	 a	 nearly	 complete	 lanosterol	 pathway	 and	 several	 enzymes	
associated	with	the	cycloartenol	pathway	confirm	that	the	five	assessed	Haliclona	species	
are	likely	a	source	of	common	sterols.	Combining	this	observation	with	the	history	of	the	H.	
cinerea,	H.	oculata	and	H.	simulans	sources	of	novel	sterols,	it	can	be	hypothesized	that	H.	
indistincta	 and	 H.	 viscosa	 may	 represent	 promising	 targets	 for	 the	 isolation	 of	 these	
compounds.	

No	 other	 complete	 biosynthetic	 pathways	 for	 specialized	 metabolites,	 or	 primary	
metabolites	of	interest,	where	detected	in	the	KEGG	database.	This	includes	the	pathway	for	
the	biosynthesis	of	a	polyketide	backbone	via	a	type	II	system.	This	is	somewhat	surprising	
because,	while	H.	 cinerea,	H.	 oculata	 and	H.	 simulans	 are	 not	 known	 to	 be	 the	 source	 of	
specialized	metabolites	with	a	hypothesized	polyketide	synthase	origin,	H.	indistincta	and	H.	
viscosa	are.	Particularly,	their	associated	3-AP	alkaloids	were	expected	to	involve	polyketide	
biosynthesis	in	some	manner	based	on	the	biosynthesis	of	haminol	[19,20].	However,	this	
possibly	excludes	only	a	type	II	PKS	system	as	the	type	I	PKS	are	not	included	in	any	KEGG	
metabolic	pathway	due	to	their	modular	nature.	Combined	with	the	observation	that	all	five	
Haliclona	 species	 appear	 to	 lack	 a	 complete	 pathway	 for	 the	 biosynthesis	 of	 fatty	 acids,	
several	conclusions	can	be	drawn	regarding	the	biosynthetic	origin	of	3-APs.	That	is,	if	a	host	
origin	is	truly	correct	then	a	type	I	PKS	is	the	remaining	candidate	system.	Alternatively,	fatty	
acids	 derived	 from	 the	 diet	 of	 the	 sponge	 and	 incorporated	 into	 3-AP	 biosynthesis	may	
represent	 a	means	 to	 create	 these	molecules	without	needing	 any	 type	of	 FAS.	 Finally,	 a	
bacterial	origin	should	highly	be	considered	as	genes	from	associated	bacteria	were	largely	
ignored	in	this	work	based	on	the	library	construction	of	these	transcriptomes.	

In	 conclusion	 the	 de	 novo	 sequencing,	 assembly,	 and	 analysis	 of	 five	 Haliclona	
transcriptomes	 has	 provided	 insight	 into	 possible	 sources	 of	 known	 and	 novel	 bioactive	
compounds.	Regarding	the	3-APs,	if	a	host	origin	is	true	then	it	appears	a	possible	origin	of	
the	 pyridine	 ring	 could	 be	 via	 de	 novo	 synthesis	 from	 tryptophan.	 In	 particular,	 a	 5’-
nucleotidase	and	purine-nucleoside	phosphorylase	may	allow	for	the	conversion	of	NTAM	
to	NTA.	However,	investigations	into	a	possible	metazoan	origin	of	the	aliphatic	chain	of	3-
APs	indicates	that	de	novo	synthesis	of	fatty	acids	or	type	II	polyketides	is	not	a	likely	method.	
As	an	alternative	to	the	polyketide	hypothesis	on	3-AP	biosynthesis,	BBE-like	proteins	were	
detected	in	all	 five	Haliclona	species	with	H.	 indistincta	and	H.	viscosa,	 the	two	associated	
with	3-APs,	possessing	a	second	copy	of	these	genes.	In	addition,	a	suite	of	biosynthetic	genes	
associated	 with	 both	 plant	 and	 animal	 sterols	 were	 identified	 in	 all	 Haliclona	 species	
indicating	 that	 the	 biosynthetic	 pathway	 for	 sponge	 sterols	 may	 not	 neatly	 conform	 to	
established	models.	Overall,	the	aforementioned	genes	discovered	from	this	work	represent	
possible	targets	for	functional	characterization	to	identify	and	understand	known	and	novel	
sources	of	bioactivity	from	these	Haliclona	species.	
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Introduction	
The	 completion	 of	 the	 human	 genome	 project	 was	 a	 tremendous	 achievement	 which	
required	thirteen	years	of	research	and	an	investment	of	around	$2.7	billion	[1].	Such	a	feat	
was	made	possible	by	capillary-array	electrophoresis	using	the	Sanger	method—a	so-called	
first-generation	 technique	 [2].	 Since	 this	 accomplishment,	 the	 rise	 of	 second-generation	
sequencing,	also	known	as	next-generation	sequencing	 (NGS),	has	dramatically	 increased	
the	availability	of	whole	genome	sequencing	to	laboratories	worldwide	by	improving	on	its	
predecessors.	 In	 particular,	 technologies	 such	 as	 the	 sequencing	 by	 synthesis	method	 of	
Illumina	can	now	sequence	a	whole	human	genome	in	less	than	a	day,	for	below	$1,000	and	
with	higher	throughput	[3].	The	reads	produced	by	this	method	possess	a	high	sequencing	
accuracy	rate	of	>99.5%	but	are	limited	in	their	potential	lengths	of	up	to	300	bp	depending	
on	the	system	used	[4].	While	cheap	and	accessible,	there	are	drawbacks	to	this	method.	The	
short	read	length	particularly	hampers	the	ability	to	assemble	contiguous	genomes	as	the	
reads	cannot	bridge	repetitive	regions	longer	than	the	sequenced	length.	Furthermore,	this	
technology	is	reliant	on	PCR	amplification	and	thus	can	introduce	biases	in	the	sequenced	
reads.	

These	aforementioned	issues	were	addressed	with	third-generation	sequencing	technology	
such	as	 those	of	Pacific	Biosciences	and	Oxford	Nanopore	Technologies	 [5,6].	With	 these	
methods,	 longer	DNA	molecules	 in	 the	kilobase	pair	 range	are	directly	 sequenced	by	 the	
system,	potentially	resulting	in	reads	significantly	longer	than	that	of	Illumina.	As	a	result,	
the	 issue	 posed	 by	 repetitive	 regions	 of	 a	 genome	 are	 addressed	 allowing	 for	 a	 more	
contiguous	 assembly.	 However,	 this	 long-read	 technology	 possesses	 significantly	 higher	
error	rates	of	75-90%.	For	this	reason	a	number	of	techniques	are	often	employed	such	as	
deep-sequencing	with	 long-reads	so	 that	 the	errors	self-correct	upon	assembly	when	 the	
reads	overlap,	incorporating	short-read	data	to	improve	upon	the	accuracy	via	methods	such	
as	polishing	a	draft	assembly	from	long-reads,	or	even	new	sequencing	methods	such	as	the	
high	 fidelity	 reads	 of	 Pacific	 Biosciences	 [6].	 While	 long-read	 sequencing	 improves	 the	
contiguity	 of	 downstream	 assemblies,	 it	 is	 insufficient	 for	 achieving	 scaffolds	 on	 the	
chromosome	level.	For	this	purpose,	additional	methods	such	as	chromosome	conformation	
capture	 which	 utilize	 the	 interaction	 between	 chromosomes	 to	 improve	 the	 scaffolding	
process	have	been	developed	[7].	

The	 increased	 accessibility	 of	 genome	 sequencing	 combined	 with	 the	 small	 genomes	 of	
microorganisms	has	also	 revolutionized	 the	 field	of	drug	discovery.	Because	biosynthetic	
genes	associated	with	specialized	metabolism	are	often	clustered	together	in	the	genomes	of	
bacteria	and	fungi,	it	is	also	possible	to	detect	the	patterns	exhibited	by	these	biosynthetic	
gene	clusters	(BGCs)	[8].	For	this	reason	the	method	of	genome	mining,	or	computationally	
screening	the	genome	of	an	organism	for	BGCs,	has	become	a	widely	used	technique	to	study	
specialized	 metabolism	 [9,10].	 Particularly,	 genes	 encoding	 for	 megasynthases	 such	 as	
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polyketide	synthase	(PKS),	nonribosomal	peptide	synthetase	(NRPS)	and	hybrid	systems	of	
the	 two	 (PKS-NRPS;	 NRPS-PKS)	 are	 readily	 detectable	 due	 to	 the	 utilization	 of	 several	
conserved	domains	which	are	often	organized	in	a	predictable	fashion.	As	a	result	several	
software	packages	have	been	developed	 to	 take	advantage	of	 these	 features	 and	 identify	
known	or	novel	BGCs	in	an	automated	manner	[10-12].	Furthermore,	when	considering	the	
megasynthase	 genes	 there	 have	 been	 efforts	 to	 computationally	 predict	 what	 types	 of	
substrates	will	be	utilized	by	means	such	as	phylogenetic	analysis	 [13,14].	This	 is	due	 to	
biosynthetic	domains	of	a	class,	such	as	the	aforementioned	megasynthases,	often	falling	into	
different	clades	depending	on	what	substrates	they	utilize	or	reactions	they	catalyse.	

Sponges	and	their	microbial	consortia	represent	one	of	the	most	promising	sources	of	novel	
specialized	 metabolites	 for	 applied	 purposes.	 For	 this	 reason,	 genome	 sequencing	 and	
mining	represents	a	promising	method	for	identifying	the	biosynthetic	origin	of	both	known	
and	novel	bioactive	compounds.	All	three	generations	of	sequencing	technology	have	been	
utilized	 to	 sequence	 the	 genomes	 of	 sponges.	 The	 first	 was	 in	 2010	 Amphimedon	
queenslandica	was	 sequenced	 using	 Sanger	 technology	 which	 revealed	 insights	 into	 the	
origin	and	early	evolution	of	animals	[15].	In	turn	second-generation	sequencing	has	been	
used	to	sequence	the	genomes	of	Oscarella	pearsei	(then	Oscarella	carmela),	Sycon	ciliatum,	
Stylissa	carteri,	Xestospongia	testudinaria,	Tethya	wilhelma	and	Lubomirskia	baikalensis	[16-
21].	The	most	well	assembled	sponge	genome	to	date	is	that	of	Ephydatia	muelleri	[22].	By	
combining	 long-read	 Pacific	 Biosciences	 sequencing	 with	 Chicago	 and	 Hi-C	 data	 for	
scaffolding,	 a	 chromosome-level	 assembly	was	 achieved.	 Furthermore,	 the	 genomes	of	A.	
queenslandica	and	E.	muelleri	were	 respectively	derived	 from	 larvae	and	gemmules.	As	a	
result,	these	genomes	are	the	most	accurate	representations	of	sponge	genomes	with	limited	
contamination	from	associated	microorganisms.		However,	to	date	no	high	quality	genomes	
of	sponges	associated	with	bioactive	specialized	metabolites	have	been	produced;	while	the	
sequenced	S.	 carteri	and	X.	 testudinaria	are	known	 for	 their	 specialized	metabolism	their	
assemblies	are	highly	fragmented	and	contaminated	[23,24].	Rather,	focus	has	been	directed	
towards	sequencing	the	microbial	symbionts	of	sponges	as	they	are	often	the	true	producers	
of	sponge-associated	bioactive	compounds	[25].	Due	to	many	sponge-associated	symbionts	
being	unculturable,	methods	ranging	 from	shotgun	metagenomics	 to	single-cell	genomics	
have	 been	 utilized	 to	 understand	 their	 biosynthetic	 potential	 [26,27].	 In	 the	 case	 of	 the	
former,	 in	 which	 a	 mixture	 of	 host	 sponge	 and	 microbial	 symbiont	 NGS	 data	 is	 mixed	
together,	bioinformatics	tools	to	bin	out	the	microbial	contigs	are	often	necessary	to	acquire	
metagenome-assembled	genomes	(MAGs)	[28].	

Sponges	of	the	Order	Haplosclerida	are	particularly	known	for	being	the	source	of	a	unique	
class	of	compounds	known	as	3-alkylpyridines	alkaloids	(3-APs)	[29].	 Interestingly,	 these	
alkaloids	appear	to	be	largely	unique	to	this	Order	which	has	resulted	in	ambiguity	whether	
they	 are	 produced	 by	 microbial	 symbionts,	 like	 some	 characterized	 sponge-derived	
compounds,	or	are	actually	derived	from	the	sponges	themselves.	To	date,	the	only	published	
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evidence	is	the	reported	inconsistent	production	of	manzamine	A,	a	3-AP	derivative,	from	a	
Micromonospora	 sp.	 isolated	 from	 Acanthostrongylophora	 ingens	 [30].	 In	 particular,	 the	
biosynthetic	origin	of	the	3-APs	could	be	the	result	of	an	AMP-binding	enzyme,	such	as	a	CoA-
ligase	 or	 NRPS	 adenylation	 domain,	 activating	 nicotinic	 acid	 (NTA)	 for	 polyketide	
biosynthesis	(Figure	1.11).	Such	a	mechanism	is	the	likely	way	in	which	the	similar,	linear,	
monomeric	haminol	alkaloids	are	synthesized	by	the	mollusc	Haminoea	orbignyana	[31,32].	
The	incorporation	of	NTA	into	polyketide	biosynthesis	has	also	been	proven	on	the	genetic	
level,	albeit	only	in	bacteria	and	fungi.	Specifically,	the	biosynthesis	of	pyripyroene	A	from	
Aspergillus	 fumigatus	 strain	 Af293,	 5-deoxyoxalicine	 B	 from	 Penicillium	 canescens	 strain	
ATCC	10419	and	pyridinopyrone	A	by	the	Streptomyces	albus	J1074	appear	to	involve	a	CoA-
ligase	 (Figure	 1.11,	 Figure	 1.12)	 [33-35].	 Alternatively,	 the	 kosinostatin	 biosynthetic	
pathway	possesses	a	standalone	adenylation	domain	capable	of	promiscuously	utilizing	NTA	
and	 represents	 an	 alternative	 way	 in	 which	 this	 building	 block	 could	 hypothetically	 be	
activated	for	incorporation	into	a	polyketide	[36].	Overall,	there	is	a	precedence	for	animals,	
fungi,	and	bacteria	to	perform	the	enzymatic	steps	hypothesized	to	be	responsible	for	3-AP	
biosynthesis.	

The	native	Irish	sponges	Haliclona	indistincta	and	Haliclona	viscosa	are	sister	species	with	
both	being	a	known	source	of	3-AP	polymers.	In	turn	they	fall	within	the	so-called	Clade	C	in	
which	 most	 3-AP-associated	 haplosclerids	 belong	 (Grace	 McCormack,	 personal	
communication).	 As	 they	 are	 both	 low-microbial	 abundance	 sponges,	 they	 represent	
excellent	targets	for	genome	sequencing	and	mining	to	identify	the	biosynthetic	origin	of	3-
APs	as	the	number	of	potential	producing	organisms	is	greatly	reduced	[37].	However,	these	
species	also	pose	several	challenges	as	targets	for	genome	sequencing.	For	one,	upon	being	
damaged	 they	 secrete	 a	 detergent-like	 substance	 which	 can	 potentially	 complicate	 the	
process	 of	 extracting	 clean,	 high-molecular-weight	 DNA	 (personal	 observation).	
Furthermore,	specialized	metabolites	such	as	the	very	3-APs	which	make	these	interesting	
targets	 for	 biodiscovery	 can	 be	 co-purified	with	 DNA	 and	 interfere	with	 the	 sequencing	
process	 (personal	 observation).	 Finally,	 despite	 its	 low-microbial-abundance	 status,	 H.	
indistincta	possesses	a	diverse	community	of	epibiotic	organisms	living	in	association	with	
it	such	as	algae,	crustaceans	and	polychaetes	which	can	complicate	the	acquisition	of	non-
contaminated	DNA	(personal	observation).	

With	the	specific	intention	of	identifying	genes	responsible	for	the	biosynthesis	of	3-APs,	an	
assembled	 (meta)genome	 of	 a	 sponge	 associated	 with	 these	 compounds	 offers	 several	
advantages	over	the	previously	produced	transcriptomes	which	utilized	poly(A)	selection	
and	short-read	sequencing	(Chapter	2).	First,	it	does	not	exclude	associated	microorganisms	
which	 could	 be	 the	 true	 producers	 of	 these	 compounds.	 Second,	 the	 influence	 of	 gene	
expression	 is	not	 a	potential	 issue.	Third,	 technologies	 such	as	 long-read	 sequencing	 can	
better	 capture	 the	 entire	 length	 of	 polyketide	 synthase	 genes.	 Fourth,	 the	 assembly	 of	
genomic	 contigs	 allows	 for	 the	 identification	 of	 BGCs	 which	 may	 encode	 for	 different	
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enzymes	involved	in	the	same	biosynthetic	process.	With	these	qualities	in	mind	the	primary	
objective	 of	 using	 of	 both	 second-	 and	 third-generation	 sequencing	methods	 to	 produce	
contiguous	genomes	of	H.	indistincta,	H.	viscosa,	and	their	associated	microorganisms	was	
pursued.	In	turn,	the	complimentary	aim	of	applying	genome	mining	techniques	to	identify	
PKS	genes	possessing	characteristics	associated	with	the	biosynthesis	of	3-APs	could	then	
be	attempted.	Finally,	functional	prediction	of	identified	PKS	genes	via	computational	tools	
and	manual	analysis	of	residues	could	then	be	pursued	in	order	to	estimate	their	role	in	the	
biosynthesis	of	3-APs.	

Materials	and	Methods	
Sample	Collection	

Haliclona	indistincta	(MIIG1388)	(Figure	2.2A)	was	collected	at	Corranroo	on	17/05/2019.	
Haliclona	viscosa	(MIIG1389)	(Figure	2.2B)	was	collected	at	Bridges	of	Ross	on	01/08/2019.	
Both	specimens	were	 identified	by	Grace	P.	McCormack.	Visible	epibionts	were	removed.	
The	sponges	were	rinsed	in	sterile	artificial	seawater,	dissected	into	~2cm3	pieces	and	flash-
frozen	with	 liquid	nitrogen.	MIIG1388	and	MIIG1389	samples	were	stored	at	 -70	°C	until	
further	use.	Voucher	specimens	of	both	sponges	were	stored	in	ethanol.	

DNA	Extraction	

A	~1	cm3	tissue	sample	of	MIIG1388	was	ground	to	a	powder	using	an	autoclaved	mortar	
and	pestle.	The	tissue	was	transferred	to	a	sterile	50	mL	centrifuge	tube	containing	10	mL	of	
Carlson	Lysis	Buffer	 (100	mM	Tris	 pH	9.5;	 2%	 cetyltrimethylammonium	bromide;	 1.4	M	
sodium	 chloride;	 1%	 polyethylene	 glycol	 6000;	 20	 mM	 ethylenediaminetetraacetic	 acid	
(EDTA).	25	μL	of	β-mercaptoethanol	was	added	to	the	solution.	The	sample	was	incubated	
in	a	65	°C	water	bath	for	2	hrs	with	gentle	swirling	every	30	min.	After	incubation	the	sample	
was	allowed	to	cool	to	room	temperature.	The	cell	lysate	was	extracted	with	an	equal	volume	
of	25:24:1	phenol:chloroform:isoamyl	alcohol	(P:C:IAA)	(pH	8.0).	The	extraction	was	gently	
inverted	five	times	and	then	centrifuged	at	5,000	×	g	for	10	min	at	4	°C.	The	upper	aqueous	
phase	was	 transported	 to	 a	 new	 50	mL	 centrifuge	 tube	 and	 the	 extraction	 process	 was	
repeated	once	more.	The	aqueous	layer	was	transported	to	a	new	50	mL	centrifuge	tube	and	
gently	mixed	with	2	mL	of	3	M	sodium	acetate.	The	sample	was	then	gently	mixed	with	22	
mL	of	isopropanol	and	allowed	to	precipitate	at	4	°C	overnight.	

The	sample	was	centrifuged	at	4,500	×	g	for	90	min	at	4	°C.	The	supernatant	was	discarded,	
and	 the	 pellet	 washed	 with	 40	 mL	 70%	 ice	 cold	 ethanol.	 The	 sample	 was	 once	 again	
centrifuged	at	4,500	×	g	 for	90	min	at	4	°C.	The	supernatant	was	discarded,	and	the	DNA	
pellet	was	allowed	to	air	dry	until	there	was	no	residual	ethanol	in	the	tube.	The	DNA	pellet	
was	gently	resuspended	in	10	mL	of	QIAGEN	buffer	G2.	20	μL	of	100	mg/mL	RNase	A	was	
mixed	 into	 the	 suspension.	 The	 sample	 was	 allowed	 to	 incubate	 for	 5	 min	 at	 room	
temperature.	100	μL	of	20	mg/mL	proteinase	K	was	then	gently	mixed	into	the	sample.	The	
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sample	was	incubated	at	50	°C	for	1	hr	and	then	allowed	to	cool	to	room	temperature.	While	
the	 sample	 cooled	 a	 QIAGEN	 Genomic	 Tip	 100/G	 column	was	 calibrated	with	 10	mL	 of	
QIAGEN	buffer	QBT.	The	sample	was	then	placed	into	the	Genomic	Tip	and	allowed	to	flow	
through	the	column	via	gravity.	Following	this	the	sample	was	washed	three	times	with	15	
mL	of	QIAGEN	wash	buffer	QC.	Finally,	the	DNA	sample	was	eluted	with	15	mL	of	QIAGEN	
elution	buffer	QF	which	was	preheated	to	50	°C.	10.5	mL	of	isopropanol	was	added	to	the	
eluted	DNA	which	was	gently	swirled	and	allowed	to	precipitate	at	4	°C	overnight.	

The	 eluted	DNA	was	 centrifuged	 at	 >4,500	 ×	 g	 for	 90	min	 at	 4	 °C.	 The	 supernatant	was	
discarded,	and	the	DNA	pellet	was	rinsed	with	40	mL	of	ice	cold	70%	ethanol.	The	sample	
was	centrifuged	at	>4,500	×	g	for	30	min	at	4	°C.	The	supernatant	was	discarded,	and	the	
DNA	pellet	was	allowed	to	air	dry	until	no	ethanol	remained.	500	μL	to	1	mL	of	tris-EDTA	
(Ph	8.0)	+	100	mM	sodium	chloride	was	added	to	the	pellet.	The	pellet	was	placed	in	a	37	°C	
incubator	with	gentle	swirling	overnight.	The	DNA	was	quantified	with	both	Nanodrop	and	
Qubit	systems.	DNA	length	was	estimated	by	running	on	a	gel	electrophoresis	alongside	a	20	
kbp	ladder.	The	DNA	was	separated	into	microcentrifuge	tubes	with	aliquots	containing	50	
μg	DNA	per	tube	and	stored	at	-70	°C	until	further	use.	An	identical	protocol	was	used	for	
MIIG1389,	albeit	the	pH	of	25:24:1	P:C:IAA	was	6.0.	

Next-Generation	Sequencing	

DNA	 samples	were	 sent	 to	 the	University	 of	Maryland	 Institute	 for	 Genome	 Sciences	 for	
sequencing.	MIIG1388	was	sequenced	with	one	Pacific	Biosciences	Sequel	ii	single-molecule	
real-time	sequencing	cell.	Chimeric	PacBio	reads	were	split	into	proper	subreads	using	the	
pbclip	tool	[38].	MIIG1388	was	additionally	sequenced	on	one-fourth	of	an	Illumina	NovaSeq	
6000	S1	Sequencing	Lane	using	a	150	bp	PE	library.	MIIG1389	was	sequenced	using	Illumina	
technology	 in	 the	 same	manner.	 Raw	 Illumina	 reads	were	 quality	 controlled	 using	 fastp	
version	0.2	on	default	settings	[39].	

Genome	Assembly	

Three	different	de	novo	genome	assemblers	capable	of	utilizing	Pacific	Biosciences	data	were	
used	and	compared	for	assembly	of	the	H.	indistincta	genome:	Raven	version	1.1.5	[40],	Flye	
version	 2.8.1	 [41]	 and	 Canu	 version	 2.0	 [42].	 Genome	 size	was	 designated	 as	 250	Mb	 if	
requested	 by	 an	 assembly	 tool,	 which	 is	 a	 rough	 estimate	 between	 the	 size	 of	 A.	
queenslandica	 and	 E.	 muelleri	 [15,22].	 The	 quality	 and	 completeness	 of	 the	 assembled	
genomes	was	assessed	using	BUSCO	version	5.1.2;	specifically,	the	assemblies	were	queried	
against	the	latest	version	of	the	eukaryota_odb10	dataset	(downloaded	13/04/2021)	[43].	
After	comparing	assemblers,	a	single	assembly	was	then	chosen	for	 further	 improvement	
and	analysis.	Polishing	of	the	assembly	with	both	short	and	long	reads	was	achieved	by	using	
HyPo	version	1.0.3	[44].	The	BUSCO	analysis	was	then	repeated	to	check	whether	polishing	
improved	the	completeness	of	the	assembly.	Illumina	data	of	MIIG1389	was	assembled	with	
SPAdes	 version	 3.14.0	 on	 default	 parameters	 [45].	 Genome	 assembly	 and	 sequential	
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analyses	were	performed	with	accounts	at	the	Leibniz	Supercomputing	Centre	and	the	Irish	
Centre	for	High-End	Computing.	

Quality	Control	

Due	to	their	filter	feeding	nature	sponges	are	often	in	close	association	with	microorganisms	
such	as	bacteria.	Thus,	it	is	practically	impossible	to	get	a	sample	of	adult	tissue	that	is	free	
of	microbial	contamination.	For	this	reason,	the	MIIG1388	assembly	was	processed	with	a	
variety	of	tools	to	remove	possible	contaminating	contigs	not	of	sponge	origin.	Coverage,	GC	
content	and	taxonomic	assignment	of	contigs	from	the	genome	assembly	were	determined	
using	 BlobTools	 version	 2.2.0	 [46].	 Binning	 of	 the	 contigs	 was	 then	 performed	 using	
MetaBAT	version	2.12.1	with	default	parameters	[47].	Bins	containing	contigs	taxonomically	
assigned	as	being	Porifera	were	retained	as	being	part	of	 the	H.	 indistincta	 genome.	Bins	
containing	contigs	taxonomically	assigned	as	being	other	eukaryotes	were	also	included	as	
being	part	of	the	H.	indistincta	genome.	This	was	decided	as	contigs	within	these	bins	not	
assigned	 as	 Porifera,	 but	 as	 other	 eukaryotes,	 contained	 open	 reading	 frames	 whose	
translated	 proteins	 had	 significant	 matches	 to	 sequences	 from	 the	 A.	 queenslandica	
proteome	(data	not	shown).	Any	other	bins	which	were	clearly	of	bacterial	origin	were	kept	
separate	from	the	final	assembly.	The	completeness	of	the	binned	H.	indistincta	genome	was	
again	assessed	using	BUSCO	as	described	prior.	The	completeness	and	contamination	of	the	
separated	bacterial	bins	was	assessed	using	CheckM	[48].	The	5S,	16S	and	28S	ribosomal	
subunits	of	binned	bacteria	were	extracted	using	RNAmmer	version	1.2	[49].	

Genome	Masking	and	Annotation	

Repeat	 libraries	 were	 produced	 from	 the	 H.	 indistincta	 assembly	 using	 RepeatModeler	
version	2.0.1	with	 the	 “LTRStruct”	 parameter	 [50].	 These	 libraries	were	 then	utilized	 by	
RepeatMasker	 version	 4.1.1	 to	 soft-mask	 the	 genome	 (RepeatMasker	 at	
https://repeatmasker.org).	 Protein-coding	 regions	 were	 identified	 with	 the	 BRAKER	
pipeline	version	2.1.5	using	complimentary	RNA-seq	data	[51].	Predicted	proteins	were	then	
annotated	with	EggNOG-mapper	version	2.1.0	using	default	settings	and	version	5.0.2	of	the	
EggNOG	database	[52,53].	

Identification	of	Novel	Biosynthetic	Genes	

The	final	genome	assembly	of	MIIG1388	was	screened	for	BGCs	using	a	local	installation	of	
antiSMASH	version	5.1.2	under	two	different	settings	[54].	The	first	run	was	set	for	bacterial	
taxa	utilizing	the	prodigal	gene-finding	tool.	The	second	run	was	set	for	fungal	taxa	utilizing	
the	 cassis	 option	 and	 the	 glimmerhmm	 gene-finding	 tool.	 The	 metazoan	 origin	 of	
biosynthetic	genes	was	assessed	via	mapping	of	raw	reads	in	two	ways.	First,	long	DNA	reads	
greater	 than	 1	 kbp	 in	 length	 were	 mapped	 back	 to	 the	 MIIG1388	 contig	 containing	 a	
biosynthetic	gene	cluster	using	minimap2	and	the	bamutils	module	of	NGSUtils	to	assess	if	
an	 even	 level	 of	 coverage	 existed	 across	 biosynthetic	 genes	 of	 interest	 and	 surrounding	
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metazoan	 genes	 [55,56].	 Second,	 short	 RNA-seq	 reads	 produced	 from	 poly(A)	 selected	
libraries	were	mapped	back	 to	 the	aforementioned	contig	using	GSNAP	(Chapter	2)	 [57].	
Mapped	reads	and	coverage	were	visualized	using	IGV	version	2.8.0	[58].	 In	addition,	the	
annotated	final	assembly	was	also	analysed	by	plantiSMASH	version	1.0.0	to	possibly	detect	
biosynthetic	genes	not	identified	by	the	antiSMASH	algorithm	[59].	Enzymatic	domains	of	
translated	proteins	from	biosynthetic	genes	of	interest	were	analysed	using	both	the	NCBI	
conserved	domain	database	and	the	Pfam	database	[60,61].	

The	predicted	proteins	of	the	MIIG1388	assembly	were	also	screened	for	novel	multi-domain	
enzymes,	such	as	megasynthases	like	PKS,	which	may	be	involved	in	specialized	metabolism	
as	such	enzymes	are	often	the	result	of	gene	fusion.	The	Pfam	domains	of	predicted	proteins	
were	first	identified	with	a	local	installation	of	Pfam-scan	version	1.6	[62].	The	output	was	
then	 used	 with	 the	 CO-ED	 tool	 to	 generate	 a	 network	 of	 Pfam	 domains	 with	 nodes	
representing	detected	domains	and	edges	representing	proteins	containing	co-occurrences	
of	these	domains	[63].	The	network	was	then	visualized	in	Cytoscape	version	3.8.0	[64].	

Identification	of	Novel	Sponge	Megasynthases	in	Publicly	Available	Data	

Publicly	available	sponge	genome	[15-22]	and	transcriptome	[17,21,65-85]	assemblies	were	
screened	for	similar	megasynthase	enzymes	which	were	found	in	the	MIIG1388	assembly	
using	tblastn	[86].	 If	an	assembly	was	not	available,	transcriptomes	were	assembled	with	
Trinity	version	2.8.5	on	default	settings	[87].	The	raw	Illumina	data	for	S.	carteri	was	also	
reassembled	using	SPAdes	version	3.14.0	on	default	parameters	[45].	A	contiguous	sequence	
encoding	for	a	megasynthase	of	interest	from	S.	carteri	was	then	acquired	by	manipulating	
the	graphical	fragment	assembly	file	with	the	software	Bandage	[88].	

Predicted	Functional	Characterization	of	Novel	Sponge	Megasynthases	

The	functional	characterization	of	identified	condensation	and	ketosynthase	domains	was	
predicted	 using	 NaPDoS	 [13].	 The	 substrate	 specificity	 of	 the	 adenylation	 domains	 was	
predicted	using	AdenylPred	[14]The	four	AMP-binding	enzymes	associated	with	preparing	
NTA	for	polyketide	biosynthesis	were	also	analysed	by	antiSMASH	features	and	AdenylPred	
for	comparison	with	any	biosynthetic	genes	of	interest	found	in	MIIG1388	[33-36].	Identified	
biosynthetic	 proteins	 of	 interest	 were	 also	 queried	 against	 the	 Pfam	 database	 using	
hmmscan	version	3.2.1	[89].	The	Stachelhaus	codes,	the	conserved	residues	of	AMP-binding	
enzymes	associated	with	 substrate	 selectivity,	of	 all	 identified	adenylation	domains	were	
also	manually	assessed	to	estimate	what	substrates	they	utilize	[90,91].	

Phylogenetic	Analysis	of	the	Ketosynthase	Domain	

Ketosynthase	domains	were	extracted	from	the	chosen	megasynthases	using	NaPDoS	[13].	
The	most	similar	bacterial,	fungal,	and	non-fungal	eukaryotic	sequences	from	the	NCBI	non-
redundant	database	as	well	as	the	most	similar	bacterial	sequences	from	the	MIBiG	database	
were	then	extracted	for	phylogenetic	analysis	(Appendix	2)	[92,93].	Before	extraction	of	the	
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ketosynthase	region	from	these	additional	sequences	it	was	ensured	with	NaPDoS	that	all	
chosen	ketosynthase	sequences	were	of	the	same	type	as	those	from	the	sponges	[13].	All	
alignments	were	performed	using	MAFFT	7.490,	with	the	L-INS-i	alignment	method	using	
default	settings	[94].	Maximum	likelihood	trees	were	constructed	in	IQ-TREE	version	2.1.4	
with	1000	bootstrap	pseudoreplicates	[95].	The	best	model	was	automatically	detected	by	
IQ-TREE	 to	 be	 Q.Pfam+R5.	 The	 resulting	 phylogenetic	 trees	 were	 modified	 using	 the	
Interactive	Tree	of	Life	(iTOL)	v6	[96].	

Results	
Genome	Sequencing	

A	total	of	46.7	μg	of	DNA	with	around	50%	of	the	fragments	being	greater	than	15	kbp	were	
isolated	 from	 MIIG1388	 and	 sent	 for	 long-read	 sequencing.	 Approximately	 60.22	 Gbp	
comprising	6.24	M	reads	(both	base	pair	and	read	number	values	rounded	up	here	and	for	
every	 instance	 hereafter)	were	 sequenced	with	 the	 Pacific	 Biosciences	 Sequel	 II	 system.	
Despite	the	reported	size	selection	and	construction	of	a	library	with	an	average	length	of	
around	18	kbp	by	the	sequencing	company,	the	mean	length	and	N50	of	the	raw	reads	were	
8.34	 kbp	 and	 14.19	 kbp	 respectively	 (Appendix	 3).	 After	 filtering	 with	 pbclip	 the	 read	
statistics	lowered	somewhat	with	a	total	of	6.79	M	reads,	a	total	of	52.88	Gbp,	a	mean	length	
of	7.79	kbp,	and	an	N50	of	13.31	kbp.	In	addition,	a	total	of	212.65	M	151	bp	reads	were	
sequenced	with	Illumina	NovaSeq	6000	resulting	in	a	total	of	31.27	Gbp	after	filtering	with	
fastp.	A	total	of	26.2	μg	of	DNA	was	isolated	from	MIIG1389.	However,	the	DNA	was	degraded	
and	around	10	kbp	in	length.	For	that	reason,	this	sample	was	not	sequenced	on	the	Sequel	
II	system.	A	total	of	167.03	M	151	bp	reads	were	sequenced	with	Illumina	NovaSeq	6000	
resulting	in	a	total	of	24.61	Gbp	after	filtering	with	fastp.	

Genome	Assembly,	Binning	and	Annotation	

Three	different	assemblies	of	differing	quality	were	acquired	using	Pacific	Biosciences	long	
read	data	(Table	3.1).	In	comparison	to	Flye	and	Raven,	Canu	produced	a	larger	assembly	
with	a	higher	N50	value	and	complete	BUSCO	score.	The	Canu	assembly	also	exhibited	a	
higher	 BUSCO	 duplication	 rate	 in	 comparison	 to	 Raven	 and	 Flye.	 Because	 long-read	
sequencing	 was	 unfeasible	 for	 MIIG1389,	 its	 Illumina	 data	 was	 assembled	 alone	 using	
SPAdes;	statistics	of	the	assembly	included	a	total	size	of	326.90	Mbp,	932,573	contigs,	an	
N50	of	99.96	kbp,	and	a	GC	content	of	42.4%.	

Based	on	its	higher	N50	value	and	BUSCO	score	the	Canu	assembly	was	chosen	for	further	
processing	and	analysis.	In	addition,	another	factor	which	influenced	this	decision	was	an	
initial	screening	of	the	Canu	draft	assembly	using	AntiSMASH	which	indicated	that	a	contig	
which	contained	a	biosynthetic	gene	cluster	of	interest	was	better	assembled	in	comparison	
to	those	of	Raven	and	Flye.	Polishing	of	the	Canu	assembly	using	HyPo	had	minimal	effect	on	
the	genome	completeness	as	indicated	by	the	corresponding	BUSCO	score.	The	BlobTools2	
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pipeline	calculated	a	GC	content	of	41.59%	for	the	total	assembly	and	assigned	66.19%	of	
the	 total	 assembly	 as	 being	 of	 sponge	 origin	 (Figure	 3.1).	 Additionally,	 17.36%	 of	 the	
assembly	was	assigned	as	being	of	chordate	origin.	Analysing	the	genes	of	several	contigs	
assigned	as	Chordata	with	blast	indicated	sponge	origin;	for	this	reason,	these	contigs	were	
assumed	 to	 originate	 from	H.	 indistincta.	 Overall,	 at	 least	 83.54%	 of	 the	 polished	 Canu	
assembly	is	assumed	to	be	of	sponge	origin.	

Table	3.1	Statistics	of	three	different	de	novo	long-read	assemblers	for	MIIG1388.	

	 Assembler	 Raven	 Flye	 Canu	 Canu	+	HyPo	 Canu	+	HyPo	+	
Metabat2	

As
se
m
bl
y	
St
at
s	

Sum	(Mbp)	 222.00	 244.77	 323.22	 323.23	 295.64	

average	(kbp)	 150.41	 108.35	 114.05	 114.05	 200.57	

N50	(kbp)	 202.99	 293.62	 370.41	 370.42	 418.01	

N	contigs	 1476	 2259	 2834	 2834	 1474	

GC	content	(%)	 41.21	 41.64	 41.71	 41.71	 41.69	

BU
SC
O
	(e
uk
ar
yo
ta
)	 Complete	(%)	 85.50	 85.40	 88.30	 88.70	 87.80	

Single	(%)	 77.30	 72.90	 21.20	 22.40	 23.90	

Duplicate	(%)	 8.20	 12.50	 67.10	 66.30	 63.90	

Fragmented	(%)	 8.20	 9.80	 7.50	 7.10	 7.80	

Missing	(%)	 6.30	 4.80	 4.20	 4.20	 4.40	

N	BUSCO	 255	 255	 255	 255	 255	

A	 total	 of	 38	 bins	 were	 produced	 using	 MetaBat2	 on	 the	 polished	 Canu	 assembly.	 By	
comparing	 the	 contigs	 of	 each	 bin	 with	 their	 respective	 taxonomic	 identification	 by	
BlobTools2,	it	was	determined	that	25	bins	possessed	contigs	of	sponge	origin.	These	contigs	
were	assumed	to	be	derived	from	H.	indistincta	rather	than	any	possible	contaminants.	An	
additional	four	bins	were	identified	as	having	contigs	of	eukaryotic	origin	not	assigned	as	
Porifera	by	BlobTools2	but	possessing	genes	which	most	closely	aligned	to	 those	 from	A.	
queenslandica.	Therefore,	a	total	of	29	bins	were	chosen	to	encompass	the	final	assembly	of	
H.	indistincta.	This	binned	assembly	has	an	approximate	size	of	295.64	Mbp,	an	N50	value	of	
418.01	kbp	and	consists	of	1,474	contigs	(Table	3.1).	The	complete	BUSCO	score	also	slightly	
decreased	from	88.7	to	87.8%	after	binning.	Approximately	52.77%	of	the	binned	MIIG1388	
assembly	was	masked	using	RepeatModeler	and	RepeatMasker.	In	turn,	the	Braker2	pipeline	
identified	42,428	protein-coding	genes.	Eggnog-Mapper	was	then	able	to	assign	38,510	of	
these	proteins	 to	different	Cluster	of	Orthologous	Groups	 (COGs)	 categories	 (Figure	3.2).	
COGs	associated	with	RNA	processing	and	modification	(14.71%),	energy	production	and	
conversion	(6.16%),	cell	cycle	control,	cell	division,	and	chromosome	partitioning	(7.97%),	
cell	motility	(10.17%),	inorganic	ion	transport	and	metabolism	(8.45%),	signal	transduction	
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mechanisms	 (6.78%)	 and	 general	 function	 prediction	 (8.27%)	 represented	 the	 largest	
proportions	of	assigned	COGS.	In	contrast,	only	0.13%	of	the	total	COGs	were	assigned	as	
being	associated	with	specialized	(secondary)	metabolism.	

 
Figure	3.1	BlobTools2	scatter	plot	histogram	of	GC	coverage	and	GC	content	of	the	contigs	from	the	MIIG1388	
Canu	assembly	with	1	kbp	polishing	using	HyPo.	Coverage	is	derived	from	mapping	the	raw	reads	of	1kb	or	
greater	 length	 back	 to	 the	 polished	 assembly.	 GC	 represents	 the	 proportion	 of	 G	 and	 C	 bases.	 Sum	 length	
represents	the	cumulative	length	of	contigs	associated	with	a	section	of	either	axis.		
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Figure	3.2	Number	of	genes	 from	the	H.	 indistincta	genome	which	 fall	within	various	COG	categories.	COG	
categories	are	as	follows:	A,	RNA	Processing	and	Modification;	B,	Chromatin	Structure	and	Dynamics;	C,	Energy	
Production	 and	 Conversion;	D,	 Cell	 Cycle	 Control,	 Cell	 Division,	 Chromosome	 Partitioning;	 E,	 Amino	 Acid	
Transport	 and	 Metabolism;	 F,	 Nucleotide	 Transport	 and	 Metabolism;	 G,	 Carbohydrate	 Transport	 and	
Metabolism;	 H,	 Coenzyme	 Transport	 and	 Metabolism;	 I,	 Lipid	 Transport	 and	 Metabolism;	 J,	 Translation,	
Ribosomal	 Structure	 and	 Biogenesis;	K,	 Transcription;	 L,	 Replication,	 Recombination	 and	 Repair;	M,	 Cell	
Wall/Membrane/Envelope	Biogenesis;	N,	 Cell	Motility;	O,	 Posttranslational	Modification,	Protein	Turnover,	
Chaperones;	P,	Inorganic	Ion	Transport	and	Metabolism;	Q,	Secondary	Metabolites	Biosynthesis,	Transport	and	
Catabolism;	R,	General	Function	Prediction	Only;	S,	Function	Unknown;	T,	Signal	Transduction	Mechanisms;	U,	
Intracellular	 Trafficking,	 Secretion,	 and	 Vesicular	 Transport;	 V,	 Defence	 Mechanisms;	 W,	 Extracellular	
Structures;	 X,	Mobilome,	Prophages,	Transposons;	Y,	Nuclear	 Structure;	 Z	 Cytoskeleton.	 COG	 category	Q	 is	
indicated	by	the	colour	orange.	

A	total	of	4	bacterial	bins	were	separately	acquired	using	MetaBat2	although	bin	3	was	too	
incomplete	for	further	analysis	(Table	3.2).	CheckM	indicated	that	bins	8	and	12	were	of	high	
completeness,	while	12	and	28	had	little	contamination.	The	strain	heterogeneity,	which	is	
the	proportion	of	contamination	derived	from	the	same	or	similar	strains,	was	100%	for	Bins	
8	 and	 28	whereas	 bin	 12	was	 50%.	 The	 5S,	 16S	 and	 23S	 ribosomal	 subunit	 genes	were	
extracted	from	the	other	three	for	blastp	analysis	against	the	NCBI	nt	database	(Table	3.3).	
The	sequences	of	bin	8	had	relatively	low	percent	identity	in	comparison	to	those	of	the	other	
two	bins	and	overall	appeared	to	be	a	type	of	gammaproteobacteria.	Bin	12	appears	to	be	of	
the	CFB	group	bacteria	with	high	percent	identity	to	a	Flavobacteria.	Bin	28	exhibited	high	
similarity	 to	 members	 of	 the	 Order	 Rhodobacterales	 such	 as	 Planktomarina	 temperata	
RCA23.	
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Table	3.2	CheckM	statistics	of	bacterial	bins	acquired	from	the	MIIG1388	assembly	using	MetaBat2.	

	 Bin	 3	 8	 12	 28	

M
et
aB
at
2	 Sum	(bp)	 314810	 2520641	 1517996	 2314170	

average	(bp)	 10493.67	 38779.09	 79894.53	 100616.09	

N50	(bp)	 14588	 56002	 125674	 132681	

N	contigs	 30	 65	 19	 23	

Ch
ec
kM

	 Completeness	(%)	 21.30	 96.55	 76.07	 93.23	

Contamination	(%)	 0.00	 28.29	 0.66	 0.30	

Strain	heterogeneity	(%)	 0.00	 100.00	 50.00	 100.00	

Table	3.3	blastn	results	of	ribosomal	sequences	from	bacterial	bins	against	the	NCBI	nonredundant	database.	

Bin	 Query	 Top	Hit	 Max	Score	 %	ID	 E-value	 Accession	

8	 5S	 Pseudomonas	syringae	pv.	tomato	 169	 93.81	 4e-38	 CP047072.1	

8	 16S	 gamma	proteobacterium	EHK-1	 1788	 88.38	 0.0	 AF228694.1	

8	 23S	 Microbulbifer	sp.	GL-2	 3247	 87.12	 0.0	 AP019807.1	

12	 5S	 Cellulophaga	sp.	L1A9	 150	 90.99	 1e-32	 CP047027.1	

12	 16S	 Flavobacteria	bacterium	Yb001	 2571	 99.16	 0.0	 AB496658.1	

12	 23S	 Cellulophaga	baltica	NN016038	 4189	 93.42	 0.0	 CP009887.1	

28	 5S	 Planktomarina	temperata	RCA23	 211	 100	 7e-51	 CP003984.1	

28	 16S	 Rhodobacteraceae	bacterium	FZCC0040	 2684	 100	 0.0	 MK335923.1	

28	 23S	 Planktomarina	temperata	RCA23	 5371	 99.97	 0.0	 CP003984.1	

Identification	of	Biosynthetic	Genes	

AntiSMASH	 analysis	 of	 the	 Canu-assembled	 draft	 genome	 before	 binning	 revealed	 the	
presence	of	six	BGCs	which	appeared	to	be	of	bacterial	origin	based	on	the	lack	of	introns	as	
well	homology	to	bacterial	entries	in	the	NCBI	non-redundant	database.	Three	encoded	for	
terpene	biosynthesis	but	were	not	included	in	any	of	the	major	bins	produced	by	MetaBat2.	
Two	 additional	BGCs	were	 categorized	 as	 being	 responsible	 for	 terpene	production.	One	
terpene	 BGC	 belonged	 to	 bacterial	 bin	 12	 with	 75%	 similarity	 to	 the	 MIBiG	 entry	 for	
carotenoid	biosynthesis	of	Arenibacter	nanhaiticus	strain	CGMCC	1.8863.	A	second	terpene	
BGC	 belonged	 to	 bacterial	 bin	 28	 with	 100%	 similarity	 to	 carotenoid	 biosynthesis	 of	 P.	
temperata	 RCA23.	 In	 addition,	 one	 BGC	 was	 categorized	 as	 being	 responsible	 for	 the	
production	of	a	ribosomally	synthesized	and	post-translationally	modified	peptide	(RiPP)	
and	belonged	to	the	bacteria	of	bin	8	with	highest	similarity	to	a	MIBiG	entry	for	bacteriocin	
biosynthesis	 from	 Sideroxydans	 lithotrophicus	 ES-1.	 The	 genes	 of	 this	 BGC	 showed	 low	
similarity	when	queried	against	the	NCBI	nr	database	and	no	similar	BGC	was	identified	in	
the	MIIG1389	assembly.	
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A	seventh	contig	containing	a	gene	coding	for	an	NRPS-PKS	was	also	detected.	Unlike	the	
aforementioned	BGCs,	this	NRPS-PKS	appeared	to	be	encoded	on	a	single	ORF.	Furthermore,	
it	was	 located	 on	 a	 215.17	 kbp	 contig	 in	which	 the	 surrounding	 genes	were	 of	 putative	
sponge	origin.	This	contig	was	classified	as	being	of	sponge	origin	by	BlobTools2	and	placed	
in	 a	bin	 containing	other	 contigs	of	 sponge	origin	by	MetaBat2.	The	gene	 for	 this	hybrid	
NRPS-PKS	was	also	detected	in	Flye	and	Raven	assemblies,	albeit	on	a	shorter	contig.		

Plantismash	 analysis	 on	 the	 binned	MIIG1388	 assembly	 resulted	 in	 five	 additional	 BGCs	
being	 identified.	 Two	 identical	 clusters	 were	 of	 the	 putative,	 or	 unclassified,	 type	 and	
consisted	of	one	methyltransferase	gene	and	four	AMP-binding	genes.	Two	more	identical	
clusters	 were	 classified	 as	 saccharide	 biosynthesis	 and	 contained	 genes	 encoding	 for	
glycosyltransferase	 and	 amino	 oxidase.	 A	 third	 saccharide	 BGC	 was	 also	 identified	 and	
included	 glycoslytransferase,	 epimerase	 and	 dioxygenase	 genes.	 All	 BGCs	 identified	 by	
plantiSMASH	appeared	to	be	of	metazoan	origin	based	on	using	their	translated	sequences	
as	a	blastp	query	against	the	nr	database.	

CO-ED	analysis	identified	approximately	278	instances	in	which	two	enzymatic	domains	co-
occurred	within	a	single	protein	(Figure	3.3).	Correspondingly	a	total	of	251	multi-domain	
proteins	were	identified.	With	the	UniProt,	Brenda	and	MIBiG	database	respectively	being	
represented	 by	 “U”,	 “B”	 and	 “M”,	 the	 co-occurrences	 can	 be	 classified	 as	 existing	 in	 the	
following	databases:	B	=	6,	M	=	5,	U	=	2,	U+B	=	114,	U+M	=	6	and	U+M+B	=	22.	A	total	of	123	
co-occurrences	were	not	determined	to	occur	in	any	of	these	three	databases	by	CO-ED.	The	
aforementioned	NRPS-PKS	protein	was	also	clearly	 identified	by	 the	CO-ED	analysis.	The	
majority	of	 the	enzymatic	domain	co-occurrences	of	this	translated	protein	existed	in	the	
three	 aforementioned	databases.	However,	 one	 exception	 is	 that	 this	NRPS-PKS	 contains	
both	the	formyl	transferase	and	acyl	transferase	domains;	according	to	CO-ED	this	is	a	novel	
co-occurrence	not	found	in	the	UniProt,	Brenda	or	MIBiG	databases.	No	other	multi-domain	
enzymes	which	obviously	corresponded	to	the	hypothetical	polyketide	origin	of	the	3-APs	
were	detected	with	CO-ED.	

The	H.	indistincta	hybrid	NRPS-PKS	gene	was	chosen	for	further	analysis	due	to	two	qualities.	
First,	 based	 on	 the	 hypothesis	 that	 3-APs	 are	 produced	 via	 a	 polyketide	 synthase	which	
accepts	 NTA	 as	 a	 starter	 unit	 by	 a	 feature	 such	 as	 an	 adenylation	 domain,	 this	 system	
appeared	 to	 be	 a	 possible	 candidate	 for	 how	 these	 compounds	may	be	 created	 in	 the	H.	
indistincta	 holobiome.	 Second,	 this	 system	 represented	 the	 first	 identified	 instance	 of	 a	
megasynthase	being	derived	from	the	host	sponge	itself	rather	than	a	microbial	symbiont	
and	thus	was	of	high	novelty.	
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Figure	3.3	Enzymatic	domain	co-occurrences	detected	by	CO-ED.	The	H.	indistincta	NRPS-PKS	is	highlighted	in	
green.	A	zoomed	in	view	of	the	H.	indistincta	NRPS-PKS	is	indicated	by	the	arrow.	Nodes	represent	different	
types	 of	 enzymatic	 domains	 detected	 in	 the	H.	 indistincta	proteome.	 Edges	 represent	 instances	 in	which	 a	
protein	contained	two	types	of	enzymatic	domains.	Whether	the	detected	enzymatic	domain	co-occurrences	
are	present	in	entries	from	the	curated	UniProt,	BRENDA	and	MIBiG	databases	are	coloured	in	the	same	manner	
as	the	Venn	diagram.	
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Characterization	of	a	Novel	Metazoan	NRPS-PKS	

Submission	of	the	translated	amino	acid	sequence	of	the	MIIG1388	NRPS-PKS	for	analysis	
against	the	Pfam	database	revealed	the	presence	of	two	NRPS	and	one	PKS	modules	(Figure	
3.4).	 Furthermore,	 Pfam	 identified	 an	 N-terminal	 formylation	 domain	 not	 detected	 by	
antiSMASH.	 Pfam	 detected	 matches	 for	 each	 of	 the	 NRPS-PKS	 enzymatic	 domains	 with	
significantly	low	E-values	save	for	the	exception	of	the	phosphopantetheine	attachment	site	
of	 the	 second	module	 (Table	 3.4).	 Based	 on	 typical	 PKS	 and	NRPS	 proteins,	 it	would	 be	
expected	for	this	domain	to	be	present	on	each	module.	However,	Pfam	did	not	detect	such	
a	domain	on	the	PKS	module.	

 
Figure	 3.4	Domain	 organization	 of	 the	 hybrid	NRPS-PKS	 identified	 in	H.	 indistincta.	 Domain	 naming	 is	 as	
follows:	 F,	 formylation;	 A,	 adenylation;	 C,	 condensation;	 PP,	 phosphopantetheine	 attachment	 site;	 KS,	
ketosynthase;	AT,	acyltransferase;	TE,	thioesterase.	Modules	1	and	2	correspond	to	the	NRPS	portion.	Module	
3	corresponds	to	the	PKS	portion.	Module	4	corresponds	to	the	termination	domain.	

Table	3.4	Pfam	domains	detected	in	the	H.	indistincta	NRPS-PKS.	

Domain	 Pfam	#	 Clan	 Start	 End	 Bit	Score	 E-value	

Formylation	 PF00551.19	 n/a	 66	 167	 53.7	 2.10e-14	

Adenylation	 PF00501.28	 CL0378	 595	 993	 208.2	 1.60e-61	

Phosphopantetheine	attachment	site	 PF00550.25	 CL0314	 1105	 1172	 23.1	 6.80e-05	

Condensation	 PF00668.20	 CL0149	 1229	 1632	 99.7	 1.50e-28	

Adenylation	 PF00501.28	 CL0378	 2073	 2482	 173.1	 7.00e-51	

Phosphopantetheine	attachment	site	 PF00550.25	 CL0314	 2601	 2659	 3.7	 80	

Ketosynthase,	N-term	 PF00109.26	 CL0046	 2687	 2934	 152.5	 1.50e-44	

Ketosynthase,	C-term	 PF02801.22	 CL0046	 2942	 3060	 95.4	 2.20e-27	

Acyltransferase	 PF00698.21	 CL0323	 3244	 3495	 82.4	 4.00e-23	

Thioesterase	 PF00975.20	 CL0028	 3666	 3894	 60.1	 3.30e-16	

Multiple	sequence	alignments	of	the	H.	indistincta	NRPS-PKS	with	conserved	domains	of	the	
NCBI	 database	 revealed	 whether	 the	 different	 catalytic	 domains	 possessed	 all	 expected	
active	site	residues.	Specifically,	the	formylation	domain	possessed	23/23	expected	active	
sites,	 the	 first	 and	 second	 adenylation	 domains	 possessed	 23/23,	 and	 the	 ketosynthase	
domain	 possessed	 3/3.	 The	 condensation	 domain	 possessed	 the	 motif	 HHIVFDQ	 which	
differs	 from	 the	 conserved	 HHXXXDG	 motif	 of	 other	 condensation	 domains	 in	 the	 CD	
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database	by	a	single	glycine.	The	acyltransferase	domain	possessed	a	GHSLG	motif	which	
fulfilled	the	expected	requirements	for	the	conserved	motif	GHSXG	involved	in	the	catalytic	
activity	of	this	domain	[97].	Manual	analysis	of	the	region	between	the	acyltransferase	and	
the	thioesterase	which	lacked	a	phosphopantetheine	attachment	site	indicated	that,	while	
the	conserved	GXDS	motif	of	these	domains	were	not	present,	a	conserved	DS	motif	was.	

No	 similar	 proteins	were	 identified	 in	 the	 nr	 database	when	 using	 the	 entire	 NRPS-PKS	
sequence	as	well	as	sequences	of	the	individual	catalytic	domains	(Table	3.5).	Despite	this	
NRPS-PKS	gene	being	found	on	a	sponge	contig,	the	closest	taxonomical	hit	 for	the	entire	
translated	 gene	 was	 of	 bacteria.	 This	 was	 also	 observed	 for	 the	 formyltransferase,	
adenylation,	 condensation	 and	 acyltransferase	 domains.	 The	 ketosynthase	 domain	
displayed	the	highest	significant	alignment	with	a	sequenced	polyketide	synthase	derived	
from	 an	 “uncultured	 Porifera”	 (AAX62314.1)	 with	 a	 percent	 identity	 of	 51.23%.	 This	
sequence	was	derived	from	PCR	amplification	of	the	ketosynthase	domain	from	a	species	
possibly	 of	 the	 family	 Raspailiidae	 which	 was	 collected	 in	 Curaçao	 (Joe	 Lopez,	 personal	
communication).	Several	other	ketosynthase	sequences	were	also	amplified	from	this	same	
specimen	and	uploaded	to	the	NCBI	database	but	were	not	in	the	top	100	hits	against	the	nr	
database.	The	thioesterase	domain	also	showed	highest	similarity	to	eukaryotic	sequences,	
albeit	from	fungi	such	as	Melanogaster	broomeanus	with	a	percent	identify	of	46.34%.	

A	complete	homolog	to	the	NRPS-PKS	was	not	detected	in	the	SPAdes	assembly	of	MIIG1389	
(H.	viscosa)	nor	in	the	assembled	transcriptomes	previously	detailed	(Chapter	2).	However,	
a	 single	 contig	 with	 a	 length	 of	 234	 bp	 and	 2.823x	 read	 coverage	 from	 the	 MIIG1389	
assembly	did	align	with	the	nucleotide	sequence	of	the	MIIG1388	NRPS-PKS	gene	with	85%	
identity;	 such	an	alignment	 is	 far	higher	 than	any	alignments	 this	NRPS-PKS	gene	 shows	
when	 queried	 against	NCBI	 databases.	 Similarly,	 this	MIIG1389	 contig	 has	 no	 significant	
alignments	 against	 the	 NCBI	 nt	 database.	 An	 additional	 blast	 analysis	 using	 the	merged	
Illumina	 reads	 of	 MIIG1389	 allowed	 the	 identification	 of	 several	 raw	 reads	 which	
significantly	aligned	with	the	NRPS-PKS	gene	of	MIIG1388.	In	particular,	one	merged	read	
pair	of	175	bp	had	a	100%	 identity	 to	 a	 region	of	 the	 second	adenylation	domain	 in	 the	
MIIG1388	NRPS-PKS.	In	comparison,	the	most	significant	hit	against	the	NCBI	nr	database	
was	an	adenylation	domain	of	an	NRPS	from	the	CFB	group	bacteria	Pedobacter	africanus	
with	a	percent	identity	of	40.35%	and	query	coverage	of	97%.	

Alignment	 of	 raw	 long	 reads	 greater	 than	 1	 kbp	 on	 the	 contig	 from	 MIIG1388	 which	
contained	the	NRPS-PKS	gene	showed	an	even	coverage	across	 this	 target	as	well	as	 two	
predicted	 downstream	 genes,	 g7534.t1	 and	 g7535.t1,	 which	 most	 aligned	 to	 metazoan	
proteins	 (Figure	 3.5).	 The	 highest	 alignment	 of	 g7534.t1	 is	with	 a	NACHT,	 LRR	 and	PYD	
domains-containing	protein	14	isoform	X2	(XP_028517167.1)	from	the	cnidarian	Exaiptasia	
diaphana	with	a	percent	identity	of	22.60%.	Also,	this	protein	had	a	less	significant	alignment	
to	an	entry	from	A.	queenslandica	of	the	same	functional	annotation.	The	highest	alignment	
of	 g7535.t1	 is	 with	 a	 malignant	 fibrous	 histiocytoma-amplified	 sequence	 1	 homolog	
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(XP_035693581.1)	 from	 the	 lancelet	 Branchiostoma	 floridae	 with	 a	 percent	 identity	 of	
23.06%.	Furthermore,	long	reads	which	encompassed	regions	of	both	the	NRPS-PKS	gene	as	
well	as	these	two	downstream	genes	were	detected.	Upstream	of	the	NRPS-PKS	gene	was	a	
1292	 bp	 region	which	 exhibited	 significantly	 higher	 coverage.	 No	 significant	 alignments	
were	detected	when	running	blastn	of	this	region	against	the	NCBI	nr/nt	database.	Augustus	
predicted	fourteen	genes	which	lay	between	the	beginning	of	the	contig	and	this	region	of	
higher	coverage;	the	majority	were	found	to	significantly	align	with	proteins	of	sponge	or	
other	metazoan	origin.	Mapping	of	 the	RNA-seq	short-reads	 indicated	 that	 the	NRPS-PKS	
gene	 was	 weakly	 transcribed	 at	 the	 time	 of	 sampling	 (data	 not	 shown).	 Fragmented	
transcripts	which	aligned	to	the	gene	were	detected	in	the	Trinity-assembled	transcriptome.	

Table	3.5	blastp	results	of	the	NRPS-PKS	and	its	individual	domains	against	the	NCBI	nonredundant	database.	
Enzymatic	domain	naming	follows	the	same	scheme	as	previously	used	(Figure	3.4).	

Query	 Function	 Taxonomy	 Max	
Score	

%	ID	 E-
value	

Accession	

NRPS-
PKS	

amino	acid	adenylation	
domain-containing	protein	

Pyxidicoccus	sp.	SCPEA002	 526	 27.14	 7e-
147	

WP_206727
271.1	

F	 hybrid	non-ribosomal	peptide	
synthetase/type	I	polyketide	
synthase	

Legionella	maceachernii	 96.3	 52.00	 7e-21	 WP_065239
994.1	

A1	 non-ribosomal	peptide	
synthetase	

Caldithrix	abyssi	 175	 31.40	 8e-44	 WP_006929
449.1	

C	 non-ribosomal	peptide	
synthetase	

Streptococcus	macacae	 104	 26.65	 3e-20	 WP_003080
184.1	

A2	 amino	acid	adenylation	
domain-containing	protein	

Paenibacillus	zanthoxyli	 145	 35.07	 2e-34	 WP_025688
024.1	

KS	 Polyketide	synthase	 uncultured	Porifera	 262	 51.23	 1e-82	 AAX62314.
1	

AT	 SDR	family	NAD(P)-
dependent	oxidoreductase	

Okeania	sp.	SIO2G5	 130	 37.63	 8e-31	 NEP72547.
1	

TE	 BcPKS20,	polyketide	synthase	 Rhexocercosporidium	sp.	
MPI-PUGE-AT-0058	

79.7	 32.65	 5e-13	 KAH730436
1.1	

Identification	of	other	sponge	megasynthase	Genes	

The	 genomes	 of	 E.	 muelleri,	 S.	 carteri,	 O.	 pearsei	 and	 L.	 baikalensis	 as	 well	 as	 the	
transcriptomes	 of	 Ephydatia	 fluviatilis,	 Lubomirskia	 abietina,	 Baikalospongia	 bacillifera,	
Cinachyrella	 alloclada,	Phakellia	 ventilabrum	 and	Plakina	 jani	were	determined	 to	 be	 the	
source	of	similar	genes	to	that	of	the	H.	indistincta	NRPS-PKS	(Figure	3.6).	Specifically,	hybrid	
NRPS-PKS	systems	were	 limited	to	several	sponges	of	 the	class	Demospongiae	whereas	a	
NRPS	system	was	limited	to	two	from	the	class	Homoscleromorpha.	No	similar	system	was	
detected	in	the	Calcarea	or	Hexactinellida.	 	
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Figure	3.6	Complete	or	partial	NRPS-PKS	or	NRPS	enzymes	identified	in	sponge	genomes	and	transcriptomes.	
If	 a	 fragmented	 gene	 was	 identified,	 the	 largest	 fragment	 was	 incorporated	 into	 the	 figure.	 That	 of	 P.	
ventilabrum	was	too	fragmented	to	include.	Enzymatic	domain	naming	follows	the	same	scheme	as	previously	
used	(Figure	3.4);	NAD	stands	for	NAD-binding.	Image	credits	of	sponges	are	as	follows:	H.	indistincta,	Daniel	
Rodrigues;	S.	 carteri,	 Tane	 Sinclair-Taylor	 [19];	E.	muelleri,	 Sally	 Leys;	E.	 fluviatilis,,	 Echte	 zoetwaterspons,	
Saxifraga-Eric	Gibcus;	L.	baikalensis,	Nathan	Kenny	and	Valeria	Itskovich	[21];	L	abietina,	Nathan	Kenny	and	
Valeria	Itskovich	[21];	B.	bacillifera,	Nathan	Kenny	and	Valeria	Itskovich	[21];	C.	alloclada,	Rob	Ruzicka	and	Rob	
van	Soest	[98];	O.	pearsei,	Jennyfer	Mitchell	[17];	P.	jani,	Bernard	Picton.	

Predictive	Functional	Characterization	of	the	H.	indistincta	NRPS-PKS	

Online	 tools	 to	 classify	 catalytic	 domains	 and	 predict	 their	 substrate	 specificity	 were	
generally	not	able	to	do	so	with	high	confidence	when	run	on	the	H.	indistincta	NRPS-PKS.	
The	NRPSPredictor2	feature	of	antiSMASH	was	incapable	of	predicting	the	substrate	which	
would	 be	 utilized	 by	 either	 adenylation	 domain	 of	 the	 NRPS-PKS;	 the	 ATSignature	 and	
minowa	features	both	predicted	malonyl-CoA	as	being	the	substrate	that	would	be	utilized	
by	 the	 PKS	 portion	 of	 the	 hybrid	 system	with	 respective	 scores	 of	 54.2%	 and	 43.2%.	 In	
agreement	 with	 its	 placement	 directly	 next	 to	 a	 NRPS	 module,	 NaPDoS	 classified	 the	
ketosynthase	domain	of	this	system	as	belonging	to	the	hybrid	ketosynthase	domain	class	
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with	the	closest	match	being	a	ketosynthase	involved	in	epothilone	biosynthesis	with	an	E-
value	of	3e-71.	In	turn	NaPDoS	classified	the	condensation	domain	as	being	of	the	DCL	class	
which	are	involved	in	linking	an	L-amino	acid	to	a	D-amino	acid	with	the	closest	hit	being	a	
fengycin	 condensation	 domain	 with	 an	 E-value	 of	 5e-12.	 However,	 upon	 constructing	 a	
phylogenetic	tree	with	NaPDoS,	the	H.	indistincta	condensation	domain	appears	closest	to	a	
condensation	 domain	 of	 the	 dual	 class	 involved	 in	 HC-toxin	 biosynthesis	 by	 the	 fungus	
Cochliobolus	 carbonum	 (data	 not	 shown).	 The	 AdenylPred	 software	 predicted	 with	 high	
confidence	 that	 the	 first	 and	 second	 adenylation	domains	 of	 the	H.	 indistincta	NRPS-PKS	
were	of	the	NRPS	class	with	respective	percent	confidences	of	93%	and	88%	(Table	3.6).	
However,	 the	 substrate	 prediction	 was	 less	 clear.	 The	 first	 adenylation	 domain	 was	
predicted	to	utilize	bulky	mainly	phenyl	derivative	substrates	with	a	confidence	of	34%.	The	
second	was	predicted	to	utilize	cyclic	aliphatic	substrates	with	a	confidence	of	30%.	

Table	3.6	AdenylPred	results	for	four	AMP-binding	enzymes	which	activate	NTA	as	well	as	the	two	adenylation	
domains	A1	and	A2	found	in	the	H.	indistincta	NRPS-PKS.	FC	stands	for	functional	class.	SS	stands	for	substrate	
specificity.		

Species	 Predicted	
functional	class	(FC)	

FC	prediction	
probability	

Predicted	substrate	
specificity	(SS)	

SS	prediction	
probability	

H.	indistincta	A1	 NRPS	 0.9	 bulky	mainly	phenyl	
derivatives	

0.34	

H.	indistincta	A2	 NRPS	 0.87	 cyclic	aliphatic	 0.29	

S.	albus	 Aryl-CoA	ligase	 0.73	 aryl	and	biaryl	
derivatives	

0.7	

Micromonospora	
sp.	TP-A0468	

NRPS	 0.78	 polar	and	charged	 0.32	

A.	fumigatus	 Aryl-CoA	ligase	 0.64	 aryl	and	biaryl	
derivatives	

0.54	

P.	canescens	 Aryl-CoA	ligase	 0.58	 aryl	and	biaryl	
derivatives	

0.36	

Four	AMP-binding	enzyme	domains	are	known	to	prepare	NTA	for	polyketide	biosynthesis.	
The	characterization	of	the	H.	indistincta	NRPS-PKS	adenylation	domains	by	antiSMASH	and	
Adenylpred	was	not	consistent	with	that	made	for	these	enzymatic	domains.	The	features	of	
antiSMASH	specific	for	adenylation	domains	were	only	able	to	predict	function	for	that	of	the	
S.	 albus	enzyme	with	 the	 physiochemical	 class	 of	 hydrophobic-aromatic	 being	 predicted.	
Unlike	 the	adenylation	domains	of	 the	H.	 indistincta	NRPS-PKS,	AdenylPred	classified	 the	
enzymes	 of	 S.	 albus,	 A.	 fumigatus,	 and	 P.	 canescens	 as	 belonging	 to	 the	 Aryl-CoA	 ligase	
functional	 class	 with	 probability	 of	 73%,	 64%	 and	 58%	 respectively	 (Table	 3.6).	 The	
adenylation	domain	of	the	Micromonospora	sp.	TP-A0468	was	classified	as	belonging	to	the	
NRPS	functional	class	and	having	a	substrate	specificity	for	polar	and	charged	amino	acids	
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with	 respective	 probabilities	 of	 78%	 and	 32%.	 Querying	 the	 four	 AMP-binding	 enzymes	
which	 prepare	 NTA	 as	 a	 starter	 unit	 for	 polyketide	 biosynthesis	 against	 the	 MIIG1388	
assembly	resulted	in	three	significant	alignments.	Two	identical	MIIG1388	proteins	aligned	
with	 the	enzymes	of	S.	albus,	A.	 fumigatus	 and	P.	 canescens.	When	queried	against	 the	nr	
database	these	two	MIIG1388	proteins	significantly	aligned	with	a	predicted	4-coumarate—
CoA	 ligase	 from	A.	 queenslandica	 (XP_003386175.1)	 and	 the	 luciferase	 polypeptide	 from	
Suberites	 domuncula	 (CAR31336.1).	 The	 adenylation	 domain	 of	Micromonospora	 sp.	 TP-
A0468	 which	 accepts	 NTA	was	 found	 to	 significantly	 align	 with	 the	 second	 adenylation	
domain	of	the	H.	indistincta	NRPS-PKS,	albeit	with	a	low	bit	score	of	57.4.	

Manual	alignments	of	the	Stachelhaus	codes	of	both	H.	indistincta	adenylation	domains	did	
not	 reveal	 much	 consistency	 with	 codes	 from	 biochemically	 characterized	 adenylation	
domains	(Table	3.7).	Specifically,	the	first	had	a	match	of	six	residues	with	those	domains	
known	to	utilize	the	substrates	D-glutamate,	 isoleucine,	and	Nδ-cis-anhydromevalonyl-Nδ-
hydroxy-L-ornithine.	 The	 second	had	 a	 lower	match	of	 five	 residues	with	 those	domains	
known	 to	 utilize	 6-chloro-L-typtophan,	 N6-decanoyl-N6-hydroxy-L-lysine,	 (S)-β-tyrosine,	
and	(2S,4R)-4-propyl-L-proline.	Even	less	consistency	was	observed	when	comparing	the	H.	
indistincta	Stachelhaus	codes	with	those	from	the	AMP-binding	enzymes	known	to	activate	
NTA	for	polyketide	biosynthesis	in	that	a	match	of	3	was	the	highest	detected	consistency	
(Table	3.8).	Unexpectedly,	the	highest	observed	consistency	of	seven	residues	was	between	
the	second	adenylation	domain	of	H.	 indistincta	with	 the	corresponding	domain	 from	the	
NRPS-PKS	of	E.	muelleri	(Table	3.9).	

Phylogenetic	Analysis	of	Hybrid	Ketosynthase	Domains	

As	can	be	seen	in	the	unrooted	hybrid	ketosynthase	phylogenetic	tree,	those	of	the	sponges	
form	a	well-resolved	clade	with	high	statistical	support	(Figure	3.7).	This	sponge	clade	 is	
both	 distinct	 and	 distant	 from	 those	 of	 bacteria	 and	 other	 eukaryotes.	 Similarly,	 well-
resolved,	statistically	supported	clades	of	hybrid	ketosynthases	from	algae,	nematodes,	and	
fungi	were	also	produced.	The	topology	of	the	tree	indicates	that	the	sponge	sequences	have	
a	 stronger	 phylogenetic	 signal	 towards	 those	 of	 bacteria	 than	 other	 eukaryotes.	 One	
sequence	 from	a	Streptomyces	sp.	 (WP_228078005.1)	branches	off	 early	 from	 that	of	 the	
sponges,	but	there	is	no	statistical	support	for	this	sequence	grouping	either	with	those	of	
the	sponges	or	the	other	bacteria.	To	expand	on	statistical	support,	it	should	be	noted	that	
the	 deeper	 nodes	 throughout	 this	 tree	 do	 not	 possess	 bootstrap	 values	 above	 75%	 and	
therefore	 deeper	 relationships	 cannot	 be	 determined	with	 accuracy.	 No	 improvement	 in	
statistical	 support	 for	 the	 deeper	 nodes	 was	 observed	 upon	 trimming	 the	 edges	 of	 the	
alignment	which	 had	 lower	 quality	 and	more	 gaps	 (data	 not	 shown).	 Several	 additional	
hybrid	ketosynthases	purportedly	derived	 from	metazoans	(e.g.,	 several	 from	arthropods	
and	rotifers)	were	excluded	from	the	tree	as	they	consistently	nestled	within	the	bacterial	
sequences	 (data	 not	 shown).	 Such	 a	 quality	 was	 interpreted	 as	 possible	 bacterial	
contamination	at	the	time	of	sequencing	and	thus	omitted.	
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Table	3.9	Alignment	of	H.	indistincta	Stachelhaus	codes	with	those	from	other	sponge	NRPS-PKS	and	NRPS	
enzymes.	Residues	 are	 coloured	 according	 to	 the	Clustalx	 colour	 code.	Abbreviations	 are	 as	 follows:	Hi,	H.	
indistincta;	 Ef,	 E.	 fluviatilis;	 Em,	 E.	 muelleri;	 Lb,	 L.	 baikalensis;	 Sc,	 S.	 carteri;	 Op,	O.	 pearsei;	 Pj,	 P.	 jani;	 A1,	
adenylation	1;	A2,	adenylation	2.	The	matching	numbers	refer	to	the	consistency	between	the	Stachelhaus	code	
of	H.	indistincta	adenylation	domains	and	those	which	are	most	similar	and	biochemically	characterized.	

Sequence	 Pos.	
235	

Pos.	
236	

Pos.	
239	

Pos.	
278	

Pos.	
299	

Pos.	
301	

Pos.	
322	

Pos.	
330	

Pos.	
331	

Pos.	
517	 Match	

Hi	A1	 D	 G	 H	 F	 S	 G	 V	 I	 G	 K	 -	
Ef	A1	 D	 T	 L	 S	 A	 G	 L	 V	 I	 R	 2	
Em	A1	 D	 S	 L	 L	 A	 G	 V	 V	 I	 K	 4	
Lb	A1	 D	 T	 L	 S	 A	 G	 L	 V	 I	 K	 3	
Sc	A1	 D	 A	 H	 H	 S	 G	 I	 V	 A	 K	 5	
Op	A1	 D	 G	 C	 S	 I	 G	 C	 V	 V	 K	 4	
Pj	A1	 D	 G	 C	 C	 I	 G	 C	 I	 V	 K	 5	

Sequence	 Pos.	
235	

Pos.	
236	

Pos.	
239	

Pos.	
278	

Pos.	
299	

Pos.	
301	

Pos.	
322	

Pos.	
330	

Pos.	
331	

Pos.	
517	 Match	

Hi	A2	 D	 V	 A	 F	 F	 A	 W	 I	 A	 K	 -	
Ef	A2	 D	 I	 A	 H	 F	 T	 W	 V	 E	 K	 5	
Em	A2	 D	 L	 A	 H	 F	 G	 W	 I	 A	 K	 7	
Lb	A2	 D	 I	 A	 H	 F	 T	 W	 V	 E	 K	 5	
Sc	A2	 D	 G	 L	 F	 I	 I	 W	 I	 A	 K	 6	
Op	A2	 D	 I	 V	 C	 L	 V	 A	 G	 I	 K	 2	
Pj	A2	 D	 M	 S	 H	 Y	 L	 L	 V	 A	 K	 3	
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Figure	3.7	Unrooted	phylogenetic	 trees	of	hybrid	ketosynthase	domains	 from	sponges,	bacteria,	and	other	
eukaryotes.	Numbers	on	nodes	represent	maximum	likelihood	bootstrap	values	above	75%.		

Tree scale: 1
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Discussion	
In	this	chapter	the	de	novo	genome	of	the	Irish	sponge	H.	indistincta	was	sequenced	using	
both	 short-	 and	 long-read	 technology.	 This	 has	 allowed	 for	 the	 assembly	 of	 a	 highly	
contiguous	genome	of	 the	host	organism	separate	 from	associated	microbial	genomes.	 In	
turn,	genome	mining	identified	the	presence	of	a	single	megasynthase	gene,	although	its	role	
in	the	biosynthesis	of	3-APs	is	questionable.	Specifically,	a	novel	hybrid	NRPS-PKS	gene	has	
been	identified	in	a	contig	which	appears	to	originate	from	a	chromosome	of	H.	indistincta.	
This	represents	the	first	instance	of	a	megasynthase-type	enzyme	found	to	be	encoded	in	a	
sponge	 chromosome.	 As	 a	 result,	 it	 is	 likely	 that	 the	 specialized	metabolism	 of	 sponges	
should	 not	 be	 overshadowed	 by	 their	 microbiome	 when	 trying	 to	 understand	 the	
biosynthetic	origin	of	specialized	metabolites	derived	from	these	animals.	

The	final	binned	H.	indistincta	genome	possessed	an	87.8%	complete	BUSCO	score	from	the	
eukaryotic	dataset	which	represents	a	high	level	of	predicted	completion	for	this	assembly.	
In	comparison	the	most	well-assembled	sponge	genome	publicly	available,	that	of	E.	muelleri	
assembled	to	the	chromosome	level,	scores	lower	at	83.83%	[22].	However,	the	H.	indistincta	
genome	is	lower	than	that	of	the	first	sponge	to	have	its	genome	sequenced,	A.	queenslandica,	
which	scores	at	90.43%	[15].	The	final	assembly	from	Canu	also	exhibited	a	high	duplication	
rate	 in	 comparison	 to	 the	 Flye	 and	 Raven	 assemblies.	 This	 is	 most	 likely	 due	 to	 fewer	
collapsed	haplotypes	and	an	overall	more	diploid	assembly	[99].	The	benefits	of	long-read	
sequencing	to	achieve	a	high	degree	of	contiguity	is	evident	in	this	genome	assembly.	Even	
though	the	length	of	sequenced	reads	did	not	reflect	the	size	of	the	library	prepared,	a	final	
N50	 value	 of	 418.01	 kbp	 was	 still	 achieved	 which	 is	 second	 only	 to	 the	 assembly	 of	 E.	
muelleri.	It	is	possible	that	a	contaminating	compound,	such	as	the	3-APs,	interfered	with	the	
polymerase	of	the	sequencing	technology;	the	acquisition	of	HMW	gDNA	suitable	for	long-
read	sequencing	is	notoriously	difficult	 for	marine	invertebrates	due	to	the	production	of	
polysaccharides,	polyphenols	and	other	specialized	metabolites	[100].	Some	caution	should	
be	accompanied	when	interpreting	the	result	of	how	complete	the	genome	is	based	on	the	
eukaryotic	 BUSCO	 score.	 Contamination	 was	 minimized	 in	 both	 the	 sequencing	 of	 A.	
queenslandica	 and	 E.	 muelleri	 by	 selecting	 for	 specific	 types	 of	 tissue	 which	 would	 be	
relatively	 sterile	 in	 comparison	 to	 adult	 tissue—embryos	 and	 gemmules	 respectively.	 In	
contrast	adult	tissue	was	used	to	sequence	H.	indistincta	as	a	microbial	origin	of	the	3-APs	
could	 not	 be	 ruled	 out	 at	 the	 time.	 Haliclona	 indistincta	 harbours	 a	 diverse	 array	 of	
eukaryotic	 epibionts	 such	 as	 crustaceans	 and	 polychaetes	 (personal	 observation).	While	
these	contaminating	eukaryotes	were	removed	prior	to	DNA	extraction	and	the	assembly	
binned	to	remove	contigs	not	of	sponge	origin,	the	possibility	of	eukaryotic	contamination	
remaining	in	the	final	assembly	is	something	that	cannot	be	completely	ruled	out.	

Overall,	the	H.	indistincta	microbiome	was	a	scarce	resource	for	novel	BGCs	detectable	by	
current	 genome	 mining	 tools	 despite	 sponge-associated	 microorganisms	 being	
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acknowledged	as	a	promising	resource	for	this	purpose	[101].	This	is	not	unexpected	as	the	
species	 is	 considered	 a	 low	microbial	 abundance	 sponge	based	on	 transmission	 electron	
microscopy	 as	 well	 as	 16S	 rRNA	 sequencing	 [37].	 The	 ecological	 function	 of	 specialized	
metabolites	 is	 often	 believed	 to	 be	 for	 defence	 from	 predators	 and	 pathogens.	 This	 is	
consistent	 with	 3-AP	 polymers	 such	 as	 halitoxin	 and	 amphitoxin	 which	 have	 several	
reported	activities	with	these	ecological	functions.	This	includes	ichthyotoxicity	as	well	as	
selective	antibacterial	activity	to	bacteria	isolated	from	the	surrounding	seawater	of	sponges	
producing	these	compounds,	but	not	to	isolates	from	the	sponge	itself	[102,103].	In	the	case	
of	H.	indistincta	it	may	be	that	the	halitoxin-like	3-AP	it	produces	fulfils	such	roles.	Thus,	due	
to	 the	halitoxin-like	compound	 there	may	be	no	need	 for	many	microbial	 symbionts	 that	
produce	other	bioactive	compounds	to	defend	the	sponge	holobiome.	

Terpene	BGCs,	many	appearing	to	be	for	carotenoids,	were	the	most	numerously	detected	as	
evidenced	 by	 the	 presence	 of	 phytoene	 synthase	 and	 lycopene	 cyclase	 genes.	 These	
molecules	have	numerous	functions	including	the	absorption	of	light	for	photosynthesis	as	
well	as	photoprotection	[104].	Furthermore,	sponges	are	known	to	be	a	source	of	diverse	
carotenoids	with	unique	modifications	and	these	compounds	are	often	associated	with	the	
colours	 of	 these	 animals,	 but	 it	 is	 suspected	 that	 symbiotic	microorganisms	 are	 the	 true	
source	of	sponge-derived	carotenoids	[104].	Given	the	intertidal	nature	of	H.	indistincta	it	
likely	experiences	a	larger	amount	of	sunlight	in	comparison	to	sponges	which	live	in	deeper	
waters.	This	is	evident	by	the	large	number	of	algae	it	is	often	in	association	with	[105].	Thus,	
the	presence	of	bacteria	with	high-sequencing	coverage	which	contain	genes	for	carotenoid	
biosynthesis	 is	 sensible	and	may	contribute	 to	 the	health	of	 the	H.	 indistincta	holobiome.	
Carotenoids	have	garnered	some	attention	due	to	their	antioxidant	activities	[106].	For	these	
reasons	H.	indistincta	may	represent	a	potential	source	of	novel	carotenoids	with	possible	
applied	 functions.	 However,	 it	 should	 also	 be	 considered	 that	 these	 bacteria	 may	 not	
necessarily	be	 in	association	with	H.	 indistincta	but	 instead	prominent	 inhabitants	of	 the	
seawater	in	the	area.	For	example,	bin	28	is	of	the	Order	Rhodobacterales	and	members	of	
this	order	have	been	found	to	be	commonly	observed	in	seawater	samples	from	which	H.	
indistincta	can	be	collected	from	[37].	

The	RiPP-like	BGC	identified	in	one	of	the	bacterial	bins	is	primarily	characterized	by	the	
presence	of	a	gene	encoding	 for	a	protein	with	two	domains	of	unknown	function	(DUF),	
DUF692	 and	 DUF2063.	 However,	 despite	 its	 categorization	 as	 being	 RiPP-like,	 no	 gene	
encoding	for	a	precursor	RiPP	peptide	was	identified	in	this	BGC.	Surrounding	this	ORF	are	
several	 genes	 related	 to	 fatty	 acid	 biosynthesis	 as	well	 as	 one	 gene	 encoding	 an	 alanine	
racemase.	Microbial	 symbionts	of	 sponges	have	been	shown	 to	be	a	 rewarding	source	of	
novel	RiPP	natural	products	[107].	Furthermore,	some	members	of	the	DUF692	family	are	
involved	 in	 the	 biosynthesis	 of	 RiPPs	 such	 as	 methanobactin	 [108].	 Based	 on	 the	 low	
sequence	similarity	of	the	ribosomal	sequences	of	bin	8	as	well	as	the	ORFs	associated	with	
its	RiPP	gene	cluster,	this	BGC	potentially	represents	a	novel	RiPP	natural	product.	This	class	
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of	 compounds	 display	 a	 wide	 variety	 of	 biological	 activities	 and	 are	 thus	 of	 interest	 for	
pharmaceutical	applications	 [109].	For	 this	 reason,	 the	novel	RiPP-like	BGC	of	bin	8	may	
necessitate	future	investigation	for	the	sake	of	discovering	new	drugs.	However,	the	genes	
of	this	BGC	are	inconsistent	with	the	hypothesis	on	the	biosynthesis	of	3-APs	involving	an	
AMP-binding	 enzyme	 preparing	 NTA	 as	 a	 starter	 unit	 for	 polyketide	 biosynthesis.	 In	
addition,	a	similar	BGC	was	not	detected	 in	the	genome	assembly	of	MIIG1389.	For	these	
reasons	this	BGC	was	assumed	to	not	be	responsible	for	the	3-APs	of	H.	indistincta.	

While	 plantiSMASH	did	 detect	 BGCs	 in	 the	 binned	H.	 indistincta	genome,	 it	 is	 difficult	 to	
assess	whether	these	are	truly	related	to	3-AP	biosynthesis.	None	of	these	identified	BGCs	
included	genes	that	logically	fit	in	with	the	PKS	hypothesis	on	3-AP	biosynthesis.	The	main	
exception	are	the	BGCs	containing	several	long	chain	fatty	acyl-CoA	ligases	which,	if	related	
to	3-AP	biosynthesis,	may	represent	a	scenario	where	a	complete	 fatty	acid	 is	condensed	
with	NTA	(Figure	1.13).	However,	such	an	enzymatic	reaction	has	not	been	reported	in	the	
literature	compared	to	utilizing	NTA	as	a	starter	unit	for	biosynthesis	and	thus	these	BGCs	
were	not	pursued	for	further	analysis.	

The	high	number	of	enzymatic	domain	co-occurrences	not	found	in	the	UniProt,	BRENDA	or	
MIBiG	 databases	 as	 determined	 by	 CO-ED	 indicates	 that	 there	 may	 be	 novel	 enzymatic	
reactions	capable	by	the	H.	indistincta	proteome.	However,	whether	the	enzymes	containing	
these	 novel	 co-occurrences	 are	 involved	 in	 specialized	metabolism	 is	 difficult	 to	 predict	
without	 functional	 characterization.	 Because	 megasynthases,	 such	 as	 PKSs,	 comprise	
enzymes	which	possess	multiple	enzymatic	domains	they	are	readily	detectable	in	the	CO-
ED	 output.	 As	 CO-ED	 only	 identified	 a	 single	 megasynthase,	 the	 NRPS-PKS,	 in	 the	 H.	
indistincta	proteome	this	greatly	narrows	down	the	potential	candidates	of	this	enzymatic	
class	which	could	be	responsible	for	the	biosynthesis	of	3-APs	via	a	PKS	mechanism.		

The	presence	of	a	gene	encoding	a	hybrid	NRPS-PKS	within	the	genome	of	H.	indistincta	is	
unprecedented.	While	sponges	have	 long	been	recognized	as	prolific	 sources	of	bioactive	
specialized	metabolites,	little	evidence	on	the	genetic	level	has	been	published	showing	that	
the	host	sponge	itself	produces	such	compounds	rather	than	microbial	symbionts.	The	only	
published	pieces	of	evidence	have	been	derived	 from	the	genome	of	 the	model	sponge	A.	
queenslandica	which	possesses	predicted	genes	responsible	for	the	biosynthesis	of	sterols	
and	 ovothiols	 as	well	 as	 the	 deep-sea	 species	Geodia	 barretti	which	 is	 the	 source	 of	 the	
barrettide	 peptides	 [110-112].	 However,	 genes	 for	 megasynthase	 enzymes	 such	 as	 PKS,	
NRPS	 and	 hybrid	 systems	 have	 not	 been	 reported	 from	 these	 species	 or	 other	 sponges.	
Indeed,	all	published	literature	on	megasynthase	genes	from	sponge	holobiomes	have	been	
derived	 from	 symbiotic	 microorganisms	 such	 as	 bacteria	 [27,113].	 Yet,	 it	 has	 recently	
become	apparent	that	metazoans	are	capable	of	synthesizing	specialized	metabolites	[114].	
In	particular	 functional	PKS	genes	have	been	shown	 to	exist	 in	 the	genomes	of	 the	birds	
Melopsittacus	undulatus	and	Anas	platyrhynchos,	the	sea	urchin	Hemicentrotus	pulcherrimus	
and	the	sea	slug	Elysia	chlorotica	[115-118].	Only	a	single	hybrid	system	has	been	reported	
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in	 animals	 with	 the	 discovery	 of	 the	 biosynthetic	 gene	 cluster	 for	 nemamides	 in	 the	
nematode	Caenorhabditis	elegans,	although	similar	systems	exist	in	other	nematodes	[119].	

The	metazoan	origin	of	the	H.	indistincta	NRPS-PKS	gene	is	supported	by	several	pieces	of	
evidence.	 First,	mapping	 of	 the	 raw	Pacific	Biosciences	 read	 longer	 than	1	 kbp	upon	 the	
contig	which	contains	the	NRPS-PKS	gene	indicate	an	even	level	of	coverage	across	this	gene	
of	interest	as	well	as	those	of	putative	metazoan	origin.	If	this	region	of	the	contig	was	the	
result	of	a	misassembly	an	uneven	level	of	coverage	may	instead	be	expected	separating	the	
NRPS-PKS	from	downstream	metazoan	genes	[120].	In	addition,	several	reads	long	enough	
to	cover	parts	of	both	the	NRPS-PKS	gene	as	well	as	the	aforementioned	metazoan	genes	
were	also	identified	which	indicates	that	both	come	from	the	same	chromosome	(data	not	
shown).	 Furthermore,	 the	 mapping	 of	 raw	 RNAseq	 reads	 to	 the	 NRPS-PKS	 gene	 is	 also	
evidence	of	eukaryotic	rather	than	bacterial	origin.	This	is	because	the	library	from	which	
this	 RNAseq	 data	 was	 derived	 underwent	 poly(A)	 selection	 which	 avoids	 mRNA	 from	
bacteria	 [121].	 In	 addition,	 it	 shows	 that	 this	 gene	 was	 being	 expressed	 at	 the	 time	 of	
sampling	and	thus	has	a	biological	function	rather	than	being	a	pseudogene.	In	contrast	to	a	
typical	 BGC,	 the	 NRPS-PKS	 of	 H.	 indistincta	 appears	 to	 be	 encoded	 on	 a	 single	 ORF	 as	
indicated	 by	 both	 antiSMASH	 analysis	 and	 AUGUSTUS	 gene-prediction.	 The	 two	 nearby	
downstream	genes,	g7534.t1	and	g7535.t1,	appear	to	be	of	clear	metazoan	origin.	However	
their	 predicted	 function	 does	 not	 seem	 to	 indicate	 any	 role	 in	 the	 biosynthesis	 of	 a	
specialized	 metabolite,	 but	 instead	 inflammation	 and	 innate	 immunity	 [122,123].	 Such	
functions	may	be	consistent	with	the	defensive	purposes	of	specialized	metabolites	such	as	
those	which	may	be	produced	by	the	hybrid	NRPS-PKS	and	for	this	reason	these	downstream	
genes	may	serve	a	regulatory	purpose.	

The	PKS	portion	of	the	H.	indistincta	NRPS-PKS	bears	some	anomalous	features	when	trying	
to	connect	it	to	3-AP	biosynthesis.	When	considering	the	aliphatic	chain	of	the	3-AP	polymer	
associated	 with	H.	 indistincta,	 one	 would	 expect	 enzymatic	 domains	 to	 fully	 reduce	 the	
ketone	backbone	as	seen	in	systems	such	as	highly	reducing	iterative	PKSs	[124].	However,	
the	 identified	NRPS-PKS	 does	 not	 possess	 ketoreductase,	 dehydratase	 or	 enoylreductase	
domains.	Running	an	hmmscan	search	using	the	NRPS-PKS	sequence	as	a	query	against	the	
Pfam	database	 indicated	 that	 the	acyltransferase	domain	does	have	 low	homology	 to	 the	
starter	 unit:ACP	 transacylase	 (SAT;	 Pfam	 PF16073.5)	 domain	 involved	 in	 aflatoxin	
biosynthesis	by	Aspergillus	parasiticus	 [125].	This	domain	selects	a	hexanoyl	starter	unit,	
which	 possesses	 a	 fully	 reduced	 aliphatic	 chain,	 and	 incorporates	 it	 into	 polyketide	
biosynthesis	[126].	The	use	of	a	similar	fatty	acid	building	block	could	explain	the	nature	of	
the	aliphatic	chains	that	the	H.	indistincta	3-AP	polymer	possesses.	Alternatively,	it	may	be	
that	the	NRPS-PKS	sequentially	adds	extender	units	derived	from	malonyl-CoA	upon	a	NTA	
starter	unit	in	a	typical	PKS	fashion.	Following	this,	the	elongated	ketone	backbone	could	be	
fully	reduced	by	separate	 trans-acting	enzymes	akin	 to	 the	ketoreductase	 involved	 in	 the	
biosynthesis	 of	 the	 polyketide	 dimer	 SIA7248	 [127].	 Interestingly,	 the	 BGC	 found	 in	 the	
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MIBiG	database	with	the	closest	similarity	to	the	H.	indistincta	NRPS-PKS	is	a	PKS	responsible	
for	the	biosynthesis	of	1-heptadecene	from	Cyanothece	sp.	PCC	7822,	although	only	with	a	
similarity	score	of	0.3	[128].	Such	a	connection	bears	some	relevance	to	the	notion	of	a	fatty	
acid	origin	for	the	alkyl	chain	of	the	3-APs.	NaPDoS	identifying	the	ketosynthase	domain	as	
being	 closest	 to	 the	 hybrid	 ketosynthase	 involved	 in	 epothilone	 biosynthesis	 has	 some	
consistency	with	the	hypothesis	on	3-AP	biosynthesis	[129].	Specifically,	this	ketosynthase	
incorporates	 a	 methylthiazolylcarboxy	 starter	 unit,	 which	 is	 heterocyclic	 like	 NTA,	 into	
polyketide	biosynthesis.	Furthermore,	there	would	logically	be	a	third	phosphopantetheine	
attachment	site	within	the	PKS	portion	of	this	system	to	transfer	the	complete	product	to	the	
thiosterase	domain	for	release.	However,	the	presence	of	conserved	DS	residues,	while	not	
entirely	consistent	with	the	GXDS	motif	of	acyl-carrier	proteins,	is	a	good	indication	that	this	
function	exists	in	the	PKS	portion	[130].	

Considering	the	NRPS	portion	of	the	hybrid	enzyme,	it	is	unclear	why	two	domains	would	be	
necessary	to	produce	3-APs	considering	the	hypothesis	that	a	single	AMP-binding	enzyme	
would	prepare	NTA	as	a	starter	unit	in	polyketide	biosynthesis.	The	condensation	domain	of	
a	NRPS	 is	 typically	used	 to	 create	a	peptide	bond	between	 two	L-amino	acids	which	 is	 a	
feature	 not	 seen	 in	 3-APs.	 NaPDoS	 classified	 the	H.	 indistincta	 condensation	 domain	 as	
belonging	to	the	more	unique	DCL	class,	which	creates	a	peptide	bond	between	a	D-amino	
acid	and	an	L-amino	acid,	but	at	a	low	percent	identity.	Based	on	the	low	confidence,	it	 is	
difficult	 to	 conclude	 whether	 a	 peptide	 bond	 is	 truly	 formed	 by	 this	 NRPS-PKS	 as	
condensation	 domains	 can	 also	 possess	 a	 number	 of	 alternative	 functions	 in	 natural	
products	 biosynthesis	 such	 as	 the	 incorporation	 of	 fatty	 acids	 [131].	 Such	 alternative	
functions	would	more	 logically	 align	with	 hypotheses	 on	 the	 biosynthesis	 of	 3-APs.	 The	
formylation	domain	at	the	N-terminus	of	the	NRPS-PKS	represents	another	unique	feature	
not	seen	before	in	megasynthases	from	other	metazoans.	Typically,	this	domain	is	located	
within	the	loading	module	of	an	NRPS	and	is	responsible	for	adding	a	formyl	group	to	the	
first	 amino	 acid	 incorporated	 into	 peptides	 such	 as	 gramicidin	 A	 [132].	 As	 the	 common	
structure	of	3-APs	lacks	any	sort	of	amino	acid,	the	presence	of	this	domain	also	downplays	
the	notion	that	the	NRPS-PKS	is	responsible	for	the	biosynthesis	of	these	compounds.	The	
only	potential	relevance	of	the	reaction	catalysed	by	a	formylation	domain	is	how	pyridine	
rings	can	also	be	formed	by	non-enzymatic	reactions	involving	an	aldehyde	and	an	amine.	
Specifically,	 quinolinic	 acid,	 a	 precursor	 of	 NTA,	 can	 be	 produced	 from	 2-amino-3-
carboxymuconate	 semialdehyde	 which	 is	 derived	 from	 tryptophan	 metabolism	 [133].	
However,	 this	 differs	 from	 the	 function	 of	 a	 NRPS	 formylation	 domain	 which	 directly	
formylates	 an	 amino	 acid.	 Furthermore,	 as	 previously	 mentioned,	 fully	 formed	 NTA	
molecules	are	incorporated	into	3-AP	biosynthesis	independent	of	quinolinic	acid	meaning	
that	 such	 a	 non-enzymatic	 reaction	 is	 unnecessary	 [134].	 As	 such,	 it	 is	 likely	 that	 this	
formylation	domain	is	involved	in	catalysing	a	reaction	not	involved	in	3-AP	biosynthesis.	
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It	is	difficult	to	conclude	why	only	one	small	contig	and	several	reads	from	the	H.	viscosa	data	
significantly	 align	with	 the	MIIG1388	NRPS-PKS	 far	 better	 than	 anything	 in	 the	NCBI	 nr	
database.	This	is	especially	so	because	a	SPAdes	assembly	of	the	H.	indistincta	data	on	default	
settings	resulted	in	the	complete	assembly	of	a	contig	containing	all	of	the	NRPS-PKS	gene	
(data	not	shown).	Because	H.	viscosa	is	the	sister	species	to	H.	indistincta	it	would	be	expected	
that	it	also	possesses	a	similar	NRPS-PKS	system.	Furthermore,	H.	viscosa	is	also	a	known	
producer	of	a	polymeric,	halitoxin-like	3-AP	and	if	this	hybrid	system	is	responsible	for	these	
compounds,	it	would	be	expected	that	H.	viscosa	possesses	a	similar	modular	enzyme.	The	
DNA	of	H.	viscosa	was	mistakenly	extracted	with	25:24:1	P:C:IAA	with	a	pH	of	6.0	which	was	
not	adjusted	to	an	appropriate	pH	for	DNA	extraction.	For	this	reason,	most	of	the	DNA	would	
not	 be	 partitioned	 into	 the	 aqueous	 phase	 which	 was	 extracted	 during	 the	 procedure.	
Instead,	at	a	pH	below	7.0	the	DNA	would	be	denatured	and	primarily	located	in	the	organic	
phase	(as	directed	by	the	manufacturer).	Such	an	impure	sample	may	explain	the	anomalous	
results	of	 the	H.	 viscosa	 Illumina	data.	Overall,	 the	presence	of	 reads	with	high	 sequence	
similarity	to	the	H.	indistincta	NRPS-PKS	seems	to	indicate	that	this	system	is	present	in	H.	
viscosa.	Future	sequencing	of	this	sister	species	should	confirm	this	prediction.	

The	 AMP-binding	 enzymes	 associated	 with	 preparing	 NTA	 for	 polyketide	 biosynthesis,	
specifically	for	the	compounds	pyridinopyrone	A,	pyripyroene	A,	5-deoxyoxalicine	B,	as	well	
as	 the	 standalone	 adenylation	 domain	 of	 kosinostatin	 biosynthesis	 which	 is	 capable	 of	
promiscuously	activating	NTA,	had	little	similarity	to	the	domains	of	the	H.	indistincta	NRPS-
PKS	 [33-36].	 In	 particular,	 those	 for	 the	 first	 three	 compounds	 were	 classified	 as	 being	
independent	 aryl-CoA	 ligases	 rather	 than	being	of	 the	NRPS	 class.	 Similar	 to	when	 these	
AMP-binding	 enzymes	 were	 used	 as	 tblastn	 query	 searches	 against	 the	 Haliclona	
transcriptomes,	the	closest	tblastn	hits	these	aryl-CoA	ligases	have	in	the	MIIG1388	genome	
were	most	similar	to	4-coumarate—CoA	ligase	from	A.	queenslandica	(XP_003386175.1)	and	
the	 luciferase	 polypeptide	 from	 S.	 domuncula	 (CAR31336.1)	 in	 the	 NCBI	 non-redundant	
database	[135].	For	this	reason,	the	similar	sequences	detected	in	the	MIIG1388	genome	are	
likely	not	responsible	 for	3-AP	biosynthesis.	 It	 is	 interesting	 that	 the	 fourth	AMP-binding	
enzyme,	a	standalone	adenylation	domain	which	prepares	NTA	for	the	biosynthesis	of	the	
pyrrolopyrrole	moiety	of	kosinostatin,	has	a	degree	of	sequence	similarity	to	only	one	of	the	
adenylation	 domains	 of	 the	H.	 indistincta	 NRPS-PKS.	 However,	 the	 inconsistent	 and	 low	
confidence	substrate	prediction	for	both	of	these	domains	by	AdenylPred	makes	it	difficult	
to	assume	that	that	of	the	H.	indistincta	NRPS-PKS	is	associated	with	NTA.		

Manual	analysis	of	the	Stachelhaus	codes	of	both	adenylation	domains	from	the	H.	indistincta	
NRPS-PKS	 also	 led	 to	 inconclusive	 results	 regarding	 substrate	 specificity.	 It	 would	 be	
expected	 that	 if	 these	 domains	 were	 to	 utilize	 the	 same	 substrate	 as	 a	 biochemically	
characterized	one	then	the	code	would	be	identical	or	similar;	such	a	relationship	was	not	
observed	with	the	H.	 indistincta	adenylation	domains	[90].	This	was	particularly	so	when	
comparing	the	codes	of	the	H.	indistincta	adenylation	domains	with	those	associated	with	
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activating	NTA	as	next	to	no	consistency	was	observed	[33-36].	Based	on	this	observation,	it	
is	 difficult	 to	 hypothesize	 that	 the	 H.	 indistincta	 NRPS-PKS	 utilizes	 NTA	 and	 is	 thus	
responsible	 for	 the	 biosynthesis	 of	 3-APs.	 However,	 such	 a	 hypothesis	 should	 first	 be	
assessed	biochemically	before	being	discredited.	 Interestingly,	 the	Stachelhaus	codes	also	
varied	greatly	between	the	different	sponge	NRPS-PKS	and	NRPS	enzymes.	This	implies	that	
they	may	utilize	different	substrates	and	thus	may	produce	different	compounds	despite	the	
similarity	in	enzymatic	domain	structure	and	organization	they	share.	

The	presence	of	similar	genes	in	other	sponge	genomes	and	transcriptomes	is	an	additional	
piece	of	evidence	that	this	family	of	genes	are	derived	from	metazoan	genomes	rather	than	
contamination.	For	one,	many	of	the	sponge	NRPS-PKS	and	NRPS	genes	were	identified	in	
transcriptomes	whose	libraries	were	prepared	with	poly(A)	selection	which	would	select	for	
eukaryotic	mRNA.	However,	perhaps	the	strongest	observation	supporting	this	notion	is	the	
fact	 that	 one	 was	 identified	 in	 the	 genome	 of	 E.	 muelleri	 [22].	 To	 date,	 this	 is	 the	 best	
assembled	sponge	genome	as	 it	 is	at	 the	chromosome	 level	 thanks	 to	 techniques	such	as	
chromosome	 conformation	 capture.	 Considering	 this	 technique	 is	 based	 on	 interactions	
between	chromosomes	and	that	bacterial	chromosome	should	not	be	interacting	with	those	
of	E.	muelleri,	such	data	would	be	able	to	 improve	the	separation	of	sponge	and	bacterial	
contigs	during	the	process	of	scaffolding.	Furthermore,	the	DNA	acquired	for	this	assembly	
was	from	gemmules	which	can	be	sterilized	on	the	surface	prior	to	DNA	extractions.	While	
the	identification	of	these	genes	is	compelling	evidence	that	sponges	themselves	can	create	
peptide-polyketide	natural	products,	their	presence	in	species	not	known	to	produce	3-APs	
downplays	the	notion	that	the	one	of	H.	indistincta	is	involved	in	the	biosynthesis	of	its	3-AP	
polymers.	Actually,	nothing	is	known	about	the	specialized	metabolism	of	almost	all	species	
from	which	a	NRPS-PKS	or	NRPS	gene	was	identified.	The	only	exception	is	S.	carteri	from	
which	a	diverse	range	of	pyrrole	2-aminoimidazole	alkaloids	has	been	isolated	[136].	

The	well-formed,	statistically	supported	clade	the	sponge	hybrid	ketoynthases	formed	also	
serves	as	a	strong	indication	that	they	are	not	the	result	of	simple	bacterial	contamination,	
but	 instead	 share	 a	 common	 ancestor	 distinct	 from	 modern	 bacterial	 and	 eukaryotic	
sequences.	Unfortunately,	a	lack	of	statistical	support	in	the	deeper	nodes	renders	inference	
on	the	origin	of	this	portion	of	the	sponge	NRPS-PKSs	impossible.	Several	scenarios	can	be	
envisioned.	Gene	duplication	from	a	different	megasynthase,	such	as	a	fatty	acid	synthase,	
has	been	 the	 explanation	 for	 the	origin	of	 the	ketosynthase	domains	 in	 the	PKS-NRPS	of	
Caenorhabditis	 elegans	 [137].	 However,	 as	 H.	 indistincta	 does	 not	 possess	 a	 fatty	 acid	
synthase	from	which	a	gene	duplication	event	could	occur	it	is	not	possible	to	perform	such	
an	analysis	(Figure	2.7).	This	absence	is	likely	not	due	to	the	completeness	of	the	genome,	
but	 rather	 a	 quality	 of	 sponges	 as	 seen	 with	 A.	 queenslandica	 [110].	 Assuming	 gene	
duplication	from	a	fatty	acid	synthase	is	the	origin,	a	later	loss	of	the	originating	gene	in	the	
H.	indistincta	genome	would	be	required.	Considering	that	there	is	a	lack	of	similar	NRPS-
PKS	enzymes	in	non-metazoan	eukaryotes	such	as	choanoflagellates,	direct	inheritance	from	
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a	eukaryotic	ancestor	also	appears	unlikely	unless	a	series	of	gene	losses	also	occurred.	This	
leaves	the	possibility	that	this	gene,	or	various	portions	of	it,	are	the	result	of	horizontal	gene	
transfer	 from	 a	 microorganism	 such	 as	 a	 bacterium.	 Such	 an	 event	 has	 been	 recorded	
previously	between	a	sponge	and	a	bacterium,	although	with	a	much	smaller	gene	associated	
with	biomineralization	[138].	Given	that	the	sponge	clade	is	not	nestled	more	closely	within	
the	bacterial	 sequences,	 this	may	be	evidence	of	a	more	ancient	horizontal	 transfer	 from	
bacteria.	In	turn,	the	long	branch	may	be	an	indication	of	divergence	across	a	long	period	of	
time.	Overall,	this	origin	via	horizontal	transfer	would	be	consistent	with	the	fact	that	not	
only	the	entire	NRPS-PKS	gene,	but	also	most	of	 its	enzymatic	domains,	show	the	highest	
sequence	similarity	to	bacterial	sequences.	

A	popular	hypothesis	on	the	biosynthesis	of	3-APs	is	that	it	is	via	a	PKS	which	accepts	NTA	
as	a	starter	unit	(Figure	1.11B)	[139].	If	this	hypothesis	were	true,	it	would	be	expected	that	
such	a	PKS	would	possess	ketoreductase,	dehydratase	and	enoylreductase	domains	to	fully	
reduce	the	alkyl	chain	as	the	3-AP	polymer	from	H.	indistincta	exhibits	this	quality.	No	such	
PKS	was	identified	in	neither	the	MAGs	nor	the	genome	of	H.	indistincta.	This	suggests	that	
3-APs	are	 likely	not	synthesized	 in	such	a	manner.	Furthermore,	 the	notion	that	 they	are	
synthesized	by	a	megasynthase	at	all	is	also	questionable	based	on	the	observations	of	this	
work.	 The	 only	 identified	 gene	 encoding	 for	 PKS	 enzymatic	 domains	 is	 the	H.	 indistincta	
NRPS-PKS	 which	 notably	 lacks	 the	 aforementioned	 domains	 for	 chain	 reduction.	
Furthermore,	its	possession	of	a	condensation	domain	between	two	NRPS	modules,	which	is	
orthodoxically	 utilized	 to	 create	 peptide	 bonds,	 questions	 its	 potential	 role	 in	 3-AP	
biosynthesis.	Furthermore,	there	is	a	lack	of	evidence	that	the	adenylation	domains	of	this	
NRPS-PKS	activate	NTA	which	would	be	expected	of	AMP-binding	enzymes	involved	in	3-AP	
biosynthesis.	 However,	 it	 should	 be	 acknowledged	 that	 the	 attempt	 to	 functionally	
characterize	the	NRPS-PKS	in	this	work	is	strictly	computational	prediction	upon	a	protein	
dissimilar	to	anything	in	known	databases.		

Overall,	the	work	in	the	de	novo	sequencing	and	assembly	of	the	H.	indistincta	genome	has	
allowed	for	the	identification	of	a	novel	biosynthetic	gene	encoding	for	a	NRPS-PKS.	What	is	
significant	is	that	this	gene	appears	to	be	present	on	a	chromosome	of	the	sponge	rather	than	
being	derived	from	an	associated	microorganism.	Such	a	quality	has	never	been	reported	
before	 in	 the	 literature.	Furthermore,	metazoan	NRPS-PKSs	are	exceptionally	rare	and	 to	
date	only	reported	in	nematodes.	For	these	reasons,	this	novel	NRPS-PKS	gene	represents	a	
possible	new	aspect	in	both	sponge	and	metazoan	specialized	metabolism.	Yet,	the	novelty	
of	this	hybrid	NRPS-PKS	has	also	made	it	difficult	to	characterize	and	understand	through	
bioinformatics	methods.	Low	sequence	similarity	to	anything	in	databases	such	as	MIBiG,	
NaPDoS	and	those	of	NCBI	make	predicting	the	specific	function	of	each	enzymatic	domain	
a	 challenge.	 As	 such,	 functional	 characterization	 in	 the	 laboratory	 is	 needed	 to	 truly	
understand	what	role	this	fascinating	but	enigmatic	NRPS-PKS	serves	to	the	sponge.	
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Introduction	
Usually,	 but	 not	 always,	 the	 steps	 responsible	 for	 producing	 natural	 products	 (NPs)	 are	
catalysed	by	biosynthetic	enzymes.	In	turn,	these	enzymes	are	encoded	for	by	genes	in	the	
genomes	 of	 the	 organisms	 from	 which	 the	 NPs	 originate	 from.	 Often,	 these	 genes	 are	
clustered	together	in	regions	of	the	genome	known	as	biosynthetic	gene	clusters	(BGCs)	[1].	
As	 the	 price	 of	 next-generation	 sequencing	 has	 drastically	 decreased,	 the	 genomic	
information,	and	 thus	biosynthetic	genes,	of	diverse	organisms	have	become	 increasingly	
accessible	 to	 laboratories	 worldwide	 [2].	 Predictive	 software	 based	 on	 qualities	 such	 as	
sequence	homology	have	paved	the	way	for	the	rapid	 identification	of	biosynthetic	genes	
when	provided	with	the	sequences	of	an	organism	of	interest	[3].	This	has	allowed	for	the	
efficient	 screening	 of	 genes	 responsible	 for	 several	 well-studied	 families	 of	 NPs	 such	 as	
polyketides,	 nonribosomal	 peptides,	 ribosomally	 synthesized	 and	 post-translationally	
modified	peptides,	and	terpenes.	While	advances	have	been	made	to	computationally	predict	
what	 compounds	 are	 produced	 by	 these	 genes,	 often	 these	 methods	 do	 not	 work	 for	
unorthodox	biosynthetic	genes	with	low	homology	to	those	originally	used	to	develop	said	
computational	 tools	 [4].	 This	 is	 especially	 true	 regarding	 biosynthetic	 genes	 from	 lesser	
studied	organisms	such	as	animals.	To	truly	connect	a	NP	to	its	responsible	gene(s),	physical	
evidence	 derived	 from	 the	 laboratory	 must	 be	 provided.	 Heterologous	 expression	 is	 a	
technique	in	which	a	non-native	gene	 is	expressed	in	a	host	organism	different	 from	that	
which	 the	 gene	 was	 derived	 from.	 Often,	 this	 technique	 is	 employed	 for	 the	 industrial	
production	of	pharmaceutically	 and	biotechnologically	 relevant	proteins	 [5].	However,	of	
greater	 relevance	 to	 the	 field	 of	 NPs	 is	 the	 employment	 of	 this	method	 to	 establish	 the	
connection	between	a	NP	and	its	corresponding	gene	[6].	In	tandem	with	the	affordability	of	
DNA	sequencing,	 the	 synthesis	of	DNA	has	made	 the	acquisition	of	biosynthetic	 genes	of	
interest	a	more	accessible	feat	[7].		

Before	heterologous	expression	can	be	attempted,	the	gene(s)	of	interest	must	first	be	cloned	
into	a	suitable	expression	vector.	Regarding	NPs	research,	samples	such	as	environmental	
DNA	often	harbour	diverse	microbial	communities	which	in	turn	possess	BGCs	of	potential	
interest.	 Early	 attempts	 to	 access	 the	 BGCs	 of	 both	 cultivable	 and	 uncultivable	
microorganisms	 were	 performed	 using	 clone	 library-based	 techniques.	 This	 involved	
random,	fragmented	genomic	DNA	from	a	sample	being	cloned	into	Escherichia	coli	and	then	
BGCs	 of	 interest	 being	 screened	 for	 in	 the	 produced	 library.	 Specific	 examples	 of	 this	
technique	 include	 the	use	of	 cosmid,	 fosmid,	bacterial	 artificial	 chromosome,	P1	artificial	
chromosome,	and	fungal	artificial	chromosome	libraries	[8-12].	While	these	methods	have	
allowed	 for	 the	 characterization	 of	 numerous	 BGCs,	 the	 increasingly	 available	 genomic	
information	of	diverse	organisms	has	enabled	more	precise	methodology.	For	one,	 the	 in	
vitro	assembly	of	known	BGC	fragments	produced	by	techniques	such	as	PCR	represent	a	
more	efficient	alternative	that	directly	targets	said	BGC	of	interest.	One	of	the	most	popular	
of	these	methods	is	the	Gibson	assembly	which	utilizes	a	5’	exonuclease,	a	DNA	polymerase	
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and	 a	 DNA	 ligase	 to	 assemble	 larger	 DNA	molecules	 from	 smaller	 fragments	 in	 a	 single	
isothermal	reaction	[13].	The	Gibson	assembly	has	particularly	been	utilized	for	the	tandem	
reconstruction	of	smaller	BGCs	and	their	cloning	into	a	desired	vector	[14].	Alternatively,	in	
vivo	methods	such	as	homologous	recombination	 in	yeast	have	been	utilized	 to	assemble	
larger	BGCs	than	can	be	accomplished	with	the	Gibson	assembly	[15].	Finally,	assembly	of	a	
BGC	 has	 been	 avoided	 using	 direct	 cloning	 methods	 such	 as	 transformation-associated	
recombination	 in	 Saccharomyces	 cerevisiae.	 In	 this	 way,	 fully	 intact	 BGCs	 have	 been	
successfully	captured	from	the	native	organism	and	cloned	directly	into	vectors	specific	to	
this	process	[16].	 In	 the	past	all	 these	methods	 involved	acquiring	the	gene(s)	of	 interest	
directly	 from	DNA	 samples,	 but	 advances	 in	DNA	 synthesis	 have	 allowed	 this	 step	 to	 be	
circumvented.	

Following	cloning	of	a	gene	or	BGC	of	interest	into	an	expression	vector,	transformation	of	a	
suitable	heterologous	host	is	necessary.	A	great	number	of	both	prokaryotic	and	eukaryotic	
systems	have	been	developed	and	utilized	for	bacterial	and	fungal	BGCs.	Because	they	are	a	
prolific	source	of	specialized	metabolites,	Actinobacteria	have	been	a	popular	target	for	the	
development	of	heterologous	hosts	for	such	a	purpose.	In	particular,	the	genus	Streptomyces	
is	a	popular	one	for	this	role	with	well-studied	species,	such	as	S.	coelicolor,	being	repurposed	
via	methods	such	as	deletion	of	the	native	BGCs	and	introduction	of	mutations	to	enhance	
specialized	 metabolite	 production	 [17].	 Escherichia	 coli,	 a	 common	 workhorse	 for	 the	
expression	of	heterologous	proteins,	has	also	been	engineered	to	express	biosynthetic	genes	
as	numerous	strains,	such	as	BAP1,	have	been	designed	to	work	with	polyketide	synthase	
(PKS)	 and	 nonribosomal	 peptide	 synthetase	 (NRPS)	 enzymes	 [18].	 This	 has	 allowed	 the	
bypassing	of	several	limitations	of	Actinobacteria	such	as	slow	growth	rates.	Logically,	fungal	
and	other	eukaryotic	BGCs	are	instead	often	expressed	in	fungal	systems	as	they	are	more	
suited	 to	 the	 task.	 Like	 E.	 coli,	 the	 baker’s	 yeast	 S.	 cerevisiae	 is	 routinely	 used	 for	 the	
expression	 of	 heterologous	 proteins	 and	 has	 also	 been	 repurposed	 to	 express	 BGCs.	 For	
example,	S.	cerevisiae	strain	BJ5464-NpgA	is	engineered	to	possess	a	chromosomal	copy	of	
the	Aspergillus	nidulans	phosphopantetheinyl	transferase	gene	npgA	which	is	more	efficient	
in	the	pantetheinylation	of	PKSs	than	that	of	yeast	[19].	However,	several	qualities	such	as	
differences	in	intron	processing	between	yeast	and	filamentous	fungi	have	led	to	the	latter	
also	being	developed	for	the	expression	of	fungal	BGCs	[12].	Once	more,	A.	nidulans	serves	
as	an	example	of	an	organism	with	the	genetic	capabilities	suitable	for	the	expression	of	BGCs	
as	it	is	one	of	the	many	aforementioned	filamentous	fungi	which	has	been	engineered	for	this	
purpose	[20].	

Like	 their	 microbial	 counterparts,	 metazoans	 also	 possess	 genes	 responsible	 for	 the	
biosynthesis	 of	 a	 wide	 variety	 of	 NPs	 [21].	 However,	 in	 contrast	 to	 microbial	 BGCs	 the	
clustering	of	these	metazoan	biosynthetic	genes	is	not	as	prevalent	as	seen	with	the	seven	
nematode	genes	responsible	for	the	biosynthesis	of	the	nemamides	and	how	they	are	located	
across	four	separate	chromosomes	[22].	Initially	these	metazoan	biosynthetic	genes	were	
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only	 predictively	 determined	 via	 in	 silico	analysis	 using	 genome	mining	 techniques	 [23].	
More	recently,	several	 types	of	metazoan	specialized	metabolites	have	been	connected	to	
their	respective	genes	via	heterologous	expression.	One	of	the	first	successful	examples	was	
the	determination	that	sacoglossan	polypropionates	are	the	partial	product	of	an	iterative	
polyketide	synthase	encoded	 in	 the	genome	of	 the	mollusc	Elysia	chlorotica	by	utilizing	a	
strain	of	S.	cerevisiae	as	a	heterologous	host	[24].	Similarly,	the	precursors	to	echinochromes	
from	the	sea	urchin	Strongylocentrotus	purpuratus	were	ascertained	to	be	via	a	PKS	derived	
from	the	animal	using	the	same	strain	of	S.	cerevisiae	[25].	The	successful	expression	of	such	
large	metazoan	megasynthase	genes	necessitated	the	use	of	eukaryotic	expression	systems	
such	 as	 yeast.	 However,	 the	 much	 smaller	 terpene	 cyclases	 of	 octocorals	 have	 been	
successfully	expressed	in	strains	of	E.	coli	which	elucidated	an	animal	origin	of	precursors	to	
several	terpenes	from	this	taxonomic	group	[26,27].	Pairing	the	prevalence	of	biosynthetic	
genes	 in	 the	 kingdom	Animalia	with	 the	 increasing	 affordability	 of	 both	 next	 generation	
sequencing	 and	 gene	 synthesis	 it	 is	 likely	 that	 the	 number	 of	 biosynthetic	 connections	
between	animal	NPs	and	their	corresponding	genes	will	continue	to	grow.	

The	 discovery	 of	 NRPS-PKS	 genes	 in	 the	 genomes	 and	 transcriptomes	 of	 diverse	
demosponges	is	unprecedented	in	the	topics	of	both	NPs	biosynthetic	and	sponge	specialized	
metabolism	 (Chapter	3).	However,	 characteristics	 of	 the	NRPS-PKS	gene	 in	 the	Haliclona	
indistincta	 genome	 challenges	 the	 theory	 that	 the	 3-alkylpyridine	 alkaloids	 are	
biosynthesized	via	a	PKS	which	accepts	NTA	as	a	starter	unit.	To	determine	whether	this	
gene	 is	 responsible	 for	 these	 alkaloids	 as	 well	 as	 to	 explore	 a	 novel	 aspect	 of	 sponge	
specialized	 metabolism	 heterologous	 expression	 of	 this	 gene	 in	 yeast	 was	 pursued.	
Furthermore,	the	presence	of	introns	in	the	gene,	which	could	theoretically	interfere	with	
expression	in	yeast	systems,	was	also	assessed	via	the	construction	of	a	cDNA	library	and	
attempted	amplification	of	the	NRPS-PKS	gene.	

Materials	and	Methods	
Sample	Collection	

Haliclona	 indistincta	 (MIIG1404)	 was	 collected	 at	 Newquay	 on	 19/10/2020.	 Visible	
epibionts	were	removed.	The	sponge	was	rinsed	in	sterile	artificial	seawater,	dissected	into	
~1	cm3	 pieces	and	 flash-frozen	with	 liquid	nitrogen.	Samples	were	 stored	at	 -70	 °C	until	
further	use.	Voucher	specimens	were	stored	in	ethanol.	

Plasmid	Construction	and	Strain	Transformation	

The	entire	11,922	bp	NRPS-PKS	gene	from	the	H.	indistincta	genome	was	synthesized	and	
cloned	 into	 the	 XW55	 yeast	 expression	 vector	 by	 GenScript	without	 codon	 optimization	
(Chapter	3)	(Figure	4.1)	[28].	This	plasmid	was	then	used	to	transform	S.	cerevisiae	BJ5464-
NpgA	using	the	S.C.	EasyComp	Transformation	Kit	(Sigma)	[19].	Transformed	colonies	were	
selected	for	on	uracil-deficient	agar	(1.39	g/L	Yeast	Synthetic	Drop-out	Media	Supplements	
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without	uracil	(Sigma-Aldrich),	6.7	g/L	Yeast	Nitrogen	Base	(Sigma-Aldrich),	40	mL/L	50%	
glucose	solution,	agar	20	g/L)	after	incubation	at	30	°C	for	48	hrs.		

Bioinformatic	Analyses	

The	weight	of	the	NRPS-PKS	enzyme	was	predicted	using	the	Expasy	Compute	pI/Mw	tool	
[29].	 The	 presence	 of	 transmembrane	 regions	was	 assessed	 using	 DeepTMHMM	 version	
1.0.11	[30].	

Heterologous	Expression	

Attempted	expression	of	the	H.	indistincta	NRPS-PKS	gene	followed	a	prior	protocol	used	for	
the	expression	of	an	iterative	PKS	from	the	mollusc	E.	chlorotica	with	several	modifications	
[24].	Six	separate	colonies	were	used	to	inoculate	separate	seed	cultures	of	uracil-deficient	
broth	(5	mL;	1.39	g/L	Yeast	Synthetic	Drop-out	Media	Supplements	without	uracil	(Sigma-
Aldrich),	6.7	g/L	Yeast	Nitrogen	Base	(Sigma-Aldrich),	40	mL/L	50%	glucose	solution)	and	
incubated	at	30	°C	with	shaking	at	150	rpm.	After	24	hrs,	1	mL	of	each	seed	culture	was	used	
to	inoculate	a	respective	1	L	volume	of	yeast	peptone	dextrose	broth	(10	g/L	yeast	extract,	
20	g/L	peptone,	20	g/L	glucose).	The	culture	was	grown	at	30	°C	under	constant	shaking	at	
180	rpm.	After	72	hrs	the	cells	were	pelleted	at	3,739	g	for	20	min	at	4	°C.	The	cell	pellets	
were	resuspended	in	lysis	buffer	(50	mM	NaH2PO4	(2H2O	7.8	g/L;	anhydrous	6	g/L),	150	mM	
NaCl	(8.766	g/L),	10	mM	imidazole,	pH	8.0)	and	lysed	four	times	by	a	LM20	Microfluidizer™	
Processor	set	at	20,000	psi.	The	lysed	cells	were	centrifugated	at	28,928	×	g	for	40	min	at	4	
°C	to	separate	the	supernatant	from	the	cell	debris.	The	supernatant	was	filtered	using	a	0.45	
μm	PVDF	syringe	filter	(Millex-HV,	Sigma)	before	adding	Ni-NTA	and	incubating	the	mixture	
at	4	°C	for	12	hrs.	The	solution	was	then	loaded	onto	a	Ni-NTA	resin	in	a	gravity	column.	After	
the	 flowthrough	 passed,	 the	 resin	 was	 washed	 with	 25	mL	 each	 of	 20	mM	 and	 50	mM	
imidazole	in	50	mM	Tris-HCl	buffer	(500	mM	NaCl,	pH	8.0).	A	final	volume	of	3	x	5	mL	250	
mM	imidazole	in	50	mM	Tris-HCl	buffered	pH	8.0	was	used	to	elute	potential	recombinant	
protein.	The	presence	of	the	NRPS-PKS	protein	in	the	elution	was	assessed	using	an	SDS-
PAGE	gel.	The	entire	protocol	was	also	attempted	with	S.	cerevisiae	strain	BJ5464	in	case	
activation	of	the	NRPS-PKS	by	the	NpgA	gene	resulted	in	the	production	of	a	toxic	compound	
during	fermentation.	All	work	involving	the	heterologous	expression	of	the	NRPS-PKS	gene	
was	performed	in	the	Marine	Natural	Products	Laboratory	of	the	University	of	Utah.	
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Figure	4.1	MIIG1388	NRPS-PKS	gene	within	the	XW55	expression	vector.	

RNAseq	Mapping	

The	presence	of	introns	in	the	H.	indistincta	NRPS-PKS	gene	was	assessed	by	mapping	raw	
cDNA	reads	upon	the	genomic	contig	containing	the	gene	using	gsnap	version	2020-10-14	
and	then	visualized	with	IGV	version	2.12.3	(Chapter	2,	Chapter	3)	[31,32].	

RNA	Extraction	and	cDNA	Synthesis	

RNA	was	extracted	from	H.	indistincta	specimen	MIIG1404	with	the	intention	of	generating	
a	cDNA	library.	From	this	cDNA	library,	the	presence	of	introns	in	the	synthesized	NRPS-PKS	
could	be	assessed	via	PCR	amplification	and	sequencing.	Flash-frozen	tissue	of	around	1	cm3	

was	first	ground	in	a	mortar	and	pestle	with	liquid	nitrogen.	The	pulverized	tissue	was	then	
transferred	to	1	mL	of	Trizol	and	vortexed	until	even	distribution	of	the	tissue.	The	sample	

6xHis M13 fwd

pUC origin

lac promoter

lac promoter
T3 promoter

obtained_MIIG_1338_NRPS-PKS_nt_XW55-0. U2860GJ140-2
18,228 bp



Heterologous	Expression	of	a	Novel	Metazoan	Megasynthase	Gene	

 125	

was	incubated	for	5	min	at	room	temperature,	vortexed,	and	centrifuged	at	10,000	×	g	for	5	
min	at	room	temperature.	The	supernatant	was	transferred	to	a	new	tube.	200	µL	CHCl3	was	
added	to	each	supernatant	aliquot	per	1	mL	of	Trizol	used,	vortexed	vigorously	for	15	sec,	
incubated	at	room	temperature	for	3	min	and	centrifuged	at	12,000	×	g	for	15	min	at	4	°C.	
The	upper	aqueous	phase	was	then	transferred	to	a	new	tube	to	which	500	µL	isopropanol	
was	added	to	the	aqueous	phase	for	every	1	mL	of	Trizol	used.	The	sample	was	mixed	by	
inverting	 the	 tube	 several	 times,	 incubated	 at	 room	 temperature	 for	 10	 min	 and	 then	
centrifuged	at	12,000	×	g	for	10	min	at	4	°C	to	pellet	RNA.	The	RNA	pellet	was	washed	with	
1	mL	of	75%	ethanol	by	inverting	the	tube	4-5	times	and	then	centrifuged	at	12,000	×	g	for	
10	min	at	4	°C	to	remove	the	supernatant.	The	RNA	pellet	was	allowed	to	air	dry	for	5	min,	
suspended	in	500	µL	of	2M	LiCl	until	dissolved	and	then	incubated	at	room	temperature	for	
5	min.	The	sample	was	centrifuged	at	12,000	×	g	at	4	°C	for	15	min.	The	LiCl	wash	process	
was	repeated	two	more	times.	The	pellet	was	then	dissolved	in	500	µL	1X	TE	to	which	an	
equal	volume	of	phenol/CHCl3/isoamyl	alcohol	was	added,	vortexed	vigorously,	and	then	
centrifuged	at	12,000	×	g	at	4	°C	for	15	min.	The	supernatant	was	transferred	to	a	new	tube.	
500	µL	of	CHCl3	was	added	to	the	sample,	which	was	vortexed	vigorously,	and	centrifuged	at	
12,000	×	g	at	4	°C	for	15	min.	The	supernatant	was	removed,	and	the	RNA	pellet	precipitated	
in	0.1	volumes	of	3M	sodium	acetate,	2.5	volumes	of	100%	ethanol,	and	incubated	at	-80	°C	
overnight.	The	sample	was	centrifuged	at	12,000	×	g	for	4	°C	for	15	min	to	pellet	the	RNA.	
The	supernatant	was	removed	and	500	µL	of	75%	ethanol	was	added.	The	sample	was	mixed	
by	 inverting	the	 tube	several	 times,	centrifuged	at	12,000	×	g	at	4	°C	 for	15	min,	and	the	
supernatant	was	removed.	The	RNA	pellet	was	allowed	to	air	dry	for	10	min,	dissolved	in	30	
µL	 RNase	 free	 dH2O,	 and	 the	 quality	 and	 quantity	 were	 checked	 using	 a	 Nanodrop	
spectrophotometer.	Purification	of	the	RNA	sample	followed	the	manufacturer’s	protocol	of	
the	Zymogen	RNA	clean	and	concentrator	kit.	Finally,	cDNA	libraries	were	prepared	using	
the	 SuperScript™	 Double-Stranded	 cDNA	 Synthesis	 Kit	 using	 the	 provided	 oligo(dT)20	
primers	and	following	the	manufacturer’s	protocol.	

Gene	Amplification	

Six	sets	of	PCR	primers	designed	for	overlapping	regions	of	the	H.	indistincta	NRPS-PKS	gene	
which	 corresponded	 to	 assembled	 transcripts	 from	 the	 transcriptome,	which	would	 lack	
introns,	 were	 used	 to	 attempt	 amplification	 with	 the	 Phusion®	 High-fidelity	 DNA	
polymerase	upon	a	cDNA	library	produced	from	isolated	mRNA	from	MIIG1404	(Chapter	2)	
(Figure	4.2,	Appendix	4).	The	PCR	amplification	protocol	was	divided	 into	two	parts.	The	
first	part	consisted	of	ten	cycles	in	which	the	denaturation	temperature	was	94	°C	for	10	sec,	
the	annealing	temperature	(Tm)	started	at	45	°C	for	30	sec	and	was	raised	in	increments	of	
1	°C	per	cycle,	and	the	extension	temperature	was	68	°C	for	1	min.	The	second	part	consisted	
of	twenty	cycles	 in	which	the	Tm	was	instead	consistently	53	°C	for	1	min	for	each	cycle.	
Amplification	was	checked	using	gel	electrophoresis.	
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Figure	4.2	The	H.	 indistincta	NRPS-PKS	gene,	 encoded	enzymatic	domains,	 corresponding	 fragments	 to	be	
amplified	by	primers	 (Appendix	4)	 and	 regions	 covered	by	 transcripts	 from	 the	 assembled	 transcriptome.	
Domain	 naming	 is	 as	 follows:	 F,	 formylation;	 A,	 adenylation;	 PP,	 phosphopantetheine	 attachment	 site;	 KS,	
ketosynthase;	AT,	acyltransferase;	TE,	thioesterase.	

Results	
The	predicted	weight	 of	 the	H.	 indistincta	NRPS-PKS	 is	 442.680	kDa.	No	 transmembrane	
regions	were	detected.	The	use	of	the	EasyComp	Transformation	Kit	resulted	in	a	strain	of	
yeast	successfully	transformed	with	XW55	containing	the	H.	indistincta	NRPS-PKS	gene	as	
indicated	by	colony	growth	on	media	deficient	in	uracil.	After	three	days	of	fermentation	and	
attempted	protein	extraction,	no	visible	protein	band	above	the	300	kDa	marker	was	visible	
in	the	SDS-PAGE	gel	run	after	attempted	protein	purification	indicating	no	isolation	of	the	
NRPS-PKS	enzyme	from	the	S.	cerevisiae	BJ5464-NpgA	cultures	(Figure	4.3).	Furthermore,	
no	 expression	was	 observed	with	 S.	 cerevisiae	BJ5464	 even	when	 the	 protein	 extraction	
procedure	 was	 performed	 in	 the	 timespan	 of	 one	 day	 to	 minimize	 potential	 protein	
degradation	(Figure	4.4).	

Mapping	the	raw	cDNA	sequences	from	the	previously	assembled	transcriptome	to	the	H.	
indistincta	NRPS-PKS	gene	 revealed	 that	 there	were	 regions	of	 low	coverage,	 as	 low	as	a	
single	mapped	read,	that	were	not	assembled	into	transcripts	(Chapter	2)	(Figure	4.2,	Figure	
4.5).	Furthermore,	there	were	regions	in	which	no	mapping	was	detected.	

After	purification	of	the	RNA	extraction	with	the	Zymogen	RNA	clean	and	concentrator	kit,	a	
sample	concentration	of	1,655.0	ng/µL,	an	A260/A280	of	2.20,	and	an	A260/A230	of	2.28	
was	acquired.	Visualizing	the	sample	using	gel	electrophoresis	indicated	that	RNA	molecules	
greater	than	10	kb	were	isolated	(Figure	4.6).	No	amplification	of	the	NRPS-PKS	gene	was	
observed	using	the	designed	primers	upon	the	corresponding	cDNA	library	(Figure	4.7).	
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Figure	 4.3	 SDS-PAGE	 gel	 of	 a	 protein	 extraction	 from	 S.	 cerevisiae	 BJ5464-NpgA	 transformed	with	 XW55	
containing	the	H.	indistincta	NRPS-PKS	gene.	Columns	1,	10	and	15	represent	a	300	kDa	ladder.	Columns	2,	3,	4	
and	5	 represent	 the	 flowthrough,	 20	mM	 imidazole	wash,	 50	mM	 imidazole	wash,	 and	250	mM	 imidazole	
elution	respectively	for	one	cultured	colony.	Columns	6-9	and	11-14	represent	these	same	types	of	samples	as	
2-5,	but	for	two	additional	colonies	respectively.	The	circle	on	columns	13	and	14	is	an	artifact	of	the	gel	imaging	
process.	If	successfully	expressed,	the	NRPS-PKS	enzyme	would	be	expected	to	be	above	the	300	kDa	marker.	
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Figure	4.4	SDS-PAGE	gel	of	a	protein	extraction	from	S.	cerevisiae	BJ5464	transformed	with	XW55	containing	
the	H.	indistincta	NRPS-PKS	gene.	Columns	1	and	10	represent	a	300	kDa	ladder.	Columns	2,	3,	4	and	5	represent	
the	flowthrough,	20	mM	imidazole	wash,	50	mM	imidazole	wash,	and	250	mM	imidazole	elution	respectively	
for	one	cultured	colony.	Columns	6-9	represent	these	same	types	of	samples	as	2-5,	but	for	a	second	colony.	If	
successfully	expressed,	the	NRPS-PKS	enzyme	would	be	expected	to	be	above	the	300	kDa	marker.	
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Figure	4.5	Mapping	of	raw	cDNA	reads	produced	and	sequenced	from	extracted	mRNA	from	MIIG1388	to	the	
MIIG1388	contig	which	contains	the	NRPS-PKS	gene	(Chapter	2;	Chapter	3)	(tig00001016).	Row	A	represents	
the	contig	with	a	section	of	 the	NRPS-PKS	which	 is	magnified	 in	sequential	rows	highlighted	 in	red.	Row	B	
represents	the	length	of	the	magnified	region	of	the	NRPS-PKS.	Row	C	represents	the	nucleotide	composition	
of	 the	magnified	 region.	Row	D	 represents	 the	predicted	NRPS-PKS	ORF.	Row	E	 represents	 the	nucleotide	
coverage	from	the	raw	cDNA	reads	in	grey	blocks	and	the	absence	of	coverage	with	red	highlights.	

	

	
Figure	4.6	Agarose	gel	electrophoresis	of	an	RNA	extraction	from	H.	indistincta	specimen	MIIG1404.	Column	1	
represents	a	1kb	DNA	ladder.	Columns	2	and	3	represent	RNA	extractions	from	around	1	cm3	and	2	cm3	pieces	
of	tissue	respectively.	
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Figure	4.7	Agarose	gel	electrophoresis	of	attempted	PCR	amplification	of	 the	H.	 indistincta	NRPS-PKS	gene	
from	a	cDNA	library.	Columns	1,	8,	15	and	16	represent	a	1	kb	ladder.	Columns	2-7	correspond	to	attempted	
amplification	 of	 six	 regions	 of	 the	 H.	 indistincta	 NRPS-PKS	 gene	 from	 the	 cDNA	 library.	 Columns	 9-14	
correspond	to	negative	controls	represented	by	attempted	amplification	of	the	H.	indistincta	NRPS-PKS	gene	
from	extracted	RNA.	The	primers	were	designed	to	amplify	fragments	between	1377	to	2615	bp.	
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Discussion	
Although	 the	H.	 indistinta	NRPS-PKS	 gene	 was	 successfully	 synthesized,	 cloned	 into	 the	
XW55	plasmid,	and	then	transformed	into	S.	cerevisiae	strain	BJ5464-NpgA,	no	production	
of	 the	 predicted	 protein	 was	 observed.	 The	 phosphopantetheinyl	 transferase	 NpgA	 is	
necessary	for	the	activation	of	PKS	and	NRPS	enzymes	in	the	species	A.	nidulans	[33].	Based	
on	this,	it	is	often	included	in	S.	cerevisiae	strains,	such	as	BJ5464-NpgA,	with	the	purpose	of	
activating	an	expressed	PKS	[19].	If	the	NRPS-PKS	of	H.	indistincta	was	being	expressed	in	
small	amounts,	it	could	have	been	that	its	activated	form	was	producing	a	compound	toxic	
to	the	yeast.	In	turn,	this	may	have	resulted	in	effects	such	as	the	death	of	cells	producing	the	
compound	and	thus	a	lack	of	significant	NRPS-PKS	protein.	With	that	in	mind,	expression	
with	BJ5464,	which	would	not	produce	an	activated	NRPS-PKS,	was	also	attempted	but	still	
resulted	 in	 no	 isolated	 protein.	 In	 addition,	 eukaryotic	 transmembrane	 proteins	 present	
several	 challenges	 as	 targets	 for	 heterologous	 expression,	 but	 the	 lack	 of	 predicted	
transmembrane	regions	in	this	NRPS-PKS	can	in	theory	rule	this	out	as	a	potential	issue	[34].	

While	 these	 observations	 may	 address	 some	 possible	 problems	 with	 the	 attempted	
heterologous	expression	of	the	H.	indistincta	NRPS-PKS,	there	are	a	myriad	of	other	factors	
which	could	have	influenced	the	lack	of	protein	production.	For	one,	the	mass	is	an	important	
factor	 in	the	successful	expression	of	a	heterologous	protein	 in	S.	cerevisiae	and	has	been	
shown	 to	 influence	 qualities	 such	 as	 growth	 rate	 [35].	 Typically,	 eukaryotic	 expression	
systems	are	necessary	to	produce	proteins	greater	than	100	kDa	[36].	Large	megasynthase	
proteins,	such	as	the	FAS-like	PKS	of	247.973	kDa	from	E.	chlorotica,	have	been	successfully	
expressed	in	strains	of	yeast	such	as	BJ5464-NpgA	[24].	However,	at	442.680	kDa,	the	NRPS-
PKS	of	H.	 indistincta	 is	nearly	twice	the	size.	The	native	protein	size	range	of	S.	cerevisiae	
ranges	from	25	to	more	than	4,100	amino	acids	with	one	of	the	largest	entries	in	UniProt,	
midasin,	being	an	estimated	559.308	kDa	[37].	While	the	H.	Indistincta	NRPS-PKS	falls	within	
this	range,	it	is	closer	to	the	upper	end	and	thus	may	have	resulted	in	complications	with	the	
successful	transcription	and	translation	of	the	final	protein.	Alternatively,	the	lack	of	codon	
optimization	for	S.	cerevisiae	may	have	caused	issues	during	heterologous	expression.	

Another	possible	complication	to	the	successful	expression	of	the	H.	indistincta	NRPS-PKS	
could	 be	 the	 presence	 of	 undetected	 introns.	 Saccharomyces	 cerivisiae	 possesses	 a	
particularly	small	number	of	native	introns	and	their	splicing	mechanisms	differ	from	that	
of	 more	 closely	 related	 organisms	 such	 as	 filamentous	 fungi	 [38,39].	 In	 turn,	 this	 can	
introduce	problems	in	the	heterologous	expression	of	filamentous	fungi	BGCs	in	S.	cerevisiae	
[6].	As	such,	it	is	not	unreasonable	to	consider	that	S.	cerevisiae	is	incapable	of	handling	the	
splicing	of	introns	derived	from	a	more	distant	organism	such	as	a	sponge.	While	the	protein-
coding	gene	prediction	of	BRAKER	version	2.1.5	indicated	that	this	gene	was	contained	in	a	
single,	11,925	bp	open	reading	frame	it	is	an	in	silico	prediction	on	a	non-model	organism	
and	 thus	 its	 accuracy	may	be	questionable	 (Chapter	3).	 In	 fact,	metazoan	megasynthases	
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such	 as	 the	 PKS	 from	 E.	 chlorotica	 comprise	 a	 multitude	 of	 exons	 [24].	 This	 quality	
necessitated	the	synthesis	of	the	mature	gene	without	introns	for	its	successful	heterologous	
expression	 in	 BJ5464-NpgA	 (Feng	 Li,	 personal	 communication).	 When	 analysing	 the	
assembled	 transcripts	 of	 the	 H.	 indistincta	 NRPS-PKS	 gene	 and	 aligning	 them	 to	 the	
corresponding	 genomic	 sequence	 it	 was	 found	 that	 there	 are	 regions	 which	 would	 be	
expected	to	have	function,	such	as	the	condensation	domain,	which	are	not	accounted	for	by	
the	assembled	transcriptome	(Figure	4.2).	Furthermore,	analysis	of	this	transcriptome	via	
mapping	raw	cDNA	reads	to	the	genomic	NRPS-PKS	gene	could	not	clarify	whether	introns	
are	present	in	this	sequence.	Rather,	based	on	the	low	to	non-existent	coverage	on	various	
portions	of	the	gene	all	that	can	instead	be	concluded	is	that	a	greater	depth	of	sequencing	is	
likely	necessary	to	determine	the	presence	of	introns.	

Inspecting	the	other	sponge	NRPS-PKS	genes	also	does	not	provide	a	satisfying	answer	(data	
not	shown).	The	genome	of	Ephydatia	muelleri	 indicates	that	two	copies	of	the	NRPS-PKS	
gene	exist	on	a	single	chromosome	[40].	Analysis	with	AntiSMASH	shows	that	one	of	these	
copies	is	contained	in	a	single	ORF,	whereas	another	comprises	three	exons.	Furthermore,	
using	this	single	ORF	sequence	of	E.	muelleri	to	screen	the	transcriptome	of	this	species	does	
not	result	in	the	identification	of	a	single,	fully	assembled	transcript	[41].	Similar	to	that	of	
the	H.	indistincta	transcriptome,	there	are	also	catalytic	domains	in	the	E.	muelleri	NRPS-PKS	
which	 are	 not	 accounted	 for	 in	 the	 corresponding	 transcriptome.	 In	 contrast,	 the	
transcriptome	 of	 the	 closely	 related	 E.	 fluviatilis	 contains	 a	 single	 transcript	 which	
encompass	the	entirety	of	the	poriferan	NRPS-PKS	features	[42].	All	other	sponge	genomes	
and	transcriptomes	which	contain	similar	NRPS-PKS	genes	are	too	fragmented	to	derive	a	
proper	 conclusion	 regarding	 introns	 [43-46].	 Alternatives	 to	 short-read	 sequencing,	
methods	 such	 as	 the	 sequencing	 of	 full-length	 cDNA	 molecules,	 as	 is	 done	 with	 Pacific	
Biosciences	 Iso-Seq,	may	 offer	 one	 potential	 solution	 to	 accurately	 address	 this	 question	
[47].	

While	not	definitive	proof,	the	lack	of	amplification	of	all	six	primer	pairs	corresponding	to	
different	portions	of	the	H.	indistincta	NRPS-PKS	may	indicate	that	an	issue	common	to	the	
entire	set	of	primers	occurred.	It	should	be	pointed	out	that	several	fundamental,	overlooked	
flaws	in	the	design	of	this	experiment	exist.	The	first	and	foremost	is	the	lack	of	a	positive	
control	to	confirm	that	the	designed	primers	properly	function	with	the	H.	indistincta	NRPS-
PKS	gene.	This	could	have	been	pursued	by	attempting	to	amplify	the	six	respective	regions	
from	this	gene	which	were	cloned	into	XW55.	Without	this	information,	it	is	impossible	to	
determine	 whether	 the	 issue	 is	 due	 to	 the	 designed	 primers.	 Assuming	 the	 issue	 is	 not	
attributed	 to	 the	 primer	 design,	 one	 possible	 setback	 could	 be	 the	 fact	 that	 a	 different	
specimen	 of	 H.	 indistincta,	 MIIG1404,	 was	 the	 only	 one	 available	 at	 the	 time	 for	 RNA	
extraction.	 This	 is	 in	 contrast	 to	 the	 specimen	 MIIG1388	 from	 which	 the	 genome	 and	
transcriptome	was	acquired	(Chapter	2,	Chapter	3).	Considering	that	the	NRPS-PKS	gene	was	
already	lowly	expressed	in	MIIG1388,	it	may	be	that	a	similar	or	even	lower	expression	was	



Heterologous	Expression	of	a	Novel	Metazoan	Megasynthase	Gene	

 133	

occurring	at	the	time	of	flash-freezing	MIIG1404.	In	turn,	this	potential	level	of	expression	
could	be	a	reason	as	to	the	lack	of	amplification	of	any	region	of	the	gene.	An	issue	with	the	
PCR	protocol	should	also	be	mentioned.	The	New	England	BioLabs	Tm	calculator	indicates	
that	each	individual	primer	used	in	this	study	has	a	Tm	between	52	and	55	°C.	As	such,	the	
chosen	Tm	for	the	amplification	protocol	consisted	of	ten	cycles	from	45-55	°C	in	which	each	
cycle	 increased	 by	 1	 °C,	 followed	 by	 twenty	 cycles	 at	 a	 Tm	 of	 53	 °C.	 However,	 it	 was	
overlooked	 that	 with	 the	 Phusion	 High-Fidelity	 DNA	 polymerase	 it	 is	 recommended	 to	
increase	 the	 Tm	 by	 several	 degrees.	 Based	 on	 the	 aforementioned	 Tm	 calculator,	 the	
recommended	Tm	should	 instead	have	been	between	56-58	°C.	Such	an	error	could	have	
resulted	in	nonspecific	or	no	binding	of	the	primers	to	the	DNA	template.		

Overall,	the	first	attempts	at	heterologous	expression	of	the	H.	indistincta	NRPS-PKS	were	
not	successful.	It	is	difficult	to	ascertain	the	exact	issue	with	the	experimental	design,	but	the	
presence	of	introns	within	the	predicted	ORF	remains	an	unsolved	question.	As	such,	it	is	
likely	that	repeated	attempts	at	cDNA	synthesis	and	PCR	amplification,	but	this	time	with	
adjusted	protocols,	will	be	necessary	to	confirm	whether	introns	are	an	issue.	Alternatively,	
the	 sequencing	 of	 a	 deeper	 transcriptome	 could	 also	 answer	 this	 question	 if	 sufficient	
coverage	 of	 the	 NRPS-PKS	 gene	 is	 acquired.	 In	 reality,	 the	 heterologous	 expression	 of	
functioning	 metazoan	 megasynthases	 is	 a	 particularly	 young	 topic	 in	 the	 field	 of	
biosynthesis.	Often,	what	goes	unreported	in	published	works	is	that	a	majority	of	metazoan	
megasynthase	 genes,	 particularly	 PKSs,	 do	 not	 successfully	 express	 in	 hosts	 such	 as	 S.	
cerevisiae	even	when	potential	problems	such	as	introns	are	addressed	(Feng	Li,	personal	
communication).	It	is	likely	that	for	the	purpose	of	functional	characterization	many	of	these	
metazoan	megasynthases	 will	 instead	 require	 the	 heterologous	 expression	 of	 individual	
enzymatic	domains	as	has	been	done	for	a	PKS	from	the	duck	Anas	platyrhynchos	[48].	The	
small	size	of	the	expressed	enzymatic	domains	allowed	for	the	use	of	E.	coli	as	a	heterologous	
host	and	the	biochemical	characterization	of	each	individual	enzymatic	domain.	Based	on	
the	complications	encountered	 in	 this	work,	 such	an	alternative	approach	should	also	be	
considered.	Alternatively,	 animal	heterologous	expression	systems	such	as	 the	 insect	 cell	
baculovirus	system	may	be	more	suited	for	this	metazoan	gene	and	deserve	consideration	
[49].	
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Introduction	 	
Actinoporins	 (APs)	 are	 proteinaceous	α-pore-forming	 toxins	 originally	 isolated	 from	and	
named	 after	 sea	 anemones	 [1].	 This	 group	 of	 toxins	 typically	 exhibits	 several	 common	
characteristics,	 such	 as	 a	 common	 absence	 of	 cysteine	 residues,	 a	 high	 isoelectric	 point	
(>8.8),	and	a	small	size	(~20	kDa)	[2].	Furthermore,	they	comprise	a	compact	β-sandwich	
flanked	on	each	side	by	an	α-helix,	as	indicated	by	the	crystal	structures	of	the	well-studied	
equinatoxin	 II	 (EqT-II),	 stichyolysin	 II	 (Stn-II),	 and	 fragaceatoxin	 C	 (Fra-C)	 [3-5].	 The	
molecular	mechanism	of	cytolytic	pore	formation	by	APs	has	been	extensively	researched	
and	appears	to	involve	several	steps,	which	are	briefly	summarized.	First,	lipid	recognition	
and	 membrane	 binding	 are	 accomplished	 via	 the	 interfacial	 binding	 site	 (IBS),	 which	
features	a	cluster	of	prominent	aromatic	residues	that	bind	to	phosphocholine	(POC)	[4,6].	
In	particular,	APs	have	an	affinity	for	the	POC	group	of	sphingomyelin	(SM)	and	are	capable	
of	 discriminating	 between	 this	 target	 and	 other	membrane	 lipids,	 such	 as	 phosphatidyl-	
choline	[6,7].	After	binding	to	a	target	membrane,	APs	then	undergo	a	conformational	change	
in	which	the	N-terminal	region,	containing	one	of	the	α-helices,	is	translocated	to	lie	flat	upon	
the	 membrane	 surface	 [8,9].	 This	 N-terminal	 region	 is	 then	 inserted	 into	 the	 target	
membrane	and	undergoes	further	conformational	change	to	increase	the	overall	length	of	
the	amphipathic	α-helix	relative	to	its	unbound	state	[10,11].	The	pore	is	finally	formed	when	
oligomerization	occurs	via	the	recruitment	of	additional	AP	monomers,	which	undergo	the	
same	process	in	the	same	region	of	the	membrane	to	bring	about	the	death	of	targeted	cells	
by	osmotic	shock	[12,13].	For	a	more	in-depth	explanation	on	the	molecular	mechanisms	of	
pore	formation	by	APs,	the	reader	is	referred	to	reviews	which	focus	on	this	topic	[13-15].	
The	qualities	of	APs	which	allow	for	their	membrane-binding	and	pore-forming	activity	have	
attracted	attention	regarding	potential	biotechnological	and	therapeutic	applications,	such	
as	the	design	of	immunotoxins,	nanopores,	adjuvants,	and	SM-specific	probes	[16-19].	

Historically,	sea	anemones	have	been	the	primary	source	of	APs,	although	similar	cytolytic	
proteins	 can	 be	 found	 in	 other	 anthozoans	 [20,21].	 Indeed,	 an	 exhaustive	 bioinformatic	
analysis	 indicated	 that	 actinoporin-like	 proteins	 (ALPs)	 are	 distributed	 across	 multiple	
phyla	with	high	structural	similarity	despite	low	sequence	similarity	[22].	In	particular,	APs	
and	 ALPs	 have	 been	 detected	 in	 chordates	 (primarily	 teleost	 fish),	 cnidarians,	 molluscs,	
mosses,	and	ferns.	Furthermore,	a	structural	similarity	of	APs	and	ALPs	to	fungal-fruit	body	
lectins	 has	 also	 been	 determined.	 A	 phylogenetic	 analysis	 of	 these	 identified	 proteins	
revealed	 four	distinct	groups	comprising	ALPs	primarily	 found	 in	vertebrates,	hydrozoan	
ALPs,	 APs	 from	 cnidarians	 and	 plants,	 and	 fungal	 fruit-body	 lectins,	 all	 of	 which	 were	
proposed	to	comprise	the	actinoporin-like	proteins	and	fungal	fruit-body	lectins	superfamily	
(AF).	The	presence	of	ALP	genes	in	non-vertebrate	bilaterians	has	been	further	illuminated	
in	studies	focused	on	polychaetes	of	the	genus	Glycera,	the	crustacean	Xibalbanus	tulumensis,	
the	brachiopod	Lingula	anatina,	and	many	molluscs	of	the	classes	Gastropoda	and	Bivalvia	
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[23-25].	Several	ALPs	have	been	functionally	characterized,	indicating	that	they	can	possess	
similar	qualities	to	APs	regarding	membrane	binding	and	cytolytic	activity.	

The	first	published	example	of	an	ALP	was	echotoxin	II,	isolated	from	the	salivary	glands	of	
the	predatory	mollusc	Monoplex	echo,	which	also	has	an	amphipathic	N-terminal	α-helix,	a	
patch	of	aromatic	residues,	and	haemolytic	activity,	but	a	specificity	to	gangliosides	rather	
than	SM	[26].	In	further	contrast	to	APs,	an	ALP	from	the	zebrafish,	D.	rerio,	possessed	no	
cytolytic	 activity	 and	 its	 membrane-binding	 activity	 was	 not	 specific	 to	 SM	 [22].	 Yet	
bryoporin,	 from	 the	 moss	 Physcomitrella	 patens,	 showed	 consistency	 with	 its	 close	
phylogenetic	grouping	to	APs	in	that	it	also	exhibited	specificity	for	SM	as	well	as	haemolytic	
activity,	 although	 its	 biological	 role	 appears	 to	 be	 related	 to	 dehydration	 stress	 [27].	
Similarly,	 clamlysin	 B	 from	 the	 bivalve	 Corbicula	 japonica	 also	 exhibits	 SM-binding	 and	
cytolytic	 activity	 [28].	 Finally,	 the	ALP	HALT-1	 from	 the	 cnidarian	Hydra	magnipapillata,	
which	is	phylogenetically	distinct	from	anthozoan	APs,	exhibits	 lower	haemolytic	activity,	
the	 creation	 of	 larger	 pores,	 and	 a	 lower	 affinity	 to	 SM	 in	 comparison	 to	 EqT-II	 [29].	
Altogether,	the	observation	that	ALPs	from	non-anthozoans	can	possess	similar	biochemical	
properties	 to	 APs	 supports	 the	 notion	 that	 they	 may	 also	 be	 potential	 targets	 for	 the	
aforementioned	biotechnological	and	therapeutic	applications	which	have	been	investigated	
for	EqT-II,	Stn-II,	and	Fra-C.	

Sponges	of	 the	phylum	Porifera	are	benthic,	 filter-feeding	animals	which	can	be	 found	 in	
marine	 and	 freshwater	 environments	 throughout	 the	 world.	 Given	 the	 niche	 they	 fill,	
challenges	 faced	 by	 these	 organisms	 include	 contact	 with	 pathogenic	 microorganisms,	
spatial	competition	with	other	benthic	life,	and	predation	[30-32].	In	order	to	deal	with	these	
challenges,	many	sponges	utilize	complex	chemical	armaments	which	display	an	array	of	
bioactivities	towards	targets	such	as	pathogens,	fouling	organisms	and	tumoral	cells	[33-35].	
While	a	majority	of	these	bioactivities	have	been	attributed	to	small	molecules,	some	larger	
proteinaceous	toxins	have	also	been	identified,	such	as	suberitine	from	Suberites	domuncula,	
halilectin-3	from	Haliclona	caerulea,	and	chondrosin	from	Chondrosia	reniformis	[36-38].	In	
addition,	sponges	have	also	been	shown	to	be	a	source	of	cytolytic	pore-forming	proteins,	
one	of	which	is	an	antibacterial,	perforin-like	protein	from	S.	domuncula,	which	was	found	to	
be	upregulated	upon	exposure	to	 lipopolysaccharide	[39,40].	No	ALPs	have	been	 isolated	
and	characterized	from	this	phylum,	but	a	recent	phylogenetic	study	indicated	that	genes	
encoding	for	these	proteins	are	present	in	the	genome	of	the	species	Oscarella	pearsei	(then	
Oscarella	carmela,	when	its	genome	was	sequenced)	[21,41,42].	Little	was	reported	on	this	
ALP	other	than	it	being	phylogenetically	distant	from	both	anthozoan	APs,	hydrozoan	ALPs	
and	mollusc	ALPs.	

While	analysing	the	transcriptome	assemblies	of	native	Irish	Haliclona	species,	the	presence	
of	numerous	genes	encoding	for	proteins	with	the	Pfam	domain	PF06369,	representing	sea	
anemone	cytotoxic	proteins,	was	noticed	(Chapter	2).	The	presence	of	ALPs	in	sponges	of	
both	the	classes	Demospongiae	and	Homoscleromorpha	prompted	the	questions	of	whether	
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these	proteins	are	widely	distributed	throughout	the	phylum	and	how	similar	they	are	to	
known	 APs.	 As	 discussed	 previously,	 such	 a	 quality	 would	 expand	 the	 possible	
biotechnological	 and	 therapeutic	 applications	 of	 sponges.	 To	 date,	 these	 organisms	 have	
been	the	subject	of	numerous	transcriptomic	and	genomic	studies,	resulting	in	a	wealth	of	
public	data	with	which	to	carry	out	such	an	inquiry	[43].	Based	on	this	information,	several	
objectives	were	pursued.	First,	to	identify	ALPs	in	all	available	sponge	transcriptomes	and	
genomes.	Second,	 to	assess	 the	structural	 similarity	of	 sponge	ALPs	 to	APs	of	 cnidarians.	
Third,	to	predict	the	functional	capability	of	one	ALP	with	specific	attention	towards	the	core	
processes	of	membrane	binding,	oligomerization,	and	pore	formation.	Fourth,	to	estimate	
whether	the	identified	sponge	ALPs	can	instead	be	classified	as	APs,	similar	to	those	from	
plants,	based	on	phylogenetic	analysis	[22].	

Materials	and	Methods	
Transcriptome	Assemblies	

Previously	 detailed	 transcriptome	 assemblies	 and	 annotations	 of	 Haliclona	 cinerea,	
Haliclona	indistincta,	Haliclona	oculata,	Haliclona	simulans	and	Haliclona	viscosa	were	used	
for	analyses	in	this	chapter	(Chapter	2).	Sequential	analyses	were	performed	with	an	account	
at	the	Leibniz	Supercomputing	Centre.	

Identification	of	Novel	Actinoporin-like	Proteins	from	Sponges	

While	analysing	the	output	of	the	homology	search	against	the	Pfam	database	(Chapter	2),	it	
was	noticed	that	numerous	translated	protein	sequences	from	the	Haliclona	transcriptomes	
possessed	 the	 PF06369	 domain	 representing	 sea	 anemone	 cytotoxic	 proteins	 such	 as	
actinoporins.	 Due	 to	 the	 biotechnological	 potential	 of	 actinoporins,	 this	 prompted	 the	
screening	of	all	publicly	available	sponge	genomes	[41,44-49]	and	transcriptomes	[42,45,	
50-68]	to	see	whether	other	members	of	the	phylum	also	encoded	ALPs	in	their	genome.	If	
transcriptome	 assemblies	 were	 not	 provided	 in	 the	 original	 publication,	 the	 data	 were	
assembled	in	the	same	manner	as	the	Irish	Haliclona	as	previously	detailed	(Chapter	2).	The	
Haliclona	ALPs	were	used	as	queries	in	a	tblastn	search	against	the	other	sponge	assemblies	
with	an	E-value	cut-off	of	1e-4.	The	longest	open	reading	frames	were	then	extracted	from	
the	 hits	 using	 TransDecoder	 version	 5.5.0	 [69].	 These	 protein	 sequences	were	 screened	
against	the	Pfam	database	(accessed	on	14	January	2020)	with	HMMER	version	3.2.1	[70,71]	
and	only	those	indicated	as	possessing	domain	PF06369	were	retained	for	further	analysis.	
These	 identified	 sponge	 ALPs	 were	 also	 screened	 against	 the	 NCBI	 Conserved	 Domain	
Database	to	confirm	that	PF06369	was	the	primary	conserved	domain	[72].	To	explore	the	
possible	 evolutionary	 origin	 of	 ALPs	 in	 animals,	 the	 genomes	 of	 the	 choanoflagellates	
Monosiga	 brevicollis	 and	 Salpingoeca	 rosetta,	 the	 ctenophores	 Mnemiopsis	 leidyi	 and	
Pleurobrachia	bachei,	and	the	placozoans	Trichoplax	adhaerens	and	Hoilungia	hongkongensis	
were	also	screened	using	EqT-II	as	a	query	[73-78].	Furthermore,	nineteen	choanoflagellate	
transcriptomes	were	also	screened	in	a	similar	manner	[79].	
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Sequence	Analysis	and	Structural	Prediction	

All	 identified	sponge	ALPs	were	used	as	a	query	against	 the	NCBI	non-redundant	protein	
database	to	identify	the	closest	homologous	sequence	[80].	SignalP	5.0	was	used	to	identify	
the	presence	of	signal	peptides	in	sponge	ALPs	contained	within	a	complete	ORF	[81].	The	
isoelectric	point	and	molecular	weight	of	complete,	mature	sponge	ALPs	were	determined	
using	 the	compute	pI/Mw	tool	of	ExPASy	 [82].	Protein	structure	prediction	of	all	 sponge	
ALPs	was	performed	using	Phyre2	Suite	version	5.1	[83].	The	quality	of	the	predicted	protein	
structure	for	Hi2	was	assessed	with	ProQ3D	and	ModFOLD8	[84,85].	Structural	alignment	of	
sponge	ALPs	upon	the	crystal	structure	of	chain	A	from	EqT-II	(1iaz)	was	performed	with	
TM-Align	[86].	Protein	structures	were	visualized	using	UCSF	Chimera	version	1.15	[87].	A	
protein	topology	plot	was	created	using	Pro-origami	[88].	A	multiple	sequence	alignment	of	
Hi2,	EqT-II	 (P61914),	 Fra-C	 (B9W5G6),	 and	Stn-II	 (P07845)	was	performed	with	MAFFT	
v7.490,	with	the	L-INS-i	alignment	method	using	default	settings	[89].	The	multiple	sequence	
alignment	was	then	visualized	using	Jalview	version	2.11.1.4	[90].	Analysis	of	the	N-terminal	
α-helix	of	Hi2	and	generation	of	an	Edmundson	wheel	projection	were	accomplished	using	
HeliQuest	and	NetWheels	[91,92].	

Phylogenetic	Analysis	of	Actinoporin-like	Proteins	from	Sponges	

Sponge	ALPs	derived	from	complete	ORFs	were	chosen	for	multiple	sequence	alignment	and	
phylogenetic	analysis.	All	alignments	were	performed	using	MAFFT	7.490,	with	the	L-INS-i	
alignment	method	using	default	settings	[89].	APs	were	represented	by	well-characterized	
actiniarian	proteins,	such	as	the	aforementioned	EqT-II,	Fra-C,	and	Stn-II,	as	well	as	those	
from	stony	and	soft	corals.	Cnidarian	ALPs	were	represented	by	the	series	of	HALT	proteins	
from	 H.	 magnipapillata.	 In	 general,	 the	 sponge	 ALPs	 most	 consistently	 aligned	 with	
sequences	 from	sea	anemones,	 fungi	of	 the	class	Glomeromycota,	and	 teleost	 fish,	 in	 that	
order.	 To	 get	more	 sequences	 for	 the	 phylogenetic	 tree,	 all	 complete	 sponge	 ALPs	were	
queried	 against	 the	 NCBI	 nr	 database	 against	 these	 three	 taxonomic	 groups,	 as	 well	 as	
against	molluscs	and	invertebrates	which	did	not	fall	under	these	aforementioned	phyla.	The	
top	hit	 from	each	category	for	each	sponge	sequence	was	then	retrieved.	This	resulted	in	
seven	groups	of	sequences:	glomeromycete	fungi,	sponges,	anthozoan	cnidarians,	hydrozoan	
cnidarians,	molluscs,	miscellaneous	invertebrates,	and	teleost	fish.	All	signal	peptides	were	
removed	 prior	 to	 alignments	 using	 SignalP	 version	 5.0	 [81].	 Each	 of	 these	 groups	 was	
separately	 aligned	 to	 the	 mature	 sequences	 of	 EqT-II,	 Fra-C,	 and	 Stn-II.	 The	 individual	
alignments	were	then	trimmed	corresponding	to	the	boundaries	of	EqT-II,	Fra-C,	and	Stn-II	
using	Jalview	version	2.11.1.4	[90].	Several	sponge	ALPs,	while	complete,	were	excluded	due	
to	 being	 excessively	 truncated	 compared	 to	 EqT-II	 or	 introducing	 significant	 gaps.	 All	
trimmed	sequences	were	then	pooled	together	and	once	more	aligned.	Maximum	likelihood	
trees	were	constructed	in	IQ-TREE	version	2.1.4	with	1000	bootstrap	pseudoreplicates	with	
the	intention	of	visualizing	the	degree	of	similarity	the	sponge	ALPs	had	to	APs	and	ALPs	



Actinoporin-like Proteins from the Phylum Porifera 

 144	

from	other	phyla	[93].	The	resulting	phylogenetic	trees	were	modified	using	the	Interactive	
Tree	of	Life	(iTOL)	v6	[94].	

Data	Availability	

Transcriptome	 assemblies,	 sponge	ALP	 sequences,	 predicted	 protein	 structures,	multiple	
sequence	alignments,	and	maximum	likelihood	trees	are	available	at	Mendeley	[96].	

Results	
A	 total	 of	 68	 unique	 open	 reading	 frames	 encoding	 for	 proteins	 with	 the	 Pfam	 domain	
PF06369	or	exhibiting	significant	alignments	towards	APs	or	ALPs	was	identified	[96,97].	
Out	 of	 the	 63	 poriferan	 species	 screened,	 20	were	 found	 to	 be	 the	 source	 of	 ALP	 genes	
(Appendix	5)	[96,97].	Of	these,	38	ORFs	were	determined	to	be	complete	by	TransDecoder	
and	derived	from	10	species:	Cliona	orientalis	(Co),	Cliona	varians	(Cv),	Dysidea	avara	(Da),	
Geodia	barretti	(Gb),	H.	indistincta	(Hi),	H.	viscosa	(Hv),	O.	pearsei	(Op),	a	Scolapina	sp.	(S),	
Spongia	officinalis	(So),	and	Tethya	wilhelma	(Tw).	As	none	of	these	sponge-derived	proteins	
have	been	biochemically	characterized,	they	are	hence	referred	to	as	ALPs	instead	of	APs.	
ALPs	 were	 absent	 from	 all	 freshwater	 sponge	 data.	 Their	 presence	 in	 an	 order	 did	 not	
necessarily	 translate	 to	 this	 being	 an	 absolute	 feature	 of	 said	 order.	 This	 is	 particularly	
exemplified	by	the	order	Haplosclerida,	in	which	numerous	paralogs	were	detected	in	the	
sister	species	H.	indistincta	and	H.	viscosa,	a	few	in	H.	amboinensis	and	H.	cinerea,	and	none	
in	H.	oculata,	H.	simulans,	Haliclona	tubifera,	or	Amphimedon	queenslandica.	Only	C.	varians	
and	D.	avara	possessed	the	same	degree	of	parology	as	H.	indistincta	and	H.	viscosa.	Of	the	
sponge	ALPs,	only	two	from	T.	wilhelma	were	identified	as	having	a	signal	peptide.	All	the	
complete	sponge	ALPs	aligned	most	closely	with	cnidarian	actinoporins	when	these	were	
used	in	a	blastp	query	against	the	NCBI	non-redundant	database	[97].	Specifically,	one	ALP	
from	H.	indistincta	named	Hi2	exhibited	the	highest	sequence	similarity	with	an	actinoporin	
from	Haloclava	producta	at	59.06%	identity.	 It	was	also	observed	that	several	ALPs	 from	
incomplete	ORFs	most	closely	aligned	with	pore-	forming	proteins	from	other	phyla,	such	as	
coluporins	 and	 tereporins	 from	 the	 Mollusca.	 No	 ALPs	 were	 detected	 in	 the	 screened	
genomes	or	transcriptomes	of	choanoflagellates,	ctenophores,	or	placozoans.	The	theoretical	
isoelectric	point	of	complete	sponge	ALPs	ranged	from	4.66	to	9.46,	whereas	the	average	
molecular	weight	ranged	from	14,153.27	to	33,419.71	Da	[97].	

In	contrast	to	the	low-to-modest	sequence	similarity	many	sponge	ALPs	showed	in	relation	
to	 actiniarian	 APs	 (27.70–59.06%),	 homology	 modelling	 with	 Phyre2	 indicated	 that	 the	
aligned	predicted	structure	of	all	complete	sponge	ALPs	was	highly	similar	to	that	of	Stn-II	
and	 EqT-II,	 with	 confidence	 values	 ranging	 from	 97.3%	 to	 100%.	 Quantification	 of	 the	
similarity	between	the	predicted	sponge	ALP	models	and	the	crystal	structure	of	EqT-II	via	
TM-align	showed	that	all	produced	models	had	a	TM-align	value	above	0.5,	indicating	that	
the	structural	similarity	was	not	random	(Figure	5.1),	whereas	the	RMSD	values	ranged	from	
0.54	to	1.74	(Å)	[96].	
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Figure	5.1	Comparison	of	complete	sponge	ALPs	with	EqT-II.	Blue	represents	the	TM-score	of	all	predicted	
sponge	ALP	structures	via	Phyre2	with	the	crystal	structure	of	EqT-II	(1IAZ).	Orange	represents	the	sequence	
identity	of	the	aligned	region	of	the	two	structures.	The	orange	bar	representing	percent	identity	is	overlaid	
upon	 the	blue	bar	 representing	TM-score.	Abbreviations	are	as	 follows:	Co,	C.	orientalis;	Cv,	C.	 varians;	Da,	
Dysidea	avara;	Hi,	H.	indistincta;	Hv,	H.	viscosa;	Op,	O.	pearsei;	S,	Scopalina	sp.;	So,	S.	officinalis;	Tw,	T.	wilhelma.	
The	protein	Sc1	from	S.	carteri	is	excluded	due	to	having	unknown	residues.	Sequence	identity	is	expressed	on	
a	scale	of	0–1	rather	than	as	a	percentage.	

Several	 sponge	 ALPs	 exhibited	 structural	 inconsistencies	with	 the	 expected	 AP	 skeleton,	
such	 as	 the	 lack	 of	 an	N-terminal	 α-helix.	 Hi2	 exhibited	 one	 of	 the	 highest	 TM-scores	 at	
0.96406.	The	quality	of	the	predicted	model	for	Hi2	was	further	supported	with	a	ProQ3D	S-
score	of	0.697	(0.5–1.0	representing	a	good	model;	Arne	Elofsson,	personal	communication)	
and	a	ModFOLD8	p-value	of	3.772	×	10	−	6	(less	than	a	1/1000	chance	that	 the	model	 is	
incorrect).	 As	 can	 be	 seen	 by	 the	 structure	 generated	 by	 Phyre2,	 Hi2	 shares	 many	
characteristics	typical	of	cnidarian	actinoporins,	such	as	comprising	a	β-sandwich	flanked	by	
two	α-helices	(Figure	5.2A,D).	Furthermore,	the	localization	of	the	interfacial	binding	site	can	
also	be	observed	(Figure	5.2B).	In	general,	the	predicted	structure	of	Hi2	appears	to	overlay	
well	with	the	crystal	structure	of	EqT-II	chain	A	(1IAZ)	(Figure	5.2C).	

Due	to	its	high	sequence	similarity	with	cnidarian	actinoporins	and	its	confirmed	presence	
in	the	H.	 indistincta	genome	(Chapter	3),	Hi2	was	chosen	for	 further	 in-depth	analyses	to	
determine	whether	it	exhibited	the	same	membrane-	binding	and	pore-forming	activities.	A	
multiple	 sequence	 alignment	 of	 Hi2	 with	 the	 final	 mature	 peptides	 of	 the	 well-studied	
equinatoxin	II	(EqT-II;	P61914),	fragaceatoxin	C	(Fra-	C;	B9W5G6),	and	stichyolysin	II	(Stn-
II;	 P07845)	 indicated	 a	 percent	 identity	 of	 50.56%,	 50.00%,	 and	 51.41%,	 respectively	
(Figure	 5.3).	 Despite	 these	 modest	 values,	 the	 alignment	 illustrated	 a	 high	 degree	 of	
conservation	 regarding	 residues	 and	 motifs	 critical	 for	 the	 functional	 activities	 of	
actinoporins	 [15].	 For	 example,	 a	majority	 of	 the	 residues	 associated	with	 the	 interfacial	
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binding	site	in	Hi2	are	consistent	with	those	of	EqT-II,	Fra-C,	and	Stn-II	[6].	In	addition,	Hi2	
possesses	 the	conserved	residue	Tyr112,	which	 is	 critical	 for	SM	recognition;	however,	a	
substitution	of	Leu	 for	Trp	at	residue	111	 is	also	observed.	Furthermore,	 the	presence	of	
Ser53,	Val86,	Ser104,	Pro106,	Trp115,	Tyre132,	Tyr136,	and	Tyr137	are	consistent	with	the	
POC	binding	site	found	in	cnidarian	APs	[4,6,15],	and	the	conserved	P-[WYF]-D	binding	motif	
found	in	this	region	of	APs	is	also	present	in	Hi2	at	residues	106–108	[22].	Oligomerization	
of	 actinoporin	monomers	 upon	 the	 cell	membrane	 is	 another	 crucial	 step	 towards	 pore	
formation	and	is	known	to	be	influenced	by	an	Arg–Gly–Asp	motif.	Hi2	shows	inconsistency	
with	this	motif,	as	it	instead	possesses	Lys142,	Gly143,	and	Glu144.	However,	Hi2	possesses	
the	residue	Lys76,	which	is	consistent	with	similar	residues	associated	with	oligomerization	
in	 other	 APs	 [95].	 The	 presence	 of	 Ile59	 and	 Trp147	 are	 also	 partially	 consistent	 with	
residues	of	Fra-C,	associated	with	oligomerization	and	protein–protein	interaction	between	
protomers;	the	observed	substitution	of	Ile	for	Val	at	this	site	can	be	seen	in	Stn-II	[13,98].	
Unlike	most	cnidarian	APs,	Hi2	exhibits	the	presence	of	cysteine	at	residue	141,	but	such	a	
characteristic	has	previously	been	reported	in	these	proteins	[21].	

 
Figure	5.2	(A)	Predicted	structure	of	Hi2	by	Phyre2.	Red	represents	α-helices.	Green	represents	β-sheets.	(B)	
Significant	functional	residues	of	Hi2.	Blue	represents	the	N-terminal	α-helix	associated	with	pore	formation.	
Red	 represents	 the	 residues	 of	 the	 interfacial	 binding	 site.	 Green	 represents	 the	 residues	 associated	with	
oligomerization.	(C)	Structural	alignment	of	Hi2	in	blue	upon	EqT-II	Chain	A	(1IAZ)	in	orange.	For	all	predicted	
structures	blue	and	red	highlights	represent	the	N-	and	C-terminus,	respectively.	(D)	Protein	topology	plot	of	
Hi2	with	the	same	colour	scheme	as	(A).	
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Figure	5.3	Multiple	sequence	alignment	of	Hi2	with	EqT-II,	Fra-C,	and	Stn-II.	The	top	alignment	represents	
Clustalx	colour	coding.	The	bottom	alignment	represents	hydrophobicity	colour	coding.	Between	these	two	
alignments,	 black	markers	 represent	 residues	 important	 for	membrane	 binding,	 green	markers	 represent	
residues	important	for	oligomerization,	and	orange	rectangles	represent	the	α-helices	of	EqT-II	(the	final	length	
of	the	N-terminal	α-helix	after	a	conformational	change	and	insertion	into	the	target	membrane	is	presented	
[10,12,13,15,95,	98].	

Membrane	 penetration	 and	 pore	 formation	 by	 oligomerized	 APs	 is	 achieved	 by	 their	
respective	amphipathic	N-terminal	α-helices.	In	EqT-II,	the	N-terminal	region	undergoes	a	
conformational	change,	producing	an	α-helix	comprising	residues	6-28	which	is	capable	of	
spanning	 a	 target	membrane	 [10].	These	 residues	 correspond	 to	 a	 conserved	N-terminal	
glycine	and	C-terminal	asparagine	of	the	α-helix,	which	are	also	present	in	Fra-C	and	Hi2.	
Within	this	region,	Hi2	also	showed	consistency	with	several	previously	determined	highly	
conserved	 hydrophobic	 residues	 (Val7,	 Ile8,	 Leu13,	 Leu18,	 Leu22,	 and	 Ile25),	 as	well	 as	
Arg30,	which	is	associated	with	the	insertion	of	the	α-helix	into	the	target	membrane	[20].	
Using	 these	 sequence	boundaries	 allowed	 for	 the	 construction	of	 an	Edmundson	peptide	
helical	wheel	of	 the	predicted	Hi2	N-terminal	α-helix	after	a	hypothetical	 conformational	
change	(Figure	5.4A).	Consistent	with	the	amphipathic	nature	of	the	N-terminal	α-helix	of	
EqT-II,	Fra-C,	and	Stn-II,	a	side	comprising	a	majority	of	polar	amino	acids	opposite	another	
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comprising	a	majority	of	nonpolar	amino	acids	can	be	seen	in	that	of	Hi2.	Furthermore,	the	
hydrophobic	moment	of	Hi2,	a	measure	of	helix	amphipathicity,	was	calculated	to	be	0.384	
μH,	which	 is	comparable	to	that	of	EqT-II	at	0.337	μH.	The	N-terminal	μH	of	Hi2	exhibits	
hydrophobicity	of	0.607	and	a	net	charge	of	0.	The	two	faces	of	the	N-terminal	α-helix	prior	
to	a	hypothetical	conformational	change	also	display	a	hydrophobic	and	hydrophilic	side,	
which	 are,	 respectively,	 oriented	 towards	 and	 away	 from	 the	 rest	 of	 the	 protein	 (Figure	
5.4B).	

 
Figure	5.4	(A)	Edmundson	peptide	helical	wheel	projection	of	residues	5-28	from	Hi2.	(B)	Residues	5-28	of	
the	Phyre2	predicted	structure	of	Hi2	coloured	in	the	same	manner	as	(A).	Blue	and	red	highlights	represent	
the	N-	and	C-terminus,	respectively.	

The	relatedness	between	AP/ALP	sequences	from	the	two	Haliclona	species	in	which	they	
were	 present,	 AP	 sequences	 from	 cnidarians,	 and	 ALP	 sequences	 from	 other	 taxa	 was	
visualized	 with	 an	 initial	 maximum	 likelihood	 tree	 (Figure	 5.5).	 Here	 we	 find	 that	 the	
sequence	Hi2	from	H.	 indistincta	nestles	well	within	the	AP	clade	from	cnidarians,	but	no	
sequence	 of	 this	 type	 was	 found	 in	 its	 close	 sister	 species,	H.	 viscosa.	 Additional	 (ALP)	
sequences	 from	H.	 indistincta	 and	 its	 sister	 species	H.	 viscosa	 form	 a	 distinct	 and	 highly	
supported	clade	well	outside	that	of	the	cnidarians,	indicating	radiation	from	an	additional	
AP/ALP	 copy	 in	 the	 ancestor	 of	 that	 species	 group.	 This	 clade	 is	 distinct	 from	 the	 other	
animal	ALPs,	which	also	form	a	monophyletic	grouping	supported	by	91	BP.	

When	 all	 available	 AP/ALP	 sequences	 from	 Porifera	 are	 added	 to	 the	 analysis,	 the	 high	
number	 of	 paralogs	 present	 in	 the	 dataset	 obscure	 the	 phylogenetic	 signal	 and	 reduce	
confidence	 in	 generating	 an	 accurate	 phylogeny,	 However,	 the	 reconstructed	 maximum	
likelihood	tree	provides	insight	into	the	sequence	similarity	and	potential	relatedness	of	the	
sponge	ALPs,	as	well	as	similar	proteins	from	other	phyla.	Four	distinct	groups	with	strong	
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bootstrap	support	were	produced:	(1)	ALPs	from	fungi	of	the	class	Glomeromycota	(used	as	
outgroup),	(2)	the	majority	of	the	sequences	from	the	genus	Haliclona,	(3)	anthozoan	APs	
with	other	sponge	ALPs,	and	(4)	ALPs	from	other	invertebrates	and	chordates	(Figure	5.6).	
The	strong	grouping	of	the	Haliclona	ALPs,	independent	of	all	other	sequences	and	placed	as	
the	sister	group	to	all	other	APs	and	ALPs,	was	a	consistently	observed	phenomenon	while	
testing	 other	 alignments	 for	 the	 reconstruction	 of	 a	 final	 tree	 (data	 not	 shown).	 The	
remaining	APs	and	ALPs	form	a	monophyletic	grouping	within	which	there	are	two	clades;	
one,	supported	by	100	BP,	consisting	of	the	freshwater	Hydra	and	the	bilaterians,	the	other	
containing	the	marine	cnidarians	and	sponges	(75	BP).	The	presence	of	a	large	number	of	
other	 sponge	 sequences	 has	 the	 effect	 of	 pulling	 the	Hi2	 sequence	 outside	 the	 cnidarian	
clade,	which	itself	is	no	longer	supported	by	bootstrapping.	Relationships	between	the	other	
sponge	sequences	are	unclear,	as	indicated	by	the	low	bootstrap	support	of	internal	nodes.	
This	is	particularly	exemplified	by	the	likely	spurious	placement	of	Op3	within	the	clade	of	
anthozoan	APs.	Frequently,	it	was	observed	that	additions	or	subtractions	of	sequences	in	
the	alignment	would	result	in	this	protein—along	with	Hi2,	Sc1,	So1,	Tw1,	and	Tw2—being	
shifted	in	and	out	of	the	cnidarian	AP	group.	The	main	exception	to	this	is	a	second	strongly	
supported	clade	consisting	of	ALPs	from	the	genera	Cliona,	Geodia,	Scopalina,	and	Tethya.	
While	this	clade	may	move	relative	to	other	sponge	sequences,	the	clade	remained	intact	and	
distinct	from	the	anthozoan	APs.	Two	groups	of	D.	avara	sequences	were	present,	both	highly	
supported,	 but	 not	 always	 remaining	 together	 on	 trees,	 depending	 on	 the	 comparative	
sequences	included.	They	were	also	always	distinct	from	anthozoan	APs.	Despite	having	a	
high	sequence	similarity	to	both	anthozoan	APs	and	sponge	ALPs,	those	derived	from	plants,	
such	 as	 bryoporin,	 were	 only	 found	 to	 introduce	 additional	 noise	 into	 the	 data	 without	
significantly	changing	tree	topology	and	were	thus	excluded	as	they	are	hypothesized	to	be	
the	result	of	a	horizontal	gene	transfer	event	(data	not	shown)	[27].	
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Figure	 5.5	 Phylogenetic	 tree	 of	 ALPs	 from	 the	 genus	Haliclona	 and	 similar	 proteins.	 Numbers	 on	 nodes	
represent	maximum	likelihood	bootstrap	values	above	75%.	The	colour	scheme	is	as	follows:	green	represents	
ALPs	from	fungi	of	the	class	Glomeromycota;	blue	represents	ALPs	from	sponges	of	the	genus	Haliclona;	red	
represents	APs	from	cnidarians	of	the	class	Anthozoa;	reddish-purple	represents	ALPs	from	cnidarians	of	the	
class	Hydrozoa;	purple	represents	ALPs	from	the	phylum	Mollusca;	orange	represents	ALPs	from	fish	of	the	
class	 Actinopterygii;	 black	 represents	 ALPs	 from	 miscellaneous	 phyla.	 Abbreviations	 are	 as	 follows:	 EqT,	
equinatoxin;	Fra,	fragaceatoxin;	St,	sticholysin;	BdP,	bandaporin;	GgT,	gigantoxin;	HALT,	hydra	actinoporin-like	
toxin;	 EcT,	 echotoxin;	 Clp,	 coluporin.	 The	 glomeromycete	 vector	 image	 is	 a	 reproduced	 copy	 of	 the	 high-
resolution	image	4341-2_p1	of	Rhizophagus	irregularis	(Błaszk.,	Wubet,	Renker,	and	Buscot)	C.	Walker	and	A.	
Schüßler	derived	from	AACF/CCAMF	(Accessed	26	November	2021).	The	sponge,	anemone,	seashell,	and	carp	
vector	images	were	derived	from	those	of	Pearson	Scott	Foresman	under	a	CC0	1.0	license	(Accessed	on	26	
November	2021).	The	Hydra	vulgaris	vector	image	was	derived	from	the	Freshwater	and	Marine	Image	Bank	
at	the	University	of	Washington	under	a	CC0	1.0	license	(accessed	on	26	November	2021).	
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Figure	 5.6	 Phylogenetic	 tree	 of	 ALPs	 from	 sponges	 and	 similar	 proteins.	 Numbers	 on	 nodes	 represent	
maximum	likelihood	bootstrap	values	above	75%.	Blue	represents	sponge	AP/ALPs.	All	other	colour	schemes	
as	well	as	image	acknowledgements	are	identical	to	those	in	the	prior	ALP	phylogenetic	tree	(Figure	5.5).	
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Discussion	
Cytolytic	pore-forming	toxins	are	widely	distributed	throughout	prokaryotic	and	eukaryotic	
life	and	often	function	as	immunological	defences	in	the	latter	[99,100].	The	proposed	AF	
superfamily	includes	α-pore-forming	toxins	derived	from	diverse	eukaryotic	lineages	with	
similar	predicted	protein	structure	despite	 low	sequence	similarity	[22].	Members	of	 this	
family	 include	anthozoan	APs,	 plant	APs,	 hydrozoan	ALPs,	ALPs	 from	other	 animals,	 and	
fungal	fruit-body	lectins.	Herein,	new	additions	from	the	phylum	Porifera	are	proposed	to	
belong	to	the	AF	superfamily,	as	members	of	the	classes	Demospongiae,	Homoscleromorpha,	
and	 Calcarea	 have	 been	 shown	 to	 possess	 genes	 encoding	 for	 ALPs.	 Many	 functionally	
characterized	AF	proteins	appear	to	serve	a	role	in	envenomation	as	they	have	been	localized	
in	 the	 nematocysts	 of	 cnidarians	 and	 the	 salivary	 glands	 of	 predatory	 molluscs	
[25,26,29,101].	 However,	 AF	 proteins	 appear	 to	 also	 have	 functions	 other	 than	
envenomation,	as	indicated	by	their	presence	in	the	mesenteric	filaments	of	cnidarians,	as	
well	as	organisms	which	do	not	perform	this	process,	such	as	bivalves	[28,101].	With	this	in	
consideration,	 it	 is	not	entirely	unusual	to	observe	the	presence	of	these	proteins	in	non-
venomous	animals,	such	as	sponges,	in	which	they	may	serve	a	different	ecological	function	
via	a	similar	molecular	mechanism.	

When	considering	the	taxonomic	distribution	of	ALPs	 in	sponges,	no	clear	pattern	can	be	
discerned.	The	majority	of	 the	 identified	ALPs	were	derived	 from	the	Demospongiae	and	
more	 specifically	 from	 the	 orders	 Axinellida,	 Bubarida,	 Clionaida,	 Dendroceratida,	
Dictyoceratida,	Haplosclerida,	Poecilosclerida,	Suberitida,	Tethyida,	and	Tetractinellida,	but	
not	 Chondrillida,	 Spongillida,	 or	Verongiida.	However,	 further	 analysis	 at	 the	 genus	 level	
indicated	 that	 these	proteins	appear	 to	have	been	 lost	 in	 species	 closely	 related	 to	 those	
which	possess	ALPs.	This	is	particularly	exemplified	by	the	genera	Haliclona	and	Geodia,	in	
which	the	transcriptomes	of	numerous	species	have	been	reported	[43,50].	Furthermore,	
ALPs	appear	to	be	distributed	throughout	the	phylum	Porifera,	as	several	were	identified	in	
the	 classes	 Homoscleromorpha	 and	 Calcarea,	 but	 not	 in	 Hexactinellida.	 However,	 two	
caveats	 should	 be	 considered	 regarding	 these	 observations.	 The	 first	 is	 that	 the	 high	
prevalence	of	 these	proteins	 in	 the	Demospongiae	 is	most	 likely	due	 to	sampling	bias,	as	
transcriptomes	of	this	class	have	been	disproportionately	sequenced	compared	to	the	other	
three.	Second,	as	most	of	the	data	analysed	in	this	study	are	derived	from	transcriptomes,	a	
lack	of	gene	expression	or	sequencing	depth	cannot	be	ruled	out	as	an	explanation	for	these	
genes	 not	 having	 been	 identified	 in	 a	 species.	 That	 said,	 the	 absence	 of	 ALPs	 in	 the	 A.	
queenslandica	genome	does	appear	to	indicate	that	the	loss	of	ALP	genes	has	occurred	in	the	
order	Haplosclerida,	which	may	be	an	explanation	for	their	absence	in	other	species	[49].	

The	predicted	structure	of	most	 identified	ALPs	 from	sponges	exhibited	a	high	degree	of	
aligned	 structural	 similarity	 to	 anthozoan	 APs,	 despite	 a	 low	 to	 moderate	 sequence	
similarity.	Such	an	observation	is	common	in	studies	of	AF	proteins	from	other	organisms	
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[22,25].	 That	 said,	 the	 observed	 high	 aligned	 structural	 similarity	 does	 not	 necessarily	
equate	 to	 these	 sponge	 ALPs	 having	 the	 same	 membrane-binding	 and	 pore-forming	
capabilities.	This	is	particularly	exemplified	by	the	observation	that	the	N-terminal	region	of	
sponge	 ALPs	 appears	 to	 vary	 greatly.	 For	 example,	 this	 region	 is	 fully	 present	 in	 Hi2,	
truncated	in	Hi3,	and	completely	absent	in	Hi4.	Such	a	quality	is	not	unique	to	sponge	ALPs,	
as	can	be	seen	by	analysing	those	of	hydrozoans	[29].	Similarly,	an	incomplete	N-terminal	α-
helix	was	also	observed	on	the	ALP	Dr1	from	D.	rerio	and	was	hypothesized	to	influence	the	
lack	of	pore-forming	capabilities	and	specificity	towards	SM	exhibited	by	the	protein	[22].	
With	this	in	mind,	many	of	the	identified	ALPs	from	sponges	may	serve	functions	other	than	
those	 associated	 with	 well-characterized	 APs,	 such	 as	 EqT-II.	 In	 contrast,	 the	 higher	
similarity	of	Hi2	to	anthozoan	APs	at	both	a	sequence	and	structural	level	could	indicate	that	
it	is	capable	of	SM	recognition	and	pore	formation,	which	prompted	a	further	analysis	on	this	
concept.	

A	multiple	sequence	alignment	of	Hi2	with	the	model	APs	EqT-II,	Fra-C,	and	Stn-II	indicated	
that	 this	 predicted	 protein	 shares	 numerous	 conserved	 residues	 associated	 with	 the	
fundamental	 processes	 of	 lipid	 recognition	 and	 membrane	 binding,	 insertion	 of	 the	 N-	
terminal	α-helix	into	the	target	membrane,	and	oligomerization	allowing	for	pore	formation.	
The	presence	of	a	patch	of	aromatic	residues	(Tyr114,	Trp117,	Tyr134,	Tyr138,	and	Tyr139)	
in	Hi2	 is	consistent	with	the	IBS	observed	 in	the	model	APs	EqT-II,	Fra-C,	and	Stn-II.	The	
major	observed	deviation	is	that	a	substitution	of	leucine	for	tryptophan	occurs	at	residue	
113	of	Hi2.	The	importance	of	the	equivalent	residue	in	EqT-II,	Trp112,	in	membrane	binding	
and	SM	recognition	has	been	exemplified	by	studies	in	which	this	residue	was	mutated	to	
phenylalanine	or	subject	to	19F	NMR	studies	[102,103].	This	substitution	also	appears	to	be	
prevalent	in	nature,	as	it	exists	in	numerous	anemone	APs,	as	well	as	the	ALP	Dr1	from	D.	
rerio	[20,22].	Furthermore,	a	mutant	of	EqT-II	containing	this	substitution	exhibited	similar	
SM	specificity	to	the	wild-type	protein	[6].	For	these	reasons,	this	substitution	in	Hi2	is	not	
expected	 to	 significantly	 inhibit	 any	 possible	 membrane-binding	 and	 SM-recognition	
capabilities	of	the	protein.	While	at	a	lower	level	of	conservation	the	N-terminal	region	of	
Hi2	also	appears	to	form	an	α-helix	of	similar	length	to	EqT-II,	Fra-C,	and	Stn-II.	The	notion	
that	 this	α-helix	 is	 capable	of	 inserting	 itself	 into	a	 target	membrane	 is	 supported	by	 the	
amphipathic	nature	of	the	predicted	helical	wheel	and	its	hydrophobic	moment	comparable	
to	 previously	 analysed	 AP	 N-terminal	 α-helices	 [20].	 Finally,	 residues	 associated	 with	
oligomerization	were	somewhat	consistent	between	Hi2	and	the	model	actinoporins.	While	
Hi2	 showed	 conservation	 at	 residues	 Lys76,	 Ile59,	 and	 Trp147,	 whose	 equivalents	 in	
anthozoan	 APs	 are	 associated	 with	 oligomerization,	 its	 RGD	 motif	 was	 another	 site	 of	
substitution	[12,13,45,46].	Hi2	instead	shows	a	substitution	of	Lys	for	Arg	and	Glu	for	Asp.	
That	 said,	 Lys	 and	 Glu	 are	 of	 a	 similar	 charge	 and	 hydrophobicity	 to	 Arg	 and	 Asp,	
respectively,	 and	 may	 allow	 for	 the	 retention	 of	 the	 oligomerization	 function	 [12].	
Furthermore,	this	Lys	substitution	has	been	observed	in	natural	actinoporins	[20].	Hi2	and	
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many	 other	 sponge	 ALPs	 also	 exhibited	 an	 acidic	 pI	 (Supplementary	 Table),	 which	 is	
uncharacteristic	 of	 the	 typically	 basic	 anthozoan	 APs	 [15,104].	 This	 observation	 is	 not	
entirely	unusual,	however,	as	there	is	a	precedent	for	acidic	APs	derived	from	anthozoans	
[20,	104,105].	

The	identification	of	ALPs	from	glomeromycete	fungi	with	high	sequence	similarity	to	known	
APs	 supports	 the	 previous	 notion	 of	 a	 pre-metazoan	 origin	 of	 these	 proteins	 [22].	 The	
presence	 of	 these	 genes	 in	 fungi,	 sponges,	 and	 cnidarians,	 and	 their	 absence	 in	
choanoflagellates,	ctenophores,	and	placozoans,	could	possibly	be	explained	by	a	series	of	
gene	losses	occurring	throughout	their	history.	However,	additional	assemblies	from	these	
organisms	should	be	assessed	prior	to	making	this	conclusion.	Furthermore,	the	observation	
that	many	species	of	sponge	were	the	source	of	numerous	ALP	isoforms	may	be	an	indication	
that	duplication	of	this	gene	is	a	common	event	in	this	phylum,	similar	to	the	situation	in	
cnidarians	 and	molluscs	 [25,104].	 This	 observed	diversification	paired	with	 the	 fact	 that	
many	sponge	ALPs	were	derived	from	transcriptomes	 indicates	that	these	are	not	simply	
genomic	 relics	 but	 do	 play	 some	 sort	 of	 functional	 role	 in	 sponges.	 In	 the	 phylogenetic	
analysis,	the	sponge	ALPs	were	not	found	to	cluster	together	in	a	clear	monophyletic	group,	
which	 appears	 to	 further	 exemplify	 the	 notion	 of	 a	 high	 degree	 of	 divergence	 of	 these	
proteins	in	the	Porifera.	However,	based	on	the	strong	signal	that	numerous	sponge	ALPs	
share	with	anthozoan	APs,	to	the	point	of	being	grouped	together,	and	considering	the	higher	
sequence	similarity	many	sponge	ALPs	have	with	cnidarian	APs,	several	of	these	proteins	
from	sponges	may	instead	be	classifiable	as	APs.	
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Discovery	and	characterization	of	Novel	Poriferan	Biosynthetic	
Pathways	via	Next-Generation	Sequencing	
A	focused,	main	objective	of	this	thesis	was	the	identification	of	a	biosynthetic	origin	of	3-
alkylpyridine	 alkaloids	 (3-APs)	 from	 the	 Order	 Haplosclerida	 via	 next-generation	
sequencing	and	genome	mining	techniques.	Specifically,	I	sought	to	test	the	hypothesis	that	
the	 common	monomeric	 units	 of	 these	 alkaloids	 are	 produced	 by	 a	 polyketide	 synthase	
(PKS)	which	accepts	nicotinic	acid	(NTA)	as	a	starter	unit	as	such	genes	should	be	readily	
detectable	by	available	genome	mining	software	[1].	Based	on	this	hypothesis,	two	features	
were	expected	to	be	identified	in	a	single	open	reading	frame	(ORF)	or	grouped	together	in	
a	biosynthetic	gene	cluster	(BGC).	First,	an	enzyme	or	enzymatic	domain	that	could	activate	
NTA	 to	 be	 incorporated	 into	 the	 biosynthetic	 pathway	 akin	 to	what	 is	 seen	with	 several	
polyketide	 natural	 products	 [2-5].	 Second,	 a	 multidomain	 enzyme	 which	 contains	 the	
necessary	PKS	domains	to	catalyse	a	Claisen	condensation	with	NTA	and	an	extender	unit	as	
well	 as	 sequentially	 reduce	 the	 ketone	 backbone	 [5].	 Based	 on	 the	 lack	 of	 evidence	 for	
common	microbial	symbionts	between	two	Irish	species	that	are	known	sources	of	3-APs,	
Haliclona	indistincta	and	Haliclona	viscosa,	a	possible	animal	origin	of	these	compounds	was	
also	considered	[6].	Furthermore,	chemical	extracts	from	these	two	species	have	displayed	
selective	activity	towards	various	tumoral	cell	lines	which	makes	them	attractive	targets	for	
biodiscovery	 purposes	 (Grace	 McCormack,	 personal	 communication).	 While	 3-APs	 from	
these	species	are	 the	 likely	source	of	such	activity,	 it	 could	also	be	 that	other	undetected	
compounds	with	 promising	 bioactivity	may	 also	 be	 isolatable.	 Based	 on	 this,	 a	 broader,	
secondary	objective	was	the	identification	of	additional	genes	that	could	have	relevance	to	
the	production	of	other	bioactive	small	molecules	and	proteins.	

As	NTA	and	an	alkyl	chain,	the	latter	likely	derived	from	a	polyketide	or	fatty	acid,	are	the	
signature	motifs	of	3-APs	 I	 first	 sought	 to	determine	 if	H.	 indistincta	and	H.	viscosa	could	
synthesize	 these	 building	 blocks.	 I	 approached	 this	 problem	 by	mapping	 protein-coding	
genes	 to	known	metabolic	pathways	associated	with	 the	production	of	 these	metabolites	
(Chapter	2)	[7].	While	the	sequenced	Haliclona	transcriptomes	likely	do	not	represent	every	
protein-coding	gene	 found	 in	 the	genomes	of	 these	 two	species,	 it	was	expected	 that	 the	
genes	responsible	for	3-APs	would	have	been	expressed	at	the	time	of	sampling	and	flash-
freezing.	This	is	due	to	the	detergent-like	substance	associated	with	these	two	species,	which	
was	 copiously	 exuded	 during	 the	 dissection	 process	 prior	 to	 sample	 preservation,	 being	
hypothesized	 to	 be	 comprised	 of	 3-AP	polymers	 (Grace	McCormack	 and	Olivier	Thomas,	
personal	communication).	This	analysis	produced	 two	key	 findings.	First,	 congruent	with	
isotope-labelling	studies,	both	H.	indistincta	and	H.	viscosa	have	a	possible	pathway	for	the	
biosynthesis	of	NTA	from	tryptophan	[8].	Second,	no	discernible	pathway	accounting	for	the	
biosynthesis	of	 the	3-AP	alkyl	chain	could	be	 identified,	although	a	complete	degradation	
pathway	of	fatty	acids	was	present.	This	latter	finding,	while	surprising,	is	consistent	with	
the	 lack	 of	 a	 complete	 pathway	 for	 the	 biosynthesis	 of	 fatty	 acids	 in	 the	 Amphimedon	
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queenslandica	genome	[9].	The	implications	of	this	observation	may	be	that	if	the	3-APs	are	
produced	by	the	sponge	then	the	alkyl	chain	could	be	derived	from	a	dietary	source	rather	
than	de	novo	biosynthesis	[10].	That	 is,	 following	consumption	dietary	fatty	acids	may	be	
degraded	to	the	appropriate	length	for	3-AP	biosynthesis.	Such	an	observation	may	explain	
why	numerous	3-APs	which	are	nearly	identical	in	structure	except	for	the	length	of	their	
alkyl	chain	can	be	identified	from	a	single	specimen	[11].	While	the	utilized	transcriptomic	
methods	 were	 insightful	 on	 the	 biosynthesis	 of	 potential	 3-AP	 building	 blocks	 by	 H.	
indistincta	 and	 H.	 viscosa,	 no	 identifiable	 enzymes	 which	 would	 carry	 out	 the	 actual	
biosynthesis	of	3-APs	could	be	identified.	This	could	be	due	to	several	possible	factors	such	
as	a	lack	of	sequencing	depth,	the	fragmented	nature	of	the	transcriptomes,	or	a	bacterial	
origin.	Due	to	these	limitations,	genome	sequencing,	which	would	overcome	such	problems,	
was	deemed	necessary.	

Long-read	 sequencing	with	 Pacific	 Biosciences	 technology	 produced	 a	 highly	 contiguous	
genome	of	H.	indistincta,	although	it	appears	that	the	very	3-APs	which	were	the	focus	of	this	
project	 may	 have	 been	 co-purified	 and	 interfered	 with	 sequencing	 as	 is	 evident	 by	 the	
disparity	 between	 the	 length	 of	 the	 isolated	 DNA	 fragments	 versus	 the	 length	 of	 the	
sequenced	 reads	 (Chapter	 3).	 In	 truth,	 the	 specialized	 metabolites	 of	 this	 species	 likely	
hampered	other	attempts	at	producing	next-generation	sequencing	data	for	the	assembly	of	
a	 reference-quality	 genome.	 Chromosome	 conformation	 capture	 was	 also	 attempted	 on	
samples	 of	 H.	 indistincta,	 although	 it	 was	 evident	 that	 the	 utilized	 Arima-HiC	 Kit	 was	
designed	for	model	organisms	as	the	characteristic	detergent-like	slime	was	consistently	co-
purified	(personal	observation)	[12].	This	likely	translated	to	the	erroneous	Hi-C	sequencing	
data	which	did	not	map	back	properly	to	the	genome	assembly	(data	not	shown).	Still,	the	
draft	genome	assembly	was	sufficient	for	testing	the	PKS	hypothesis	on	3-AP	biosynthesis.	
Specifically,	only	a	single	gene	which	fit	said	hypothesis,	that	for	the	hybrid	nonribosomal	
peptide	 synthetase-polyketide	 synthase	 (NRPS-PKS),	 was	 identified	 on	 a	 contig	 likely	
derived	 from	 the	 sponge	 chromosome.	 Surprisingly,	 no	 PKS	 genes	 were	 detected	 in	 the	
metagenome-assembled	genomes	(MAGs)	despite	bacteria	associated	with	sponges	being	a	
consistent	source	of	these	genes	[13].	Two	main	features	of	the	sponge	NRPS-PKS	partially	
satisfy	the	PKS	hypothesis.	First,	 its	two	adenylation	domains	can	be	considered	a	type	of	
AMP-binding	enzymatic	domain.	The	presence	of	these	adenylation	domains	has	relevance	
to	 3-AP	 biosynthesis	 as	 a	 standalone	 adenylation	 domain	 has	 been	 previously	 shown	 to	
activate	 NTA	 for	 incorporation	 into	 a	 polyketide	 [3].	 Second,	 its	 acyltransferase	 and	
ketosynthase	domains	would	be	expected	to	activate	a	PKS	extender	unit,	such	as	malonyl-
CoA,	 and	 catalyse	 a	 Claisen	 condensation	 reaction	 respectively.	 This	 reaction	 is	 used	 to	
produce	the	molluscan	haminols	which	are	structurally	similar	to	monomeric	3-APs	and	is	
the	foundation	for	the	PKS	hypothesis	of	3-APs	[14,15].	However,	several	characteristics	of	
this	 NRPS-PKS	 make	 connecting	 it	 with	 3-AP	 biosynthesis	 difficult.	 Regarding	 the	
nonribosomal	 peptide	 synthetase	 (NRPS)	 portion,	 attempts	 to	 predict	 the	 substrate	
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specificity	 of	 the	 adenylation	 domains,	 particularly	 whether	 relevant	 features	 have	
consistency	with	those	which	activate	NTA	for	polyketide	biosynthesis,	were	inconclusive	
[2-5,16-18].	Furthermore,	the	presence	of	a	condensation	domain	strongly	suggested	that	a	
peptide	bond	is	formed	during	the	biosynthetic	process	of	this	NRPS-PKS	and	such	a	feature	
is	absent	in	all	reported	3-APs	[19].	However,	it	should	be	noted	that	condensation	domains	
are	not	limited	to	this	reaction	with	some	catalysing	the	conjugation	of	an	activated	fatty	acid	
with	the	amine	of	an	amino	acid	[20].	Such	a	reaction	bears	some	relevance	to	the	carbon-
nitrogen	bond	which	oligomerized	3-APs	possess.	Moving	to	the	PKS	portion,	as	the	3-AP	
polymer	of	H.	 indistincta	exhibits	 a	 fully	 reduced	 alkyl	 chain	 it	would	be	 expected	 that	 a	
responsible	enzyme	would	contain	ketoreductase,	dehydratase	and	enoylreductase	domains	
akin	to	that	which	produces	pyridonopyrone	A	[5].	However,	such	domains	are	absent	in	the	
NRPS-PKS	which	necessitates	alternative	hypotheses	to	explain	how	it	may	produce	a	3-AP	
monomeric	unit.	One	possible	method	is	that	extender	units	derived	from	malonyl-CoA	are	
sequentially	 added	 upon	 a	 NTA	 starter	 unit	 in	 a	 typical	 PKS	 fashion.	 Following	 this,	 the	
elongated	ketone	backbone	could	be	fully	reduced	by	separate	trans-acting	enzymes	akin	to	
the	enoylreductase	 involved	 in	 the	biosynthesis	of	 tenellin	and	 the	ketoreductase	 for	 the	
polyketide	dimer	SIA7248	[21,22].	Alternatively,	a	mature,	fully	reduced	fatty	acid	could	be	
conjugated	to	NTA	via	a	Claisen	condensation	akin	to	the	biosynthesis	of	norsolorinic	acid	
anthrone	which	involves	a	ketosynthase	conjugating	a	fatty	acid	to	a	polyketide	[23].	

Based	on	the	results	of	genome	sequencing,	 it	can	be	concluded	that	3-APs	are	 likely	not	
produced	 via	 a	 PKS	 which	 contains	 ketoreductase,	 dehydratase	 and	 enoylreductase	
enzymatic	domains	as	has	been	previously	hypothesized	(Chapter	3)	[1].	However,	the	high	
degree	 of	 sequence	 novelty	which	 rendered	 substrate	 prediction	 for	 the	NRPS-PKS	 of	H.	
indistincta	 inconclusive	does	not	necessarily	mean	that	this	enzyme	is	disproven	to	being	
involved	in	3-AP	biosynthesis.	In	truth,	while	in	silico	predictive	methods	are	powerful	tools	
for	 estimating	 the	 function	 of	 an	 enzyme	 related	 to	 the	 biosynthesis	 of	 a	 specialized	
metabolite,	often	these	predictive	methods	are	based	on	bacterial	and	fungal	data	[16,24].	
As	such,	applying	these	methods	to	metazoan	biosynthetic	enzymes	such	as	the	H.	indistincta	
NRPS-PKS	 likely	 resulted	 in	 the	 low	 predictive	 confidence.	 To	 truly	 determine	 what	
biochemical	reactions	an	enzyme	catalyses	 in	vitro	experimentation	 is	necessary.	For	this	
reason	 I	 pursued	 the	 heterologous	 expression	 of	 the	 NRPS-PKS	 gene	 in	 Saccharomyces	
cerevisiae	with	 the	 intention	 of	 functionally	 characterizing	 the	 produced	 enzyme	 akin	 to	
what	has	been	done	with	molluscan	and	echinoderm	PKS	genes	(Chapter	4)	[25,26].	Despite	
the	NRPS-PKS	gene	being	accurately	synthesized,	cloned	into	the	expression	vector	XW-55,	
and	 then	 transformed	 into	S.	 cerevisiae	 strain	BJ5464-NpgA	no	 recombinant	protein	was	
detected.	In	turn,	due	to	time	constraints	I	was	not	able	to	further	pursue	this	aspect	of	my	
project.	Still,	these	results	revealed	important	information	as	to	the	feasibility	on	attempting	
heterologous	expression	of	the	entire	NRPS-PKS	ORF.	In	turn,	several	paths	to	overcome	this	
difficulty	can	be	envisioned.	For	one,	a	deeper	transcriptome	is	likely	necessary	to	determine	
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whether	introns	are	present	within	the	NRPS-PKS	gene	similar	to	the	previously	mentioned	
molluscan	 PKS	 [25].	 Additionally,	 alternative	 heterologous	 hosts	 with	 potentially	 better	
capabilities	 of	 splicing	 introns	 should	 be	 considered	 (Eric	 Schmidt,	 personal	
communication)	[27].	Finally,	the	heterologous	expression	and	biochemical	characterization	
of	individual	enzymatic	domains	should	also	be	considered	as	has	been	done	with	previous	
metazoan	 PKS	 genes	 [28].	 If	 the	 adenylation	 domains	 were	 individually	 expressed	 their	
ability	to	activate	NTA	could	be	assessed	by	means	such	as	the	malachite	green	assay;	such	
an	 analysis	 would	 easily	 confirm	 or	 disconfirm	 the	 role	 of	 this	 NRPS-PKS	 gene	 in	 3-AP	
biosynthesis	[29].	

Overall	while	I	have	identified	a	candidate	gene	for	the	biosynthesis	of	3-APs,	I	was	not	able	
to	successfully	determine	if	 it	 is	responsible	for	these	compounds	via	 in	silico	and	 in	vitro	
methods	(Chapter	2,	Chapter	3,	Chapter	4).	If	the	NRPS-PKS	is	not	responsible	for	the	3-AP	
polymers	of	H.	indistincta,	the	notion	that	common	monomeric	building	blocks	are	produced	
by	any	sort	of	megasynthase	can	be	considered	false.	In	turn,	this	will	instead	imply	that	a	
multitude	of	smaller	enzymes	are	likely	responsible	for	catalysing	the	necessary	biosynthetic	
reactions	 in	 cohesion.	 Such	 a	 scenario	 presents	 a	 far	 more	 difficult	 pathway	 towards	
determining	 the	 biosynthetic	 origin	 of	 these	 compounds	 as	 no	 other	 obvious	BGCs	were	
identified	in	the	H.	indistincta	genome	or	microbial	MAGs	(Chapter	3).	Instead,	it	may	be	that	
the	3-AP	genes	are	not	clustered	in	one	region	of	a	chromosome	as	is	observed	with	those	
linked	to	nemamide	biosynthesis	which	thus	renders	genome	mining	for	BGCs	ineffective	
[30].	 Besides	 genome	mining,	 a	 second	 approach	 to	 identifying	 biosynthetic	 enzymes	 of	
uncharacterized	 pathways	 is	 through	 differential	 transcriptomics.	 For	 example,	 the	
accountable	genes	may	be	locally	expressed	in	certain	tissues	of	an	organism	as	seen	with	
the	conazolium	compounds	from	cone	snails	[31].	Alternatively,	culture	conditions	can	result	
in	the	overexpression	of	biosynthetic	genes	as	was	used	to	identify	the	BGC	associated	with	
domoic	 acid	 production	 in	 diatoms	 [32].	 The	 latter	 approach	 presents	 an	 interesting	
possibility	 to	 identify	 3-AP	 biosynthetic	 genes	 as	 sustained	 cell	 cultures	 of	 the	 species	
Amphimedon	compressa	and	Amphimedon	erina,	both	of	which	are	known	sources	of	these	
compounds,	has	been	achieved	[33].	Considering	the	role	NTA	plays	in	the	biosynthesis	of	3-
APs	it	could	represent	a	potential	variable	to	induce	differential	expression.	For	example,	the	
production	of	3-APs	may	be	a	method	of	detoxifying	NTA	from	the	sponge	while	producing	
a	 bioactive	 specialized	metabolite	 as	 is	 done	with	 certain	 plant	 alkaloids	 [34].	 However,	
considering	 the	 difficulty	 of	 isolating	 3-AP	 polymers,	 a	 different	 species	 to	H.	 indistincta	
should	be	considered	as	these	are	the	only	3-AP	compounds	known	to	be	derived	from	it	
(Olivier	Thomas,	personal	communication).	Based	on	the	reported	success	of	culturing	A.	
compressa	 cells	 as	 well	 as	 it	 being	 the	 source	 of	 the	 much	 smaller	 8,8′-
dienecyclostellettamine	this	species	could	represent	a	promising	target	for	this	goal	[35].	

Moving	 from	 3-APs,	 the	 presence	 of	 similar	 NRPS-PKS	 genes	 in	 the	 transcriptomes	 and	
genomes	 of	 other	 demosponges	 as	 well	 as	 NRPS	 genes	 in	 those	 from	 the	 class	
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Homoscleromorpha	 is	 a	 significant	 finding	 which	 expands	 upon	 what	 is	 known	 about	
specialized	metabolism	in	not	only	the	phylum	Porifera	but	all	metazoans	(Chapter	3).	To	
date,	the	only	published	metazoan	hybrid	megasynthases	genes	have	been	from	nematodes	
whereas	 no	modular	metazoan	 NRPS	 genes	 have	 been	 published	 [36,37].	 Genomics	 and	
transcriptomics	 have	 indicated	 that	 sponges	 possess	 the	 genes	 for	 the	 biosynthesis	 of	
bioactive	natural	products	such	as	sterols,	ovothiols	and	peptides	[38-40].	However,	until	
now	 no	 evidence	 of	 megasynthase	 genes	 have	 been	 reported	 from	 this	 phylum	 despite	
numerous	sponge-derived	polyketides,	nonribosomal	peptides,	and	hybrids	of	the	two	being	
reported	 [41-43].	 Rather,	 most	 sponge-derived	 natural	 products	 have	 been	 credited	 to	
associated	microorganisms	[44,45].	Now,	I	have	shown	that	a	diverse	array	of	sponges	can	
be	 considered	 likely	 sources	 of	 nitrogenous	 specialized	 metabolites	 based	 on	 their	
possession	of	NRPS	and	NRPS-PKS	genes.	However,	 like	 that	of	H.	 indistincta	 these	other	
sponge	megasynthases	exhibit	a	lack	of	sequence	similarity	to	anything	in	public	databases.	
In	 turn,	 this	 results	 in	 functional	 prediction	 of	 their	 enzymatic	 domains	 also	 being	
inconclusive	even	when	focusing	on	conserved	residues	[17,18].	If	the	NRPS-PKS	genes	were	
responsible	for	the	biosynthesis	of	the	same	compound,	one	would	expect	similar	natural	
products	to	be	isolated	from	the	species	which	possess	said	genes	as	is	observed	with	other	
metazoan	natural	products	[25].	However,	such	a	comparison	cannot	currently	be	made	due	
to	 a	 lack	 of	 chemical	 analysis	 on	most	 species	which	 possess	 these	 genes.	 Other	 than	H.	
indistincta,	 the	 only	 species	 which	 possesses	 a	 NRPS-PKS	 and	 has	 been	 shown	 to	 yield	
bioactive	specialized	metabolites	is	Stylissa	carteri	which	is	a	consistent	source	of	alkaloids,	
albeit	not	3-APs	[46].	

While	these	sponge	megasynthase	genes	are	found	on	the	chromosome	of	the	animal,	it	is	
difficult	to	say	whether	or	not	they	are	the	result	of	horizontal	gene	transfer	from	bacteria.	
Such	an	event	has	been	previously	reported	as	the	origin	of	one	sponge	gene	and	is	likely	
due	to	the	close	association	these	animals	often	have	with	bacteria	[47].	Unlike	previously	
characterized	metazoan	PKS	genes,	these	sponge	NRPS-PKSs	do	not	exhibit	a	strong	degree	
of	sequence	similarity	to	those	of	other	metazoans	[25,26].	Rather,	they	consistently	display	
the	 highest,	 albeit	 still	 low,	 sequence	 similarity	 to	 bacterial	 megasynthases	 in	 the	 NCBI	
nonredundant	 database	 which	 would	 be	 expected	 of	 a	 horizontally	 transferred	 gene.	
Phylogenetic	analysis	of	individual	PKS	enzymatic	domains	from	nematodes	has	been	used	
to	estimate	whether	they	are	the	result	of	horizontal	gene	transfer	or	gene	duplication	from	
a	fatty	acid	synthase;	unfortunately	the	 lack	of	 fatty	acid	synthase	genes	from	not	only	H.	
indistincta	but	other	 sponges	as	well	 renders	 this	method	 inapplicable	 for	 the	NRPS-PKS	
genes	 of	 this	 phylum	 [36].	 Still,	 a	 maximum	 likelihood	 tree	 of	 the	 sponge	 NRPS-PKS	
ketosynthase	 enzymatic	 domains	 indicates	 a	well-resolved	 clade	with	 statistical	 support	
separating	it	from	any	of	the	closest	bacterial	or	eukaryotic	sequences	(Chapter	3).	Initially,	
the	 topology	 indicates	 a	 closer	 phylogenetic	 signal	 to	 bacterial	 sequences,	 but	 a	 lack	 of	
statistical	support	for	any	of	the	connecting	nodes	renders	said	topology	unreliable.	As	no	
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similar	 genes	 were	 found	 to	 be	 present	 in	 choanoflagellates	 or	 other	 non-metazoan	
eukaryotes,	 inheritance	via	a	eukaryotic	ancestor	appears	unlikely	unless	a	series	of	gene	
losses	occurred.	Based	on	this	as	well	as	a	lack	of	evidence	for	a	gene	duplication	event	from	
a	 similar	 megasynthase,	 horizontal	 transfer	 remains	 the	 most	 likely	 explanation	 for	 the	
specific	 presence	 of	 this	 gene	 in	 diverse	 sponge	 genomes.	 Further	 analysis	 on	 the	 other	
enzymatic	domains,	such	as	the	well	conserved	adenylation	and	condensation	domains,	may	
provide	better	insight	on	the	origin	of	these	genes.	

A	secondary	objective	of	mine	was	to	identify	genes	associated	with	undiscovered	natural	
products	from	H.	indistincta	and	H.	viscosa	alternative	to	the	polymeric	3-APs.	This	is	because	
while	these	compounds	exhibit	strong	cytotoxicity,	they	are	often	nonselective	which	may	
hamper	 their	 development	 into	 clinically	 approved	 drugs	 (Grace	 McCormack,	 personal	
communication)	[48].	Sponges	are	a	well-known	source	of	sterols	with	unique	skeletons	not	
seen	 in	 any	 other	 phylum	 [49].	 As	 structurally	 unique	 sterols	 have	 been	 isolated	 from	
previously	analysed	Haliclona	species	I	reasoned	that	similar	compounds	may	be	derivable	
from	H.	indistincta	and	H.	viscosa	(Chapter	2)	[50-51].	Consistent	with	a	prior	analysis	of	the	
haplosclerid	species	A.	queenslandica,	H.	indistincta	and	H.	viscosa	appear	capable	of	creating	
common	animal	sterols	as	well	as	catalysing	several	reactions	associated	with	plant	sterol	
biosynthesis	 [9].	 The	 lack	 of	 a	 complete	 plant	 sterol	 biosynthetic	 pathway	 may	 be	 an	
indication	that	the	comprehensive	sterol	biosynthetic	pathway	of	sponges	cannot	be	neatly	
conformed	 to	 those	 typically	 associated	with	 plants	 and	 other	 animals.	 Overall,	 it	 is	 not	
unreasonable	to	hypothesize	that	these	species	can	be	sources	of	cytotoxic	sterols,	although	
chemical	analyses	will	be	necessary	to	confirm	such	a	presence.	

Unexpectedly,	H.	 indistincta	and	H.	 viscosa	were	 also	 found	 to	 contain	 a	 variety	 of	 genes	
encoding	 for	 actinoporin-like	 proteins	 (ALPs)	 (Chapter	 5).	 As	 these	 small	 proteinaceous	
toxins	 are	 known	 for	 their	 cytolytic	 activity,	 they	 too	 should	 be	 considered	 as	 possible	
pharmaceutical	 candidates	 [53-56].	 Such	 a	 hypothesis	 is	 further	 supported	 by	 in	 silico	
analyses	 of	 conserved	 residues	 and	 secondary	 structure	 of	 one	 ALP	 from	H.	 indistincta.	
Furthermore,	 the	 closer	 phylogenetic	 relationship	 between	 sponge	 ALPs	 and	 cnidarian	
actinoporins	(APs)	rather	than	to	ALPs	from	other	animals	may	also	serve	as	an	indicator	
that	they	are	capable	of	a	similar	cytotoxic	function.	Extrapolating	upon	this,	the	presence	of	
similar	genes	in	the	genomes	and	transcriptomes	of	species	from	the	Classes	Demospongiae,	
Heterosclermorpha	and	Calcarea	shows	an	aspect	of	the	Phylum	which	could	be	considered	
for	 biotechnological	 and	 therapeutic	 applications	 akin	 to	 APs	 [57].	 This	 widespread	
distribution	perhaps	indicates	a	common	purpose	of	the	molecules	to	the	phylum,	although	
it	is	difficult	to	envision	what	such	a	purpose	is.	Often,	those	APs	and	ALPs	associated	with	
cnidarians	 and	 molluscs	 play	 a	 role	 in	 offensive	 envenomation	 which,	 barring	 two	
exceptions,	 is	 an	absent	process	 in	 sponges	 [53,56,58-61].	However,	many	non-cnidarian	
ALPs	are	associated	with	animals	 incapable	of	envenomation	such	as	bivalves	which	may	
imply	a	defensive	role	in	such	organisms	as	well	as	sponges	[55].	While	not	an	ALP,	a	cytolytic	
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perforin-like	protein	has	been	 identified	 from	Suberites	domuncula	and	was	 shown	 to	be	
upregulated	 when	 the	 sponge	 is	 exposed	 to	 lipopolysaccharides	 [62].	 As	 sponges	 are	
constantly	exposed	to	microorganisms	due	to	their	filter	feeding	nature,	it	can	be	reasoned	
that	 these	 pore-forming	 proteins,	 such	 as	 the	 sponge	 ALPs,	 instead	 serve	 a	 purpose	 of	
eliminating	antagonistic	microorganisms.	However,	to	truly	determine	the	ecological	role	as	
well	 as	 applied	 potential	 of	 these	 sponge	 ALPs,	 cloning,	 heterologous	 expression	 and	
functional	studies	will	be	necessary.	Fortunately,	the	small	size	of	these	proteins	has	allowed	
Escherichia	 coli	 to	 function	 as	 a	 heterologous	 host	 for	 cnidarian	 APs	 in	 the	 past	 which	
indicates	feasibility	in	attempting	the	same	methodology	on	the	sponge	ALPs.	[63,64].	

Concluding	Remarks	
While	 I	 have	 not	 been	 able	 to	 solve	 the	 mystery	 on	 what	 biosynthetic	 mechanisms	 are	
responsible	for	the	production	of	3-APs,	the	results	of	my	work	necessitate	a	reconsideration	
as	 to	 how	 these	 alkaloids	 are	 biosynthesized	 in	 contrast	 to	 what	 has	 been	 previously	
hypothesized.	Specifically,	the	origin	of	these	compounds	appears	to	be	more	complex	than	
a	fully	reducing	PKS	which	accepts	NTA	as	a	starter	unit.	My	efforts	identified	a	single,	novel	
megasynthase	gene	which	possessed	PKS	and	AMP-binding	enzymatic	domains	that	fit	the	
PKS	hypothesis.	Although	my	attempts	to	clone	and	heterologously	express	this	NRPS-PKS	
gene	 for	 functional	 characterization	 were	 unsuccessful,	 these	 efforts	 have	 laid	 the	
foundation	for	future	biochemical	work	to	determine	the	role	of	this	enigmatic	gene.	Without	
functional	characterization	in	the	laboratory,	it	is	impossible	to	completely	rule	out	if	this	
gene	has	a	role	in	3-AP	biosynthesis.	However,	based	on	several	previously	discussed	key	
qualities,	it	is	my	opinion	that	the	H.	indistincta	NRPS-PKS	is	not	responsible	for	the	3-APs	
and	that	alternative	origins	should	be	considered.	Still,	my	identification	of	similar	genes	in	
the	Demospongiae	and	Heteroscleromorpha	indicates	that	sponges	themselves	should	not	
be	overlooked	as	a	potential	source	of	nitrogenous	marine	natural	products	in	comparison	
to	their	associated	microbiota.	In	addition,	my	identification	of	genes	associated	with	sterol	
biosynthesis	and	ALPs	from	the	analysed	species	has	produced	alternative	avenues	for	the	
discovery	of	new	natural	products	 and	proteinaceous	 toxins	 from	 Irish	Haliclona	species	
which	 may	 have	 applied	 uses.	 Overall,	 this	 endeavour	 has	 mainly	 been	 one	 of	 in	 silico	
analyses	 which	 produced	 a	 myriad	 of	 computational	 predictions	 related	 to	 the	 goal	 of	
biodiscovery.	 While	 this	 is	 a	 crucial	 portion	 of	 genomics-driven	 discovery	 of	 natural	
products,	 it	 is	 only	 one	 half	 of	 the	 process.	 To	 connect	 genes	 to	 natural	 products	 said	
predictions	 must	 be	 tested	 in	 vitro	 in	 the	 laboratory	 by	 means	 such	 as	 heterologous	
expression	or	differential	transcriptomics.	It	is	my	hope	that	a	continuation	of	my	efforts	will	
be	pursued	in	this	manner	so	that	possible	therapeutic	or	biotechnological	applications	may	
be	derived	from	these	challenging	but	fascinating	Irish	sponges.	
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Appendix	1	UniProt	sequences	used	to	manually	screen	Haliclona	transcriptomes	for	missing	KEGG	genes.	

Enzyme	 Pathway	 Species	 UniProt		
Accession	

6.3.4.21	 Nicotinate	Metabolism	 H.	sapiens	 Q6XQN6	
3.5.1.19	 Nicotinate	Metabolism	 S.	cerevisiae	 P53184	
2.3.1.85	-	FASN	 Fatty	Acid	Biosynthesis	 H.	sapiens	 P49327	
2.3.1.86	-	FAS1	 Fatty	Acid	Biosynthesis	 S.	cerevisiae	 P07149	
2.3.1.86	-	FAS2	 Fatty	Acid	Biosynthesis	 S.	cerevisiae	 P19097	
2.3.1.-	-	Fas	 Fatty	Acid	Biosynthesis	 M.	tuberculosis	H37Rv	 P95029	
2.3.1.41	-	FabB	 Fatty	Acid	Biosynthesis	 E.	coli	K12	 P0A953	
1.1.1.100	-	FabG	 Fatty	Acid	Biosynthesis	 E.	coli	K12	 P0AEK2	
1.1.1.100	-	FabG	 Fatty	Acid	Biosynthesis	 A.	thaliana	 P33207	
1.1.1.-	-	CBR4	 Fatty	Acid	Biosynthesis	 H.	sapiens	 Q8N4T8	
4.2.1.59	-	FabA	 Fatty	Acid	Biosynthesis	 E.	coli	 P0A6Q3	
4.2.1.59	-	FabZ	 Fatty	Acid	Biosynthesis	 E.	coli	K12	 P0A6Q6	
4.2.1.59	-	FabZ	 Fatty	Acid	Biosynthesis	 A.	thaliana	 Q9SIE3	
4.2.1.-	-	HTD2	 Fatty	Acid	Biosynthesis	 H.	sapiens	 P86397	
1.3.1.9	-	FabI	 Fatty	Acid	Biosynthesis	 E.	coli	K12	 P0AEK4	
1.3.1.9	-	FabI	 Fatty	Acid	Biosynthesis	 A.	thaliana	 Q9SLAB	
1.3.1.9	-	FabK	 Fatty	Acid	Biosynthesis	 S.	pneumoniae	 Q9FBC5	
1.3.1.104	-	FabL	 Fatty	Acid	Biosynthesis	 B.	subtilis	168	 P71079	
1.3.1.9	-	FabV	 Fatty	Acid	Biosynthesis	 P.	aeruginosa	 Q9HZP8	
1.14.14.17	 Sterol	Biosynthesis	-	Animals	 A.	queenslandica	 A0A1X7V870	
5.4.99.7	 Sterol	Biosynthesis	-	Animals	 A.	queenslandica	 A0A1X7VQB7	
1.3.1.72	-	DHCR24	 Sterol	Biosynthesis	-	Animals	 H.	sapiens	 Q15392	
5.4.99.8	 Sterol	Biosynthesis	-	Plants	 A.	thaliana	 P38605	
2.1.1.41	-	SMT1	 Sterol	Biosynthesis	-	Plants	 A.	queenslandica	 A0A1X7ULF8	
1.14.18.10	 Sterol	Biosynthesis	-	Plants	 A.	thaliana	 Q8L7W5	
1.1.1.418	 Sterol	Biosynthesis	-	Plants	 A.	thaliana	 Q9FX01	
1.1.1.270	 Sterol	Biosynthesis	-	Plants	 A.	queenslandica	 A0A1X7V922	
1.14.14.154,	
1.14.15.36	-	CYP51G1	

Sterol	Biosynthesis	-	Plants	 A.	thaliana	 Q9SAA9	

1.3.1.70	-	FK	 Sterol	Biosynthesis	-	Plants	 A.	thaliana	 Q9LDR4	
5.3.3.5	-	HYD1	 Sterol	Biosynthesis	-	Plants	 A.	thaliana	 O48962	

2.1.1.143	-	SMT2	 Sterol	Biosynthesis	-	Plants	 A.	thaliana	 Q39227	
1.14.18.11	 Sterol	Biosynthesis	-	Plants	 A.	thaliana	 Q8VWZ8	
1.14.19.20	-	STE1	 Sterol	Biosynthesis	-	Plants	 A.	thaliana	 Q39208	
1.3.1.21	-	DWF5	 Sterol	Biosynthesis	-	Plants	 A.	thaliana	 Q9LDU6	
1.3.1.72	-	DWF1	 Sterol	Biosynthesis	-	Plants	 A.	thaliana	 Q39085	
1.14.19.41	-	CYP710A	 Sterol	Biosynthesis	-	Plants	 A.	thaliana	 Q9ZV29	
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Appendix	2	Hybrid	ketosynthase	sequences	used	for	the	construction	of	a	phylogenetic	tree.	

Fungi	 Bacteria	
Sequence	 Accession	 Sequence	 Accession	

Cetraspora	pellucida	1	 CAG8479329.1	 Nostoc	sp.	GSV224	nosB	 AAF15892.2	

Dentiscutata	erythropus	1	 CAG8465812.1	 Lyngbya	majuscula	1	 AAS98784.1	
Dentiscutata	erythropus	2	 CAG8557733.1	 Lyngbya	majuscula	CurG	 AAT70102.1	

Dentiscutata	erythropus	3	 CAG8562942.1	
Cylindrospermopsis	raciborskii	
AWT205	cyrB	 ABX60161.1	

Dentiscutata	erythropus	4	 CAG8743934.1	
Nostoc	sp.	'Peltigera	membranacea	
cyanobiont'	1	 ADA69241.1	

Dentiscutata	heterogama	1	 CAG8528616.1	 Nostoc	sp.	CENA543	ndaC	 ATP76242.1	
Dentiscutata	heterogama	1	 CAG8580022.1	 Okeania	hirsuta	MgcK	 AZH23793.1	
Gigaspora	margarita	1	 CAG8484623.1	 Candidatus	Entotheonella	sp.	kasB	 BAW32323.1	
Gigaspora	margarita	2	 CAG8718178.1	 Streptomyces	avermitilis	ptxC	 BBA21069.1	
Gigaspora	margarita	3	 CAG8723241.1	 Kitasatospora	griseola	1	 KIQ64709.1	

Gigaspora	margarita	4	 CAG8732995.1	 Unidentified	bacterium	1	 MCP4653886.1	
Gigaspora	margarita	5	 KAF0367615.1	 Unidentified	bacterium	2	 MCP4653886.1	
Gigaspora	margarita	6	 KAF0480591.1	 Streptomyces	halstedii	1	 NEA20538.1	
Gigaspora	margarita	7	 KAF0497156.1	 Acidobacteriia	bacterium	AA117	1	 PYP93107.1	
Gigaspora	margarita	8	 KAF0524901.1	 Chloroflexi	bacterium	1	 RMF30773.1	
Gigaspora	rosea	1	 CAG8454249.1	 Salinispora	arenicola	CNR107	1	 WP_019032754.1	
Gigaspora	rosea	2	 RIB03237.1	 Streptomyces	kasugaensis	1	 WP_131122990.1	
Gigaspora	rosea	3	 RIB15045.1	 Cystobacter	gracilis	1	 WP_224245440.1	
Gigaspora	rosea	4	 RIB28562.1	 Streptomyces	sp.	MA3	2.13	1	 WP_228078005.1	

Racocetra	fulgida	1	 CAG8462630.1	 Streptomyces	sp.	RY43-2	1	 WP_252427324.1	

Racocetra	persica	1	 CAG8560316.1	 Algae	

Rotifers	 Sequence	 Accession	
Species	 Accession	 Symbiodinium	sp.	CCMP2592	1	 CAE7473882.1	

Didymodactylos	carnosus	1	 CAF0936322.1	 Symbiodinium	sp.	CCMP2456	1	 CAE7507918.1	

Adineta	ricciae	1	 CAF1215328.1	 Polarella	glacialis	1	 CAE8667626.1	

Rotaria	sp.	Silwood1	1	 CAF1288588.1	 Diacronema	lutheri	1	 KAG8458283.1	

Rotaria	sp.	Silwood2	1	 CAF2828736.1	 Chrysochromulina	tobinii	1	 KOO23785.1	

Rotaria	socialis	1	 CAF3353722.1	 Gambierdiscus	polynesiensis	1	 QJU71784.1	

Rotaria	sordida	1	 CAF3621424.1	 Sponges	

Rotaria	magnacalcarata	1	 CAF3978175.1	 Species	 Accession	

Nematodes	 Raspailiidae	sp.	1	 AAX62314.1	

Species	 Accession	 	  
Haemonchus	contortus	1	 CDJ83277.1	 	  
Ancylostoma	ceylanicum	1	 EPB66696.1	 	  
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Angiostrongylus	cantonensis	1	 KAE9414965.1	 	  
Oesophagostomum	dentatum	1	 KHJ99846.1	 	  
Ancylostoma	duodenale	1	 KIH69030.1	 	  
Ancylostoma	caninum	1	 RCN45771.1	 	  
Nippostrongylus	brasiliensis	1	 VDL74159.1	 	  
Heligmosomoides	polygyrus	1	 VDP18007.1	 	  
Appendix	3	Histogram	of	read	length	from	Pacific	Biosciences	Sequel	ii	single-molecule	real-time	sequencing	
of	MIIG1388.	

Appendix	4	Primers	used	to	attempt	amplification	of	regions	of	the	H.	indistincta	NRPS-PKS	gene.	

Primer	 Sequence	 Fragment	Size	(bp)	
Fragment	1	Forward	 ATGTCGTCAGAATCTCAATC	 1843	Fragment	1	Reverse	 GGCTACTGAATTCATCAATG	
Fragment	2	Forward	 ATTCAGTAGCCATACATACC	 1377	Fragment	2	Reverse	 ACTACAGGTACTATAAGAGC	
Fragment	3	Forward	 ATTCCAGCTCTTATAGTACC	 2615	Fragment	3	Reverse	 GTGTCTTCATCACTAACATC	
Fragment	4	Forward	 TGTTAGTGATGAAGACACTG	 2189	Fragment	4	Reverse	 AACTGAGCTCTAATACACTC	
Fragment	5	Forward	 AGTGTATTAGAGCTCAGTTC	 2075	Fragment	5	Reverse	 GATACAGAGAGCATACAACC	
Fragment	6	Forward	 GTATGCTCTCTGTATCATTG	 1859	Fragment	6	Reverse	 CATACATGTGAATTCTCCAC	
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Appendix	5	Presence	and	absence	of	ALP	genes	in	the	assembled	sponge	genomes	and	transcriptomes.	

Order	 Family	 Genus	 Species	

#	Non-
redundant	
ALPs	

Amphidiscosida	 Hyalonematidae	 Hyalonema	 populiferum	 0	
Axinellida	 Axinellidae	 Cymbastela	 concentrica	 0	
Axinellida	 Axinellidae	 Cymbastela	 stipitata	 0	
Axinellida	 Axinellida	 Stylissa	 carteri	 3	
Baerida	 Baeriidae	 Leuconia	 nivea	 0	
Bubarida	 Dictyonellidae	 Scopalina	 sp.	 3	
Chondrillida	 Chondrillidae	 Chondrilla	 nucula	 0	
Clathrinida	 Clathrinidae	 Clathrina	 coriacea	 0	
Clionaida	 Clionaidae	 Cliona	 orientalis	 3	
Clionaida	 Clionaidae	 Cliona	 varians	 7	
Dendroceratida	 Darwinellidae	 Dendrilla	 antarctica	 0	
Dendroceratida	 Halisarcidae	 Halisarca	 caerulea	 0	
Dendroceratida	 Halisarcidae	 Halisarca	 dujardini	 0	
Dendroceratida	 Darwinellidae	 Pleraplysilla	 spinifera	 1	
Dictyoceratida	 Thorectidae	 Carteriospongia	 foliascens	 0	
Dictyoceratida	 Dysideidae	 Dysidea	 avara	 9	
Dictyoceratida	 Irciniidae	 Ircinia	 fasciculata	 0	
Dictyoceratida	 Spongiidae	 Spongia	 officinalis	 2	
Haplosclerida	 Niphatidae	 Amphimedon	 queenslandica	 0	
Haplosclerida	 Chalinidae	 Haliclona	 amboinensis	 1	
Haplosclerida	 Chalinidae	 Haliclona	 cinerea	 1	
Haplosclerida	 Chalinidae	 Haliclona	 indistincta	 8	
Haplosclerida	 Chalinidae	 Haliclona	 oculata	 0	
Haplosclerida	 Chalinidae	 Haliclona	 simulans	 0	
Haplosclerida	 Chalinidae	 Haliclona	 tubifera	 0	
Haplosclerida	 Chalinidae	 Haliclona	 viscosa	 10	
Haplosclerida	 Petrosiidae	 Petrosia	 ficiformis	 0	
Haplosclerida	 Petrosiidae	 Xestospongia	 testudinaria	 0	
Hexactinosida	 Sceptrulophora	 Aphrocallistes	 vastus	 0	
Homosclerophorida	 Plakinidae	 Corticium	 candelabrum	 1	
Homosclerophorida	 Oscarellidae	 Oscarella	 carmela	 0	
Homosclerophorida	 Oscarellidae	 Oscarella	 pearsei	 3	
Homosclerophorida	 Plakinidae	 Plakina	 jani	 2	
Leucosolenida	 Grantiidae	 Grantia	 compressa	 0	
Leucosolenida	 Leucosoleniidae	 Leucosolenia	 complicata	 1	
Leucosolenida	 Sycettidae	 Sycon	 coactum	 0	
Leucosolenida	 Sycettidae	 Sycon	 ciliatum	 0	
Lyssacinosida	 Rossellidae	 Rossella	 fibulata	 0	
Lyssacinosida	 Rossellidae	 Sympagella	 nux	 0	
Poecilosclerida	 Crellidae	 Crella	 elegans	 0	
Poecilosclerida	 Isodictyidae	 Isodictya	 sp.	 0	
Poecilosclerida	 Hymedesmiidae	 Kirkpatrickia	 variolosa	 0	
Poecilosclerida	 Latrunculiidae	 Latrunculia	 apicalis	 0	
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Poecilosclerida	 Mycalidae	 Mycale	 phyllophila	 3	
Poecilosclerida	 Tedaniidae	 Tedania	 anhelans	 1	
Spongillida	 Lubomirskiidae	 Baikalospongia	 bacillifera	 0	
Spongillida	 Spongillidae	 Ephydatia	 fluviatilis	 0	
Spongillida	 Spongillidae	 Ephydatia	 muelleri	 0	
Spongillida	 Spongillidae	 Ephydatia	 muelleri	 0	
Spongillida	 Spongillidae	 Eunapius	 fragilis	 0	
Spongillida	 Lubomirskiidae	 Lubomirskia	 abietina	 0	
Spongillida	 Lubomirskiidae	 Lubomirskia	 baikalensis	 0	
Spongillida	 Spongillidae	 Spongilla	 lacustris	 0	
Suberitida	 Halichondriidae	 Halichondria	 panicea	 3	
Suberitida	 Suberitidae	 Pseudospongosorites	 suberitoides	 0	
Suberitida	 Suberitidae	 Suberites	 domuncula	 0	
Tethyida	 Tethyidae	 Tethya	 wilhelma	 3	
Tetractinellida	 Astrophorina	 Geodia	 atlantica	 0	
Tetractinellida	 Astrophorina	 Geodia	 barretti	 1	
Tetractinellida	 Astrophorina	 Geodia	 hentscheli	 0	
Tetractinellida	 Astrophorina	 Geodia	 macandrewii	 0	
Tetractinellida	 Astrophorina	 Geodia	 phlegraei	 0	
Verongiida	 Aplysinidae	 Aplysina	 aerophoba	 0	
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Abstract: Actinoporins are proteinaceous toxins known for their ability to bind to and create pores
in cellular membranes. This quality has generated interest in their potential use as new tools, such
as therapeutic immunotoxins. Isolated historically from sea anemones, genes encoding for similar
actinoporin-like proteins have since been found in a small number of other animal phyla. Sequencing
and de novo assembly of Irish Haliclona transcriptomes indicated that sponges also possess similar
genes. An exhaustive analysis of publicly available sequencing data from other sponges showed
that this is a potentially widespread feature of the Porifera. While many sponge proteins possess a
sequence similarity of 27.70–59.06% to actinoporins, they show consistency in predicted structure.
One gene copy from H. indistincta has significant sequence similarity to sea anemone actinoporins and
possesses conserved residues associated with the fundamental roles of sphingomyelin recognition,
membrane attachment, oligomerization, and pore formation, indicating that it may be an actinoporin.
Phylogenetic analyses indicate frequent gene duplication, no distinct clade for sponge-derived
proteins, and a stronger signal towards actinoporins than similar proteins from other phyla. Overall,
this study provides evidence that a diverse array of Porifera represents a novel source of actinoporin-
like proteins which may have biotechnological and pharmaceutical applications.

Keywords: Porifera; marine sponge; Haliclona; transcriptomics; actinoporins; pore-forming toxins

1. Introduction

Actinoporins (APs) are proteinaceous α-pore-forming toxins originally isolated from
and named after sea anemones [1]. This group of toxins typically exhibit several common
characteristics, such as a common absence of cysteine residues, a high isoelectric point
(>8.8), and a small size (~20 kDa) [2]. Furthermore, they comprise a compact β-sandwich
flanked on each side by an α-helix, as indicated by the crystal structures of the well-studied
equinatoxin II (EqT-II), stichyolysin II (Stn-II), and fragaceatoxin C (Fra-C) [3–5]. The
molecular mechanism of cytolytic pore formation by APs has been extensively researched
and appears to involve several steps, which are briefly summarized. First, lipid recognition
and membrane binding are accomplished via the interfacial binding site (IBS), which fea-
tures a cluster of prominent aromatic residues that bind to phosphocholine (POC) [4,6]. In
particular, APs have an affinity for the POC group of sphingomyelin (SM) and are capable
of discriminating between this target and other membrane lipids, such as phosphatidyl-
choline [6,7]. After binding to a target membrane, APs then undergo a conformational
change in which the N-terminal region, containing one of the α-helices, is translocated
to lie flat upon the membrane surface [8,9]. This N-terminal region is then inserted into
the target membrane and undergoes further conformational change to increase the overall
length of the amphipathic α-helix relative to its unbound state [10,11]. The pore is finally
formed when oligomerization occurs via the recruitment of additional AP monomers,
which undergo the same process in the same region of the membrane to bring about the
death of targeted cells by osmotic shock [12,13]. For a more in-depth explanation on the
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molecular mechanisms of pore formation by APs, the reader is referred to reviews which
focus on this topic [13–15]. The qualities of APs which allow for their membrane-binding
and pore-forming activity have attracted attention regarding potential biotechnological
and therapeutic applications, such as the design of immunotoxins, nanopores, adjuvants,
and SM-specific probes [16–19].

Historically, sea anemones have been the primary source of APs, although similar
cytolytic proteins can be found in other anthozoans [20,21]. Indeed, an exhaustive bioin-
formatic analysis indicated that actinoporin-like proteins (ALPs) are distributed across
multiple phyla with high structural similarity despite low sequence similarity [22]. In
particular, APs and ALPs have been detected in chordates (primarily teleost fish), cnidar-
ians, molluscs, mosses, and ferns. Furthermore, a structural similarity of APs and ALPs
to fungal-fruit body lectins has also been determined. A phylogenetic analysis of these
identified proteins revealed four distinct groups comprising ALPs primarily found in verte-
brates, hydrozoan ALPs, APs from cnidarians and plants, and fungal fruit-body lectins, all
of which were proposed to comprise the actinoporin-like proteins and fungal fruit-body
lectins superfamily (AF). The presence of ALP genes in non-vertebrate bilaterians has been
further illuminated in studies focused on polychaetes of the genus Glycera, the crustacean
Xibalbanus tulumensis, the brachiopod Lingula anatina, and many molluscs of the classes
Gastropoda and Bivalvia [23–25]. Several ALPs have been functionally characterized, in-
dicating that they can possess similar qualities to APs regarding membrane binding and
cytolytic activity.

The first published example of an ALP was echotoxin II, isolated from the salivary
glands of the predatory mollusc Monoplex echo, which also has an amphipathic N-terminal
α-helix, a patch of aromatic residues, and hemolytic activity, but a specificity to gangliosides
rather than SM [26]. In further contrast to APs, an ALP from the zebrafish, Danio rerio,
possessed no cytolytic activity and its membrane-binding activity was not specific to
SM [22]. Yet bryoporin, from the moss Physcomitrella patens, showed consistency with
its close phylogenetic grouping to APs in that it also exhibited specificity for SM as well
as hemolytic activity, although its biological role appears to be related to dehydration
stress [27]. Similarly, clamlysin B from the bivalve Corbicula japonica also exhibits SM-
binding and cytolytic activity [28]. Finally, the ALP HALT-1 from the cnidarian Hydra
magnipapillata, which is phylogenetically distinct from anthozoan APs, exhibits lower
hemolytic activity, the creation of larger pores, and a lower affinity to SM in comparison
to EqT-II [29]. Altogether, the observation that ALPs from non-anthozoans can possess
similar biochemical properties to APs supports the notion that they may also be potential
targets for the aforementioned biotechnological and therapeutic applications which have
been investigated for EqT-II, Stn-II, and Fra-C.

Sea sponges of the phylum Porifera are benthic, filter-feeding animals which can be
found in marine and freshwater environments throughout the world. Given the niche they
fill, challenges faced by these organisms include contact with pathogenic microorganisms,
spatial competition with other benthic life, and predation [30–32]. In order to deal with
these challenges, many sponges utilize complex chemical armaments which display an
array of bioactivities towards targets, such as pathogens, fouling organisms and cancer-
ous cells [33–35]. While a majority of these bioactivities have been attributed to small
molecules, some larger proteinaceous toxins have also been identified, such as suberitine
from Suberities domuncula, halilectin-3 from Haliclona caerulea, and chondrosin from Chon-
drosia reniformis [36–38]. In addition, sea sponges have also been shown to be a source
of cytolytic pore-forming proteins, one of which is an antibacterial, perforin-like protein
from S. domuncula, which was found to be upregulated upon exposure to lipopolysac-
charide [39,40]. No ALPs have been isolated and characterized from this phylum, but a
recent phylogenetic study has indicated that genes encoding for these proteins are present
in the genome of the species Oscarella pearsei (then O. carmela, when its genome was se-
quenced) [21,41,42]. Little was reported on this ALP other than it being phylogenetically
distant from both anthozoan APs, hydrozoan ALPs and mollusc ALPs. Similarly, while



Mar. Drugs 2022, 20, 74 3 of 20

analyzing our transcriptome assemblies of native Irish Haliclona species, we noticed the
presence of numerous genes encoding for proteins with the Pfam domain PF06369, rep-
resenting sea anemone cytotoxic proteins. The presence of ALPs in sponges of both the
classes Demospongiae and Homoscleromorpha prompted the questions of whether these
proteins are widely distributed throughout the phylum and how similar they are to known
APs. As discussed previously, such a quality would expand the possible biotechnological
and therapeutic applications of sponges. To date, these organisms have been the subject of
numerous transcriptomic and genomic studies, resulting in a wealth of public data with
which to carry out such an inquiry [43]. To address these aforementioned questions and
expand the knowledge of APs and ALPs, we herein present an exploration of the diversity,
distribution, and predictive function of these proteins in the phylum Porifera.

2. Results
2.1. Transcriptome Sequencing and ALP Identification

After processing with fastp, approximately 472.68, 69.80, 257.97, 207.46, and 94.64 Mbp
of data were acquired for H. cinerea, H. indistincta, H. oculata, H. simulans, and H. viscosa,
respectively. Five separate transcriptomes were then assembled using the Trinity RNA-Seq
assembler (Table 1). More data were available for H. cinerea, H. oculata, and H. simulans,
which appeared to be reflected in the generally larger assembly size and higher number of
true genes when compared to H. indistincta and H. viscosa (the latter two species belong to a
separate species group that is phylogenetically distinct from the first three). Furthermore,
this division was also apparent regarding GC content, in which the first three exhibited
a value around 39%, while the latter exhibited a value of 44.5%. The total amount of
translated open reading frames was largely reflected by the size of the assemblies, with
H. cinerea yielding the most protein sequences, while H. viscosa yielded the least (Table 2).
All five Haliclona transcriptomes exhibited very high completeness when assessed with the
BUSCO eukaryote dataset (Table 3).

Table 1. Trinity assembly statistics for the five Haliclona transcriptomes.

Species Total (Mbp) Number of Contigs Number of Trinity ‘Genes’
Excluding Isoforms Contig N50 (Kbp) GC (%)

H. cinerea 156.12 123,111 64,261 2.81 39.59
H. indistincta 106.87 101,413 48,788 2.03 44.10

H. oculata 142.18 122,855 70,008 2.46 38.56
H. simulans 104.12 106,366 55,501 1.89 39.87
H. viscosa 94.09 105,831 59,949 1.73 44.50

Table 2. TransDecoder open reading frame statistics for the five Haliclona transcriptomes.

Species Total (aa) Number of Complete ORFs Number of 5′ Partial ORFs Number of 3′ Partial ORFs

H. cinerea 34,243,765 58,606 14,476 6129
H. indistincta 26,553,534 29,232 15,794 7290

H. oculata 30,530,592 49,528 16,191 5687
H. simulans 24,643,377 31,081 16,112 7561
H. viscosa 22,299,218 24,435 12,776 7166
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Table 3. BUSCO eukaryotic score for the five Haliclona transcriptomes.

Species Complete (%) Single (%) Duplicate (%) Fragmented (%) Missing (%)

H. cinerea 97.6 23.9 73.7 0.8 1.6
H. indistincta 99.6 45.1 54.5 0.0 0.4

H. oculata 98.5 31.4 67.1 0.4 1.1
H. simulans 97.6 38.0 59.6 2.0 0.4
H. viscosa 95.3 55.3 40.0 4.3 0.4

A total of 66 unique open reading frames encoding for proteins with the pfam domain
PF06369 were identified in the analyzed sponge NGS resources. These ORFs were derived
from 20 of the total 63 species that were screened (Table S1) Of these, 38 ORFs were
determined to be complete by TransDecoder. As none of these sponge-derived proteins
have been experimentally characterized, they are hence referred to as ALPs. Specifically,
these complete ALPs were found in C. orientalis (Co), C. varians (Cv), D. avara (Da), G. barretti
(Gb), H. indistincta (Hi), H. viscosa (Hv), O. pearsei (Op), a Scolapina sp. (S), S. officinalis (So),
and T. wilhelma (Tw). ALPs were absent from all freshwater sponge data. Their presence
in an order did not necessarily translate to this being an absolute feature of said order.
This is particularly exemplified by the order Haplosclerida, in which numerous paralogs
were detected in the sister species H. indistincta and H. viscosa, a few in H. amboinensis
and H. cinerea, and none in H. oculata, H. simulans, H. tubifera, or A. queenslandica. Only
C. varians and D. avara possessed the same degree of parology as H. indistincta and H.
viscosa. Of the sponge ALPs, only two from T. wilhelma were identified as having a signal
peptide by SignalP [44]. All the complete sponge ALPs aligned most closely with cnidarian
actinoporins when these were used in a blastp query against the NCBI non-redundant
database (Table S2). In particular, one ALP from H. indistincta named Hi2 exhibited the
highest sequence similarity with an actinoporin from Haloclava producta at 59.06% identity. It
was also observed that several ALPs from incomplete ORFs most closely aligned with pore-
forming proteins from other phyla, such as coluporins and tereporins from the Mollusca.
No ALPs were detected in the screened genomes or transcriptomes of choanoflagellates,
ctenophores, or placozoans. The theoretical isoelectric point of complete sponge ALPs
ranged from 4.66 to 9.46, whereas the average molecular weight ranged from 14,153.27 to
33,419.71 Da (Table S3).

2.2. Structural Prediction

In contrast to the low-to-modest sequence similarity many sponge ALPs showed in
relation to actiniarian APs (27.70–59.06%) (Table S2), homology modeling with Phyre2
indicated that the aligned predicted structure of all complete sponge ALPs was highly
similar to that of Stn-II and EqT-II, with confidence values ranging from 97.3% to 100%.
Quantification of the similarity between the predicted sponge ALP models and the crystal
structure of EqT-II via TM-align showed that all produced models had a TM-align value
above 0.5, indicating that the structural similarity was not random (Figure 1), whereas the
RMSD values ranged from 0.54 to 1.74 (Å) (Table S4).

It must be noted, however, that several sea sponge ALPs exhibited structural incon-
sistencies with the expected AP skeleton, such as the lack of an N-terminal α-helix. Hi2
exhibited one of the highest TM-scores at 0.96406. The quality of the predicted model for
Hi2 was further supported with a ProQ3D S-score of 0.697 (0.5–1.0 representing a good
model; Arne Elofsson, personal communication) and a ModFOLD8 p-value of 3.772 × 10−6

(less than a 1/1000 chance that the model is incorrect). As can be seen by the structure
generated by Phyre2, Hi2 shares many characteristics typical of cnidarian actinoporins,
such as comprising a β-sandwich flanked by two α-helices (Figure 2a,d). Furthermore, the
localization of the interfacial binding site can also be observed (Figure 2b). In general, the
predicted structure of Hi2 appears to overlay well with the crystal structure of EqT-II chain
A (1IAZ) (Figure 2c).
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Figure 1. Comparison of complete sponge ALPs with EqT-II. Blue represents the TM-score of all
predicted sponge ALP structures via Phyre2 with the crystal structure of EqT-II (1IAZ). Orange
represents the sequence identity of the aligned region of the two structures. The orange bar rep-
resenting percent identity is overlaid upon the blue bar representing TM-score. Abbreviations are
as follows: Co, C. orientalis; Cv, C. varians; Da, Dysidea avara; Hi, H. indistincta; Hv, H. viscosa; Op,
O. pearsei; S, Scopalina sp.; So, S. officinalis; Tw, Tethya wilhelma. The protein Sc1 from S. carteri is
excluded due to having unknown residues. Sequence identity is expressed on a scale of 0–1 rather
than as a percentage.

2.3. Multiple Sequence Alignment and Residue Analysis

Due to its high sequence similarity with cnidarian actinoporins, Hi2 was chosen
for further in-depth analyses to determine whether it exhibited the same membrane-
binding and pore-forming activities. A multiple sequence alignment of Hi2 with the final
mature peptides of the well-studied equinatoxin II (EqT-II; P61914), fragaceatoxin C (Fra-
C; B9W5G6), and stichyolysin II (Stn-II; P07845) indicated a percent identity of 50.56%,
50.00%, and 51.41%, respectively (Figure 3). Despite these modest values, the alignment
illustrated a high degree of conservation regarding residues and motifs critical for the
functional activities of actinoporins [15]. For example, a majority of the residues associated
with the interfacial binding site in Hi2 are consistent with those of EqT-II, Fra-C, and
Stn-II [6]. In addition, Hi2 possesses the conserved residue Tyr112, which is critical for
SM recognition; however, a substitution of Leu for Trp at residue 111 is also observed.
Furthermore, the presence of Ser53, Val86, Ser104, Pro106, Trp115, Tyre132, Tyr136, and
Tyr137 are consistent with the POC binding site found in cnidarian APs [4,6,15], and the
conserved P-[WYF]-D binding motif found in this region of APs is also present in Hi2 at
residues 106–108 [22]. Oligomerization of actinoporin monomers upon the cell membrane is
another crucial step towards pore formation and is known to be influenced by an Arg–Gly–
Asp motif. Hi2 shows inconsistency with this motif, as it instead possesses Lys142, Gly143,
and Glu144. However, Hi2 possesses the residue Lys76, which is consistent with similar
residues associated with oligomerization in other APs [45]. The presence of Ile59 and
Trp147 are also partially consistent with residues of Fra-C, associated with oligomerization
and protein–protein interaction between protomers; the observed substitution of Ile for
Val at this site can be seen in Stn-II [13,46]. Unlike most cnidarian APs, Hi2 exhibits the
presence of cysteine at residue 141, but such a characteristic is not unheard of in these
proteins [21].
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the residues associated with oligomerization. (c) Structural alignment of Hi2 in blue upon EqT-II
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Membrane penetration and pore formation by oligomerized APs is achieved by their
respective amphipathic N-terminal α-helices. In EqT-II, the N-terminal region undergoes a
conformational change, producing an α-helix comprising residues 6–28 which is capable of
spanning a target membrane [10]. These residues correspond to a conserved N-terminal
glycine and C-terminal asparagine of the α-helix, which are also present in Fra-C and Hi2.
Within this region, Hi2 also showed consistency with several previously determined highly
conserved hydrophobic residues (Val7, Ile8, Leu13, Leu18, Leu22, and Ile25), as well as
Arg30, which is associated with the insertion of the α-helix into the target membrane [20].
Using these sequence boundaries allowed for the construction of an Edmundson peptide
helical wheel of the predicted Hi2 N-terminal α-helix after a hypothetical conformational
change (Figure 4a). Consistent with the amphipathic nature of the N-terminal α-helix of
EqT-II, Fra-C, and Stn-II, a side comprising a majority of polar amino acids opposite another
comprising a majority of nonpolar amino acids can be seen in that of Hi2. Furthermore,
the hydrophobic moment of Hi2, a measure of helix amphipathicity, was calculated to be
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0.384 µH, which is comparable to that of EqT-II at 0.337 µH. The N-terminal α-helix of Hi2
exhibits hydrophobicity of 0.607 and a net charge of 0. The two faces of the N-terminal
α-helix prior to a hypothetical conformational change also display a hydrophobic and
hydrophilic side, which are, respectively, oriented towards and away from the rest of the
protein (Figure 4b).
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Figure 3. Multiple sequence alignment of Hi2 with EqT-II, Fra-C, and Stn-II. The top alignment
represents Clustalx color coding. The bottom alignment represents hydrophobicity color coding.
Between these two alignments, black markers represent residues important for membrane binding,
green markers represent residues important for oligomerization, and orange rectangles represent
the α-helices of EqT-II (the final length of the N-terminal α-helix after a conformational change and
insertion into the target membrane is presented) [10,12,13,15,45,46].

2.4. Phylogenetic Analysis

The relatedness between AP/ALP sequences from the two Haliclona species in which
they were present, AP sequences from cnidarians, and ALP sequences from other taxa
was visualized with an initial maximum likelihood tree (Figure 5). Here we find that the
sequence Hi2 from H. indistincta nestles well within the AP clade from cnidarians, but no
sequence of this type was found in its close sister species, H. viscosa. Additional (ALP)
sequences from H. indistincta and its sister species H. viscosa form a distinct and highly
supported clade well outside that of the cnidarians, indicating radiation from an additional
AP/ALP copy in the ancestor of that species group. This clade is distinct from the other
animal ALPs, which also form a monophyletic grouping supported by 91 BP.
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When all available AP/ALP sequences from Porifera are added to the analyses, the
high number of paralogs present in the dataset obscure the phylogenetic signal and reduce
confidence in generating an accurate phylogeny. However, the reconstructed maximum
likelihood tree provides insight into the sequence similarity and potential relatedness of
the sea sponge ALPs, as well as similar proteins from other phyla. Four distinct groups
with strong bootstrap support were produced: (1) ALPs from fungi of the class Glom-
eromycota (used as outgroup), (2) the majority of sequences from the genus Haliclona,
(3) anthozoan APs with other sponge ALPs, and (4) ALPs from other invertebrates and
chordates (Figure 6). The strong grouping of the Haliclona ALPs, independent of all other
sequences and sitting at the base of the tree, was a consistently observed phenomenon
while testing other alignments for the reconstruction of a final tree (data not shown). These
are a sister group to all other APs and ALPs in the dataset. The remaining APs and ALPs
form a monophyletic grouping within which there are two clades; one, supported by 100 BP,
consisting of the freshwater Hydra and the bilaterians, the other containing the marine
cnidarians and sponges (75 BP). The presence of a large number of other sponge sequences
has the effect of pulling the Hi2 sequence outside the cnidarian clade, which itself is no
longer supported by bootstrapping. Relationships between the other sponge sequences are
unclear, as indicated by the low bootstrap support of internal nodes. This is particularly
exemplified by the likely spurious placement of Op3 within the clade of anthozoan APs.
Frequently, it was observed that additions or subtractions of sequences in the alignment
would result in this protein—along with Hi2, Sc1, So1, Tw1, and Tw2—being shifted in and
out of the cnidarian AP group. The main exception to this is a second strongly supported
clade consisting of ALPs from the genera Cliona, Geodia, Scopalina, and Tethya. While this
clade may move relative to other sponge sequences, the clade remained intact and distinct
from the anthozoan APs. Two groups of D. avara sequences were present, both highly
supported, but not always remaining together on trees, depending on the comparative
sequences included. They were also always distinct from anthozoan APs. Despite having
a high sequence similarity to both anthozoan APs and sponge ALPs, those derived from
plants, such as bryoporin, were only found to introduce additional noise into the data
without significantly changing tree topology and were thus excluded, being hypothesized
to be the result of a horizontal gene transfer event (data not shown) [27].
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3. Discussion

Cytolytic pore-forming toxins are widely distributed throughout prokaryotic and
eukaryotic life and often function as immunological defenses in the latter [47,48]. The
proposed AF superfamily includes α-pore-forming toxins derived from diverse eukaryotic
lineages with similar predicted protein structure despite low sequence similarity [22]. Mem-
bers of this family include anthozoan APs, plant APs, hydrozoan ALPs, ALPs from other
animals, and fungal fruit-body lectins. Herein, new additions from the phylum Porifera
are proposed to belong to the AF superfamily, as members of the classes Demospongiae,
Homoscleromorpha, and Calcarea have been shown to possess genes encoding for ALPs.
Many functionally characterized AF proteins appear to serve a role in envenomation as they
have been localized in the nematocysts of cnidarians and the salivary glands of predatory
molluscs [25,26,29,49]. However, AF proteins appear to also have functions other than
envenomation, as indicated by their presence in the mesenteric filaments of cnidarians,
as well as organisms which do not perform this process, such as bivalves [28,49]. With
this in consideration, it is not entirely unusual to observe the presence of these proteins in
non-venomous animals, such as sponges, in which they may serve a different ecological
function via a similar molecular mechanism.

When considering the taxonomic distribution of ALPs in sponges, no clear pattern can
be discerned. The majority of the identified ALPs were derived from the Demospongiae
and more specifically from the orders Axinellida, Bubarida, Clionaida, Dendroceratida,
Dictyoceratida, Haplosclerida, Poecilosclerida, Suberitida, Tethyida, and Tetractinellida,
but not Chondrillida, Spongillida, or Verongiida. However, further analysis at the genus
level indicated that these proteins appear to have been lost in species closely related to those
which possess ALPs. This is particularly exemplified by the genera Haliclona and Geodia, in
which the transcriptomes of numerous species have been reported [43,50]. Furthermore,
ALPs appear to be distributed throughout the phylum Porifera, as several were identified
in the classes Homoscleromorpha and Calcarea, but not in Hexactinellida. However,
two caveats should be considered regarding these observations. The first is that the high
prevalence of these proteins in the Demospongiae is most likely due to sampling bias, as
transcriptomes of this class have been disproportionately sequenced compared to the other
three. Second, as most of the data analyzed in this study are derived from transcriptomes,
a lack of gene expression or sequencing depth cannot be ruled out as an explanation for
these genes not having been identified in a species. That said, the absence of ALPs in the
Amphimedon queenslandica genome does appear to indicate that the loss of ALP genes has
occurred in the order Haplosclerida, which may be an explanation for their absence in other
species [51].

The predicted structure of most identified ALPs from sponges exhibited a high degree
of aligned structural similarity to anthozoan APs, despite a low to moderate sequence
similarity. Such an observation is common in studies of AF proteins from other organ-
isms [22,25]. That said, the observed high aligned structural similarity does not necessarily
equate to these sea sponge ALPs having the same membrane-binding and pore-forming
capabilities. This is particularly exemplified by the observation that the N-terminal region
of sea sponge ALPs appears to vary greatly. For example, this region is fully present
in Hi2, truncated in Hi3, and completely absent in Hi4. Such a quality is not unique to
sea sponge ALPs, as can be seen by analyzing those of hydrozoans [29]. Similarly, an
incomplete N-terminal α-helix was also observed on the ALP Dr1 from D. rerio and was
hypothesized to influence the lack of pore-forming capabilities and specificity towards SM
exhibited by the protein [22]. With this in mind, many of the identified ALPs from sea
sponges may serve functions other than those associated with well-characterized APs, such
as EqT-II. In contrast, the higher similarity of Hi2 to anthozoan APs at both a sequence
and structural level could indicate that it is capable of SM recognition and pore formation,
which prompted a further analysis on this concept.

A multiple sequence alignment of Hi2 with the model APs EqT-II, Fra-C, and Stn-II
indicated that this predicted protein shares numerous conserved residues associated with
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the fundamental processes of lipid recognition and membrane binding, insertion of the N-
terminal α-helix into the target membrane, and oligomerization allowing for pore formation.
The presence of a patch of aromatic residues (Tyr114, Trp117, Tyr134, Tyr138, and Tyr139) in
Hi2 is consistent with the IBS observed in the model APs EqT-II, Fra-C, and Stn-II. The major
observed deviation is that a substitution of leucine for tryptophan occurs at residue 113
of Hi2. The importance of the equivalent residue in EqT-II, Trp112, in membrane binding
and SM recognition has been exemplified by studies in which this residue was mutated to
phenylalanine or subject to 19F NMR studies [52,53]. This substitution also appears to be
prevalent in nature, as it exists in numerous anemone APs, as well as the ALP Dr1 from
D. rerio [20,22]. Furthermore, a mutant of EqT-II containing this substitution exhibited
similar SM specificity to the wild-type protein [6]. For these reasons, this substitution
in Hi2 is not expected to significantly inhibit any possible membrane-binding and SM-
recognition capabilities of the protein. While at a lower level of conservation the N-terminal
region of Hi2 also appears to form an α-helix of similar length to EqT-II, Fra-C, and Stn-
II. The notion that this α-helix is capable of inserting itself into a target membrane is
supported by the amphipathic nature of the predicted helical wheel and its hydrophobic
moment comparable to previously analyzed AP N-terminal α-helices [20]. Finally, residues
associated with oligomerization were somewhat consistent between Hi2 and the model
actinoporins. While Hi2 showed conservation at residues Lys76, Ile59, and Trp147, whose
equivalents in anthozoan APs are associated with oligomerization, its RGD motif was
another site of substitution [12,13,45,46]. Hi2 instead shows a substitution of Lys for Arg
and Glu for Asp. That said, Lys and Glu are of a similar charge and hydrophobicity to Arg
and Asp, respectively, and may allow for the retention of the oligomerization function [12].
Furthermore, this Lys substitution has been observed in natural actinoporins [20]. Hi2
and many other sponge ALPs also exhibited an acidic pI (Supplementary Table), which is
uncharacteristic of the typically basic anthozoan APs [15,54]. This observation is not entirely
unusual, however, as there is a precedent for acidic APs derived from anthozoans [20,54,55].

The identification of ALPs from glomeromycete fungi with high sequence similar-
ity to known APs supports the previous notion of a pre-metazoan origin of these pro-
teins [22]. The presence of these genes in fungi, sponges, and cnidarians, and their absence
in choanoflagellates, ctenophores, and placozoans, could possibly be explained by a series
of gene losses occurring throughout their history. However, additional assemblies from
these organisms should be assessed prior to making this conclusion. Furthermore, the
observation that many species of sea sponge were the source of numerous ALP isoforms
may be an indication that duplication of this gene is a common event in this phylum,
similar to the situation in cnidarians and molluscs [25,54]. This observed diversification
paired with the fact that many sponge ALPs were derived from transcriptomes indicates
that these are not simply genomic relics but do play some sort of functional role in sponges.
In the phylogenetic analysis, the sea sponge ALPs were not found to cluster together in a
clear monophyletic group, which appears to further exemplify the notion of a high degree
of divergence of these proteins in the porifera. However, based on the strong signal that
numerous sponge ALPs share with anthozoan APs, to the point of being grouped together,
and considering the higher sequence similarity many sponge ALPs have with cnidarian
APs, several of these proteins from sponges may instead be classifiable as APs.

4. Materials and Methods
4.1. Sample Collection

Haliclona indistincta (MIIG1388; Appendix A Figure A1a) was collected at Corranroo
on 17 May 2019 and H. viscosa (MIIG1389 and MIIG1390; Figure A1b) was collected at
Bridges of Ross on 1 August 2019. The following sample processing protocol was applied to
both species. Visible epibionts were removed. The sponges were rinsed in sterile artificial
seawater. The sponges were then dissected into ~1 cm3 pieces and flash-frozen with liquid
nitrogen. Samples were stored at −70 ◦C until further use. Voucher specimens were stored
in ethanol.
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4.2. RNA Extraction

A ~1 cm3 piece of flash-frozen sponge tissue was submerged in 500 µL of Trizol in
a 2 mL microcentrifuge tube. The tissue was semi-homogenized by hand with a plastic
pestle. An additional 500 µL of Trizol was then added to the sample. The sample was
mixed by gently inverting five times and allowed to incubate at room temperature for
5 min. The sample was then inverted and vortexed with a VWR Analogue mini vortex
mixer at maximum speed for 2 min. A volume of 100 µL BCP was added to the sample.
The sample was mixed by hand for 20 s and then vortexed for 10 s with a VWR Analogue
mini vortex mixer at maximum speed. The sample was incubated at room temperature
for 5–10 min. The sample was then centrifuged at 16,000 g for 15 min at 6 ◦C. The clear,
aqueous layer at the top was transferred to a fresh microcentrifuge tube. RNA was purified
by first adding 500 µL of 100% isopropanol to the aqueous phase sample. The sample was
then inverted and vortexed with a VWR Analogue mini vortex mixer at maximum speed
for 2 min. The sample was left to incubate for 10 min at room temperature. The sample was
then centrifuged at 16,000 g for 15 min at 4 ◦C. The supernatant was discarded and 1 mL of
75% EtOH was added to the RNA pellet. The pellet was disrupted by vortexing. The RNA
sample was then centrifuged for 5 min at 4 ◦C at 7500 g. The EtOH was carefully removed
without disturbing the pellet. The washing with 75% EtOH was repeated once. The RNA
sample was allowed to air dry until the edges of the pellet were visible. Finally, the pellet
was resuspended in 100 µL molecular-grade water. The RNA sample was kept frozen at
−70 ◦C until further use. A subsample of each RNA extraction was used for quality and
quantity assessment on a 2100 Bioanalyzer RNA Eukaryotic Chip.

4.3. Transcriptome Sequencing

Samples were sent to Macrogen, Inc. for the preparation of Illumina TruSeq Stranded
mRNA libraries from poly-A selection, with insert sizes of 150 bp. The libraries were
sequenced on a Novaseq, with a targeted 40 million reads per sample.

4.4. Transcriptome Assembly

Previously sequenced raw cDNA Illumina reads of H. cinerea (culture held at Carna
Marine Research Station), H. oculata (MIIG1250 and MIIG1251), H. indistincta (MIIG1093,
MIIG1094, MIIG1095), and H. simulans (MIIG1248 and MIIG1249) were acquired from Prof.
Grace P. McCormack and Dr. Jose Maria Aguilar-Camacho for use in this study (personal
communication) [43].

Raw cDNA reads of H. cinerea, H. indistincta, H. oculata, H. simulans, and H. viscosa
were processed with fastp version 0.2 using default settings to remove adapters and low-
quality regions [56]. The processed reads were then assembled with Trinity version 2.8.5
using default settings [57]. Reads were pooled so that one transcriptome per species was
assembled. Isoforms and low-expressed transcripts were retained in the final assembly. The
longest translated open reading frames per transcript were extracted using TransDecoder
version 5.5.0 [58]. Homology searches using these open reading frames as a query against
the SwissProt database (accessed on 14 January 2020) with BLASTp version 2.9.0 [59,60], as
well as the Pfam database (accessed on 14 January 2020) with HMMER version 3.2.1 [61,62],
were performed. Significant homologous alignments were used to guide TransDecoder
in identifying additional open reading frames. The completeness of the transcriptomes
was then assessed using BUSCO version 5.1.2; specifically, the assemblies were queried
against the latest version of the eukaryota_odb10 dataset (downloaded 13 April 2021) [63].
Transcriptome assembly, open reading frame extraction, BUSCO analysis, and the gen-
eration of the maximum likelihood trees were performed with an account at the Leibniz
Supercomputing Centre.

4.5. Identification of Novel Actinoporin-like Proteins from Sea Sponges

While analyzing the output of the homology search against the Pfam database, it
was noticed that numerous translated protein sequences possessed the Pfam domain
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PF06369 representing sea anemone cytotoxic proteins, such as actinoporins. Due to the
biotechnological potential of actinoporins, this prompted the screening of all publicly
available sea sponge genomes [41,51,64–68] and transcriptomes [42,50,65,68–86] to see
if other members of the phylum also encoded ALPs in their genome. If transcriptome
assemblies were not provided in the original publication, the data were assembled in
the same manner as the Irish Haliclona. The Haliclona ALPs were used as queries in a
tblasn search against the other sponge assemblies with an e-value cutoff of 1e-4. The
longest open reading frames were then extracted from the hits using TransDecoder ver-
sion 5.5.0 [58]. These protein sequences were screened against the Pfam database (ac-
cessed on 14 January 2020) with HMMER version 3.2.1 [61,62] and only those indicated as
possessing domain PF06369 were retained for further analysis. These identified sponge
ALPs were also screened against the NCBI Conserved Domain Database to confirm that
PF06369 was the primary conserved domain [87]. To explore the possible evolutionary
origin of ALPs in animals, the genomes of the choanoflagellates Monosiga brevicollis and
Salpingoeca rosetta, the ctenophores Mnemiopsis leidyi and Pleurobrachia bachei, and the placo-
zoans Trichoplax adhaerens and Hoilungia hongkongensis were also screened using EqT-II as a
query [88–93]. Furthermore, nineteen choanoflagellate transcriptomes were also screened
in a similar manner [94].

4.6. Sequence Analysis and Structural Prediction

All identified sea sponge ALPs were used as a query against the NCBI non-redundant
protein database to identify the closest homologous sequence [95]. SignalP 5.0 was used to
identify the presence of signal peptides in sea sponge ALPs contained within a complete
ORF [44]. The isoelectric point and molecular weight of complete, mature sponge ALPs
were determined using the compute pI/Mw tool of ExPASy [96]. Protein structure predic-
tion of all sponge ALPs was performed using Phyre2 Suite version 5.1 [97]. The quality of
the predicted protein structure for Hi2 was assessed with ProQ3D and ModFOLD8 [98,99].
Structural alignment of sponge ALPs upon the crystal structure of chain A from EqT-II
(1iaz) was performed with TM-Align [100]. Protein structures were visualized using UCSF
Chimera version 1.15 [101]. A protein topology plot was created using Pro-origami [102]. A
multiple sequence alignment of Hi2, EqT-II (P61914), Fra-C (B9W5G6), and Stn-II (P07845)
was performed with MAFFT v7.490, with the L-INS-i alignment method using default
settings [103]. The multiple sequence alignment was then visualized using Jalview version
2.11.1.4 [104]. Analysis of the N-terminal α-helix of Hi2 and generation of an Edmundson
wheel projection were accomplished using HeliQuest and NetWheels [105,106]. RNA 3D
structure prediction was performed with 3dRNA v2.0 [107].

4.7. Phylogenetic Analysis of Actinoporin-like Proteins from Sea Sponges

Sea sponge ALPs derived from complete ORFs were chosen for multiple sequence
alignment and phylogenetic analysis. All alignments were performed using MAFFT 7.490,
with the L-INS-i alignment method using default settings [103]. APs were represented by
well-characterized actiniarian proteins, such as the aforementioned EqT-II, Fra-C, and Stn-II,
as well as those from stony and soft corals. ALPs were represented by the series of HALT
proteins from H. magnipapillata. It was observed that in general the sea sponge ALPs most
consistently aligned with sequences from sea anemones, fungi of the class Glomeromycota,
and teleost fish, in that order. To get more sequences for the phylogenetic tree, all complete
sponge ALPs were queried against the NCBI nr database against these three taxonomic
groups, as well as against molluscs and invertebrates which did not fall under these
aforementioned phyla. The top hit from each category for each sponge sequence was then
retrieved. This resulted in seven groups of sequences: glomeromycete fungi, sponges,
anthozoan cnidarians, hydrozoan cnidarians, molluscs, miscellaneous invertebrates, and
teleost fish (Table S5). All signal peptides were removed prior to alignments using SignalP
version 5.0 [44]. Each of these groups were separately aligned to the mature sequences of
EqT-II, Fra-C, and Stn-II. The individual alignments were then trimmed corresponding
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to the boundaries of EqT-II, Fra-C, and Stn-II using using Jalview version 2.11.1.4 [104].
Several sponge ALPs, while complete, where excluded due to being excessively truncated
compared to EqT-II or introducing significant gaps. All trimmed sequences were then
pooled together and once more aligned. Maximum likelihood trees were constructed in IQ-
TREE version 2.1.4 with 1000 bootstrap pseudoreplicates with the intention of visualizing
the degree of similarity the sponge ALPs had to APs and ALPs from other phyla [108].
The resulting phylogenetic trees were modified using the Interactive Tree of Life (iTOL)
v6 [109].

4.8. Generation of Figures

Several figures were further modified using the GNU Image Manipulation Program
2.10.28 [110] and Inkscape 0.92 [111].

5. Conclusions

Sea sponges, like some other invertebrates, are a source of ALPs. These proteins
exhibit a high degree of predicted structural similarity as well as a phylogenetic signal
to APs from cnidarians. One AP, Hi2, also possesses a majority of conserved residues
associated with essential functions, including the recognition of SM, binding to membranes,
oligomerization, and the formation of pores. While their ecological role in sponges remains
to be determined, the aforementioned qualities encourage the exploration of these proteins
for the biotechnological applications which have been proposed for anthozoan APs.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.3
390/md20010074/s1, Table S1. Presence; Table S2. Blastp nr; Table S3. pI-Mw; Table S4. TM-align; Table
S5. Trees.

Author Contributions: K.S. conceived the experiments, aided in the collection of samples, carried
out all other methodological tasks, prepared figures, and wrote the paper. G.P.M. supervised the
research and assisted in interpreting the data and in writing the paper. All authors have read and
agreed to the published version of the manuscript.

Funding: This project has received funding from the European Union’s Horizon 2020 research
and innovation programme under the Marie Skłodowska-Curie grant agreement No. 764840. The
Department of Further and Higher Education, Research, Innovation and Science, through the Higher
Education Authority (HEA), provided funding to higher education institutions to cover costed
extensions for research activities that are at risk because of interruptions caused by the COVID-
19 pandemic.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The raw RNA-seq reads are available at the NCBI BioProject PR-
JNA795170. Transcriptome assemblies, sea sponge ALP sequences, predicted protein structures,
multiple sequence alignments, and maximum likelihood trees are available at Mendeley (https:
//data.mendeley.com/datasets/w9t6zsjjb7/1, accessed on 14 December 2021).

Acknowledgments: The authors thank the technicians of the NUIG Zoology Department for their
help in collecting H. indistincta. Olivier P. Thomas and Daniel Rodrigues are thanked for the collection
of H. viscosa. Jose Maria Aguillar-Camacho provided raw data of H. cinerea. Members of the Marie
Skłodowska-Curie Actions innovative training network IGNITE—Comparative Genomics of Non-
Model Invertebrates are thanked for their advice on methodology. The Irish marine biorepository is
thanked for providing a high-quality image of Haliclona viscosa for the graphical abstract.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/md20010074/s1
https://www.mdpi.com/article/10.3390/md20010074/s1
https://data.mendeley.com/datasets/w9t6zsjjb7/1
https://data.mendeley.com/datasets/w9t6zsjjb7/1


Mar. Drugs 2022, 20, 74 16 of 20

Appendix A

Mar. Drugs 2022, 20, 74 16 of 20 
 

 

Conflicts of Interest: The authors declare no conflict of interest. 

Appendix A 

 
Figure A1. (a) Haliclona indistincta (MIIG1388). (b) Haliclona viscosa (MIIG1389). 

References 
1. Kem, W.R. Sea Anemone Toxins: Structure and Action. Biol. Nematocysts 1988, 375–405. 
2. Anderluh, G.; Maček, P. Cytolytic Peptide and Protein Toxins from Sea Anemones (Anthozoa: Actiniaria). Toxicon 2002, 40, 111–

124. https://doi.org/10.1016/S0041-0101(01)00191-X. 
3. Athanasiadis, A.; Anderluh, G.; Maček, P.; Turk, D. Crystal Structure of the Soluble Form of Equinatoxin II, a Pore-Forming 

Toxin from the Sea Anemone Actinia Equina. Structure 2001, 9, 341–346. https://doi.org/10.1016/S0969-2126(01)00592-5. 
4. Mancheño, J.M.; Martı ́n-Benito, J.; Martı ́nez-Ripoll, M.; Gavilanes, J.G.; Hermoso, J.A. Crystal and Electron Microscopy Struc-

tures of Sticholysin II Actinoporin Reveal Insights into the Mechanism of Membrane Pore Formation. Structure 2003, 11, 1319–
1328. https://doi.org/10.1016/j.str.2003.09.019. 

5. Mechaly, A.E.; Bellomio, A.; Gil-Cartón, D.; Morante, K.; Valle, M.; González-Mañas, J.M.; Guérin, D.M.A. Structural Insights 
into the Oligomerization and Architecture of Eukaryotic Membrane Pore-Forming Toxins. Structure 2011, 19, 181–191. 
https://doi.org/10.1016/j.str.2010.11.013. 

6. Bakrač, B.; Gutiérrez-Aguirre, I.; Podlesek, Z.; Sonnen, A.F.-P.; Gilbert, R.J.C.; Maček, P.; Lakey, J.H.; Anderluh, G. Molecular 
Determinants of Sphingomyelin Specificity of a Eukaryotic Pore-Forming Toxin*. J. Biol. Chem. 2008, 283, 18665–18677. 
https://doi.org/10.1074/jbc.M708747200. 

7. Bakrač, B.; Kladnik, A.; Maček, P.; McHaffie, G.; Werner, A.; Lakey, J.H.; Anderluh, G. A Toxin-Based Probe Reveals Cytoplas-
mic Exposure of Golgi Sphingomyelin*. J. Biol. Chem. 2010, 285, 22186–22195. https://doi.org/10.1074/jbc.M110.105122. 

8. Malovrh, P.; Viero, G.; Serra, M.D.; Podlesek, Z.; Lakey, J.H.; Maček, P.; Menestrina, G.; Anderluh, G. A Novel Mechanism of 
Pore Formation: Membrane Penetration by the N-Terminal Amphipathic Region of Equinatoxin. J. Biol. Chem. 2003, 278, 22678–
22685. https://doi.org/10.1074/jbc.M300622200. 

9. Rojko, N.; Kristan, K.Č.; Viero, G.; Žerovnik, E.; Maček, P.; Serra, M.D.; Anderluh, G. Membrane Damage by an α-Helical Pore-
Forming Protein, Equinatoxin II, Proceeds through a Succession of Ordered Step*. J. Biol. Chem. 2013, 288, 23704–23715. 
https://doi.org/10.1074/jbc.M113.481572. 

10. Drechsler, A.; Potrich, C.; Sabo, J.K.; Frisanco, M.; Guella, G.; Dalla Serra, M.; Anderluh, G.; Separovic, F.; Norton, R.S. Structure 
and Activity of the N-Terminal Region of the Eukaryotic Cytolysin Equinatoxin II. Biochemistry 2006, 45, 1818–1828. 
https://doi.org/10.1021/bi052166o. 

11. Lam, Y.H.; Hung, A.; Norton, R.S.; Separovic, F.; Watts, A. Solid-State NMR and Simulation Studies of Equinatoxin II N-Termi-
nus Interaction with Lipid Bilayers. Proteins Struct. Funct. Bioinform. 2010, 78, 858–872. https://doi.org/10.1002/prot.22612. 

12. García-Linares, S.; Richmond, R.; García-Mayoral, M.F.; Bustamante, N.; Bruix, M.; Gavilanes, J.G.; Martínez-del-Pozo, Á. The 
Sea Anemone Actinoporin (Arg-Gly-Asp) Conserved Motif Is Involved in Maintaining the Competent Oligomerization State of 
These Pore-Forming Toxins. FEBS J. 2014, 281, 1465–1478. https://doi.org/10.1111/febs.12717. 

13. Tanaka, K.; Caaveiro, J.M.M.; Morante, K.; González-Mañas, J.M.; Tsumoto, K. Structural Basis for Self-Assembly of a Cytolytic 
Pore Lined by Protein and Lipid. Nat. Commun. 2015, 6, 6337. https://doi.org/10.1038/ncomms7337. 

14. Črnigoj Kristan, K.; Viero, G.; Dalla Serra, M.; Maček, P.; Anderluh, G. Molecular Mechanism of Pore Formation by Actino-
porins. Toxicon 2009, 54, 1125–1134. https://doi.org/10.1016/j.toxicon.2009.02.026. 

15. Rojko, N.; Dalla Serra, M.; Maček, P.; Anderluh, G. Pore Formation by Actinoporins, Cytolysins from Sea Anemones. Biochim. 
Et Biophys. Acta (BBA)-Biomembr. 2016, 1858, 446–456. https://doi.org/10.1016/j.bbamem.2015.09.007. 

16. Mutter, N.L.; Soskine, M.; Huang, G.; Albuquerque, I.S.; Bernardes, G.J.L.; Maglia, G. Modular Pore-Forming Immunotoxins 
with Caged Cytotoxicity Tailored by Directed Evolution. ACS Chem. Biol. 2018, 13, 3153–3160. https://doi.org/10.1021/acschem-
bio.8b00720. 

17. Wloka, C.; Mutter, N.L.; Soskine, M.; Maglia, G. Alpha-Helical Fragaceatoxin C Nanopore Engineered for Double-Stranded and 
Single-Stranded Nucleic Acid Analysis. Angew. Chem. Int. Ed. 2016, 55, 12494–12498. https://doi.org/10.1002/anie.201606742. 

Figure A1. (a) Haliclona indistincta (MIIG1388). (b) Haliclona viscosa (MIIG1389).

References
1. Kem, W.R. Sea Anemone Toxins: Structure and Action. Biol. Nematocysts 1988, 375–405.
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Determinants of Sphingomyelin Specificity of a Eukaryotic Pore-Forming Toxin. J. Biol. Chem. 2008, 283, 18665–18677. [CrossRef]
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