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1.	Absftracft	

Some	specfies	off	marfine	gasftropods	wfifthfin	fthe	Sacogflossa	ffamfifly	are	fthe	onfly	Meftazoa	

known	fto	sequesfter	acftfive	pflasftfids	(caflfled	kflepftopflasfts)	ffrom	aflgae	finfto	fthefir	own	ceflfls.	

These	‘green	sflugs’	were	dfiscovered	some	140	years	ago	and	flafter	descrfibed	as	‘fleaves	

fthaft	crawfl’	due	fto	fthefir	fleaff-flfike	appearance	and	phoftosynftheftficaflfly	acftfive	kflepftopflasfts.	

Scfience	was	unsuccessffufl	fin	expflafinfing	fthe	ftrue	conftrfibuftfion	and	benefffifts	off	ffuncftfionafl	

kflepftopflasfty	wfifthfin	Sacogflossa.	Thereffore,	fthfis	dfisserftaftfion	ftrfies	fto	expflafin	(fi)	whaft	are	

fthe	 conftrfibuftfions	 off	 fthe	 sflugs	 and	 kflepftopflasfts	 fto	 mafinftafin	 kflepftopflasfts	

phoftosynftheftficaflfly	acftfive	ffor	monfths,	separafted	ffrom	aflgafl	nucflear	genes?	And	(fifi)	whaft	

benefffift	do	sflugs	ftrufly	reap	ffrom	kflepftopflasfts?		

One	ftopfic	fthaft	recefived	a	floft	off	aftftenftfion,	aflso	fin	fthe	popuflar	press,	was	fthe	presumed	

presence	off	flafteraflfly	ftransfferred	genes	ffrom	aflgae	fto	sflug	(LGT).		LGT	was	consfidered	as	

fthe	 cause	 ffor	 auftonomous	 kflepftopflasft	 ffuncftfionaflfifty	 wfifthfin	 fthe	 sflugs’	 ceflfls,	 despfifte	 fthe	

absence	off	aflgae	nucflefi.	Many	manuscrfipfts	were	pubflfished	fthaft	deaflft	wfifth	whaft	genes	

had	 been	 ftransfferred	 and	 whaft	 fthe	 ffrequency	 mfighft	 be.	 However,	as	descrfibed	fin	 fthfis	

dfisserftaftfion,	 flafter	 work	 has	 proved	 beyond	 doubft	 fthaft	 fthe	 reads	 ffor	 genes	 off	 aflgae	

orfigfin	 were	 ffounded	 upon	 RNA	 and	 DNA	 remafinfing	 ffrom	 fthe	 orfigfinafl	 ffood	 source.	 In	

recenft	years,	fthe	fidea	off	LGT	fin	sflugs	fto	expflafin	kflepftopflasft	flongevfifty	has	been	repflaced	

wfifth	fthe	fidea	off	a	more	generafl	‘aflgae	pflasftfid	robusftness’	—	some	fisoflafted	aflgafl	pflasftfids	

are	abfle	fto	conftfinue	fto	fffix	CO2	much	flonger	fthan	pflasftfids	fisoflafted	ffrom	fland	pflanfts.		

Varfious	sftudfies	measured	CO2	fffixaftfion	off	fthe	sflugs	and	upon	sftarvaftfion	fin	aflfl	cases	fthe	

flevefls	off	CO2	fffixed	decreased.	In	Rauch	eft	afl.	2017b	fift	was	caflcuflafted	how	much	fthe	sflugs	

ftrufly	 benefffift	ffrom	 ongofing	 CO2	fffixaftfion	 by	 fthefir	 kflepftopflasfts.	 Thfis	 depends	 on	 fthe	

deveflopmenftafl	 ftfime,	 sfize,	 wefighft	 and	 carbon	 fturnover	 ftfime	 off	 fthe	 sflugs.	 Ift	 fturned	 ouft	

fthaft,	 ffor	 fthe	 specfies	Eflysfia	 ftfimfida,	 a	 mere	 0.25%	 off	 fthe	 sflugs	 carbon	 sftems	 ffrom	 fthe	

kflepftopflasfts’	 CO2	fffixaftfion.	 Whfich	 expflafins	 fthe	 sflugs	 decrease	 fin	 body	 sfize	 and	 floss	 off	

wefighft	durfing	sftarvaftfion,	despfifte	presence	off	ffuncftfionafl	kflepftopflasfts.	

Thfis	 findependency	 on	 kflepftopflasft	 CO2	fffixaftfion	 was	 confffirmed	 by	 ffeedfing	 fthe	

poflyphagous	sea	sflug	Eflysfia	vfirfidfis	wfifth	an	aflgafl	specfies	ffrom	whfich	no	kflepftopflasfts	are	

fincorporafted	—	fift	 had	 no	 finfffluence	 on	 fthe	 sflugs’	 survfivafl	 rafte	 durfing	 sftarvaftfion.	 Ift	

seems	fthaft	fthe	acftuafl	conftrfibuftfion	off	kflepftopflasft	phoftosynfthesfis	fto	fthe	energy	demand	
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off	fthe	sflugs	fis	noft	a	prerequfisfifte	fto	survfive	perfiods	off	sftarvaftfion.	However,	fthfis	does	noft	

fimpfly	fthaft	kflepftopflasfts	are	noft	somehow	beneffficfiafl	ffor	fthe	sflugs.	In	Rauch	eft	afl.	2017b	

avafiflabfle	 RNA-seq	 dafta	 off	 fthe	 ftwo	 congenfic	 sflug	 specfies	Eflysfia	cornfigera	and	Eflysfia	

ftfimfida	was	 anaflysed.	 The	 fffindfings	 reveafled	 how	 fthe	 oxfidaftfive	 phosphoryflaftfion	

pafthways	are	noftabfly	upreguflafted	durfing	sftarvaftfion	fin	E.	ftfimfida.	Wfifth	fthese	resuflfts,	fift	fis	

hypofthesfized	 how	 fthe	 kflepftopflasfts	 coufld	 acft	 as	 aflfternaftfive	 provfiders	 off	 reducfing	

equfivaflenfts	 fto	 proflong	 fthe	 sflugs’	survfivafl	 ffrom	 ceflfluflar	 sftarvaftfion.	 Ift	 seems	 fthaft	 fthe	

acftuafl	conftrfibuftfion	off	kflepftopflasft	phoftosynfthesfis	fto	fthe	energy	demand	off	fthe	sflugs	fis	

noft	a	prerequfisfifte	fto	survfive	perfiods	off	sftarvaftfion.		

The	dfisserftaftfion	aft	hand	offffers	new	finsfighfts	finfto	fthe	finfterpflay	off	kflepftopflasfts	and	sflugs	

and	provfides	new	avenues	ffrom	whfich	one	can	expflore	Sacogflossa	fin	fthe	ffufture.	
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2.	Zusammenffassung	
	
Efinfige	Arften	von	Meeresschnecken	finnerhaflb	der	Famfiflfie	Sacogflossa	sfind	dfie	efinzfigen	

bekannften	 Meftazoen,	 dfie	 fin	 der	Lage	 sfind,	 ffunkftfionsffähfige,	 akftfive	 Pflasftfiden	 aus	 fihrer	

Aflgennahrung	 zu	 fisoflfieren	 und	 fin	 fihre	 efigenen	 Zeflflen	 zu	 finftegrfieren	 (Kflepftopflasften).	

Dfiese	 grünen	 Nackftschnecken	 wurden	 vor	 eftwa	 140	Jahren	 enftdeckft	 und	 späfter	

auffgrund	 fihres	 bflaftftarftfigen	 Aussehens	 und	fihren	 phoftosynftheftfisch	 akftfiven	

Kflepftopflasften	 afls	 "fleaves	 fthaft	 crawfl"	 beschrfieben.	 Es	 war	 bfisflang	 noch	 nfichft	 mögflfich,	

den	 wahren	 Befiftrag	 und	 den	 Nuftzen	 der	 ffunkftfionaflen	 Kflepftopflasften	 finnerhaflb	 der	

Sacogflossa	zu	enftschflüssefln.	Daher	versuchft	dfiese	Dfisserftaftfion	zu	erkflären,	was	(fi)	dfie	

Befifträge	 der	 Schnecken	 und	 Kflepftopflasften	 sfind,	 um	 dfie	 Kflepftopflasften	 auch	 geftrennft	

vom	Zeflflkern	der	Aflgen	über	Monafte	hfinweg	phoftosynftheftfisch	akftfiv	zu	haflften	und	(fifi)	

weflchen	Nuftzen	dfie	Schnecken	wfirkflfich	aus	den	Kflepftopflasften	zfiehen.	

	

Efin	 mögflficher	 Grund,	 der	 vfiefl	 Auffmerksamkefift,	 auch	 fin	 der	 Presse,	 erzfieflfte,	 war	 efin	

muftmaßflfiches	 Vorhandensefin	 flafterafl	 von	 der	 Aflge	 zur	 Schnecke	 ftransfferfierfter	 Gene.	

Der	flafterafle	Genftransffer	(LGT)	wurde	afls	Ursache	daffür	angesehen,	dass	der	Kflepftopflasft	

ftroftz	Abwesenhefift	der	Zeflflkerne	der	Aflgen	über	efinen	flangen	Zefiftraum	ffunkftfionsftüchftfig	

bflfieb.	 Über	 Jahrzehnfte	 wurden	 vfiefle	 Manuskrfipfte	 veröffffenftflfichft,	 dfie	 sfich	 damfift	

beschäffftfigften,	 weflche	 Gene	 überftragen	 wurden	 und	 wfie	 hoch	 dfie	 Häufffigkefift	 der	

Überftragungen	 sefin	 könnfte.	 Efine	 Arbefift	 dfieser	 kumuflaftfiven	 Dfisserftaftfion	 	 haft	 jedoch	

zwefiffeflsffrefi	 gezefigft,	 dass	 dfie	 Lesevorgänge	 ffür	 Gene,	 dfie	 aus	 Aflgen	 sftammen,	 auff	 RNA	

und	 DNA	 beruhften,	 dfie	 von	 der	 ursprüngflfichen	 Nahrungsqueflfle	 übrfiggebflfieben	 sfind	

(neben	 mögflficher	Konftamfinaftfion).	 In	 den	 fleftzften	 Jahren	 wurde	 dfie	 Idee	 des	 LGT	 fin	

Schnecken	 zur	 Erkflärung	 der	 Langflebfigkefift	 von	 Kflepftopflasften	 durch	 dfie	 Idee	 efiner	

aflflgemefineren	 "Aflgenpflasftfid-Robusfthefift"	 erseftzft	–	efinfige	 aus	 Aflgen	 fisoflfierfte	 Pflasftfiden	

können	CO2	flänger	fffixfieren	afls	Pflasftfiden,	dfie	aus	Landpffflanzen	fisoflfierft	wurden.		

	

In	verschfiedenen	Sftudfien	wurde	dfie	CO2-Ffixfierung	der	Nackftschnecken	gemessen	und	

befi	 Hunger	 war	 dfie	 Menge	 an	 fffixfierftem	 CO2	fin	 aflflen	 Fäflflen	 verrfingerft.	 Wfie	 sftark	 dfie	

Schnecken	 von	 der	 fforftflauffenden	 CO2-Ffixfierung	 durch	 fihre	 Kflepftopflasften	 wfirkflfich	

profffiftfieren,	wurde	fin	efiner	wefifteren	Arbefift	dfieser	Dfisserftaftfion	unftersuchft.	Dfieses	hängft	

von	der	Enftwfickflungszefift,	der	Größe,	dem	Gewfichft	und	der	Kohflensftoffffumsaftzzefift	der	
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Schnecken	 ab.	 Es	 sfteflflfte	 sfich	 heraus,	dass	 ffür	 dfie	 Arft	Eflysfia	 ftfimfida	nur	 0,25%	 des	

Kohflensftoffffs	der	Schnecken	aus	der	CO2-Ffixfierung	der	Kflepftopflasften	sftammen,	was	dfie	

Abnahme	 der	 Körpergröße	 und	 den	 Gewfichftsverflusft	 ftroftz	 der	 Anwesenhefift	 von	

ffunkftfionaflen	Kflepftopflasften	während	des	Hungers	erkflärft.		

	

Dass	 dfie	 Schnecken	 nfichft	 von	 der	 CO2-Ffixfierung	 der	 Kflepftopflasften	 abhängfig	 sfind,	

wurde	 durch	 Füftfterungen	 der	 poflyphagen	 Schnecke	Eflysfia	 vfirfidfis	mfift	 efiner	 Aflgenarft	

besftäftfigft,	 aus	 der	 dfie	 Schnecken	 kefine	 Kflepftopflasften	 erflangen	 können	–		dfie	

Überflebensrafte	 der	 Schnecken	 während	 des	 Hungerns	 unfterschfied	 sfich	 nfichft	 von	 der	

Schnecken	mfift	Kflepftopflasften.	Es	schefinft,	dass	der	ftaftsächflfiche	Befiftrag	der	Kflepftopflasft-

Phoftosynfthese	 zum	 Energfiebedarff	 der	 Nackftschnecken	 kefine	 Vorausseftzung	 ffür	 das	

Überfleben	 von	 Hungerperfioden	 fisft.	 Dfies	 fimpflfizfierft	 jedoch	 nfichft,	 dass	 Kflepftopflasften	

nfichft	 auff	 firgendefine	 Arft	 ffür	 dfie	 Nackftschnecken	 vorftefiflhaffft	 sfind.	 In	 efiner	 wefifteren	

dfieser	 Dfisserftaftfion	 zugrundeflfiegenden	 Arbefift	wurden	 RNA-Seq-Daften	 der	 befiden	

kongenen	 Schneckenarften	Eflysfia	configera	und	Eflysfia	ftfimfida	anaflysfierft.	 Dfie	 Ergebnfisse	

zefigen,	dass	dfie	oxfidaftfiven	Phosphoryflfierungswege	während	des	Hungerns	fin	E.	ftfimfida	

bemerkenswerft	hoch	reguflfierft	sfind.	Dfieses	flfieß	Hypofthesen	zu,	dass	dfie	Kflepftopflasften	

afls	 aflfternaftfiver	 Anbfiefter	 von	 Redukftfionsäqufivaflenften	 agfieren	 können,	 um	 das	

Überfleben	durch	zeflfluflären	Hunger	zu	verflängern.		

	

Dfie	 vorflfiegende	 Arbefift	 bfiefteft	 neue	 Efinbflficke	 fin	 das	 Zusammenspfiefl	 von	 Kflepftopflasften	

und	Nackftschnecken	und	eröffffneft	neue	Wege,	um	Sacogflossa	fin	Zukunffft	zu	erkunden.	
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3.		Inftroducftfion	

3.1	Anfimafls	wfifth	pflasftfids	

There	are	onfly	a	ffew	fthfings	fin	fthe	worfld	off	bfioflogy	fthaft	spark	fthe	finfteresft	off	noft	onfly	

scfienftfisfts	ffrom	ofther	dfiscfipflfines	buft	aflso	fthe	broader	pubflfic.	One	off	fthose	exampfles	are	

phoftosynftheftfic	 sea	 sflugs.	Some	 140	 years	 ago,	 fthese	 remarkabfle	 anfimafls	 were	 fffirsft	

descrfibed	by	de	Negrfi	and	de	Negrfi	(1876),	who	dfiscovered	fthaft	fthese	sea	sflugs	were	

green	 cofloured	 due	 fto	 fforefign	 ‘bodfies’	 fthaft	 were	 remfinfiscenft	 fto	 fthose	 known	 ffrom	

pflanfts.	 Roughfly	 100	 years	 flafter,	 fin	1965,	 fthe	 “granufle	 bodfies”	 were	 fidenftfifffied	 fto	 be	

pflasftfids	ffrom	fthe	aflgae	fthe	sflugs	ffeed	on	(Kawaguftfi	and	Yamasu	1965).	

Infiftfiaflfly,	 fthfis	 remarkabfle	 assocfiaftfion	 was	 descrfibed	 as	 a	 symbfiosfis	 (Kawaguftfi	 and	

Yamasu	 1965).	 When	 organfisms	 have	 a	 symbfiosfis	 wfifth	 phoftoftrophfic	 aflgae,	 fthe	

findfivfiduafl	specfies	profffift	ffrom	fthfis	reflaftfionshfip.	Thfis	phenomenon	fis	noft	uncommon	and	

many	 marfine	 exampfles	 are	 known:	 anemones	 and	 dfinoffflageflflaftes	 (La	 Jeunesse	 and	

Trench	2000),	corafls	and	Zooxanftheflflae	(Lfiftftfle	eft	afl.	2004),	jeflflyfffish	and	Symbfiodfinfium	

(flfike	Cassfiopea;	 Meflflas	 eft	 afl.	 2014),	 or	 moflfluscs	 (flfike	Pfteraeoflfidfia	 fianfthfina;	 Hoegh-

Gufldberg	and	Hfinde	1986	and	fthe	gfianft	cflam	Trfidacnfidae;	Kflumpp	and	Grfifffffifths	1994),	

and	sponges	(Frosft	and	Wfiflflfiamson	1980).	One	rare	exampfle	among	verftebraftes	fis	fthe	

Mofle	 saflamander,	 fin	 whfich	 fthe	 eggs	 off	 fthe	 anfimafls	 conftafin	many	 aflgae	 (Graham	 eft	 afl.	

2013;	 Graham	 eft	 afl.	2014),	 buft	 fift	 remafins	 uncflear	 whaft	 fthe	 ftrue	 benefffifts	 ffrom	 fthfis	

compflex	reflaftfionshfip	are	(Burns	eft	afl.	2017).	

These	prevfious	exampfles	cflarfiffy	fthaft	fthe	specfiafl	abfiflfifty	off	fthe	sflugs	off	harbourfing	green	

pflasftfids	 fis	 noft	 fto	 be	 conffused	 wfifth	 symbfioses.	 The	 sflugs	 specfiffficaflfly	sfteafl	findfivfiduafl	

pflasftfids	 ffrom	 fthefir	 aflgae	 ffood	 source,	 whfich	 fis	 why	 fthfis	 abfiflfifty	 fis	 ftermed	 kflepftopflasfty	

(Trench	1969).	Afffter	sequesftraftfion	by	fthe	guft	ceflfls	off	fthe	sflug,	fthe	sftoflen	pflasftfids	(fthen	

caflfled	kflepftopflasfts)	remafin	phoftosynftheftficaflfly	acftfive,	fthaft	fis	fthey	conftfinue	fto	fffix	CO2	fin	

a	flfighft-dependenft	manner	(ffuncftfionafl	kflepftopflasfty;	fffigure	3.1).	Händefler	and	coflfleagues	

(2009)	 descrfibed	 ffor	 fthe	 fffirsft	 ftfime	 fthree	 flevefls	 off	 phoftosynftheftfic	 acftfivfifty	 off	 fthe	

kflepftopflasfts	 based	 on	 Puflse	 Ampflfiftude	 Moduflaftfion	 (PAM)	 measuremenfts.	 There	 fis	 no	

ffuncftfionafl	reftenftfion	(non-reftenftfion	or	NR),	shorft-fterm	reftenftfion	(SftR;	kflepftopflasfts	are	

acftfive	ffor	abouft	one	week)	and	flong-fterm	reftenftfion	(LftR)	fin	whfich	fthe	kflepftopflasfts	sftay	

acftfive	ffor	over	a	monfth	(Händefler	eft	afl.	2009).		
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cflasses;	 fthe	 sheflfled,	 or	 Oxynoacea	 and	 fthe	 sheflfl-fless,	 or	 Pflakobranchacea.	 Oxynoacea	

consfisfts	 off	 fthe	 ffamfiflfies	 Voflvafteflflfidae,	 Juflfifidae,	 and	 Oxynofidae	 and	 Pflakobranchacea	

consfisfts	off	Pflakobranchfidae,	Boseflflfifidae,	Pflaftyhedyflfidae,	Poflybranchfifidae,	Hermaefidae,	

and	Lfimaponftfifidae	(Jensen	1996;	Maeda	eft	afl.	2010).	The	Oxynoacea	fform	fthe	base	off	

fthe	ftree	and	fifts	sfisfter	ftaxon,	fthe	Pflakobranchacea,	covers	fthe	subcflasses	Lfimaponftfiofidea	

and	fthe	Pflakobranchofidea	(de	Vrfies	2013;	Jensen	1996;	Händefler	and	Wägefle	2007).			

Jensen	(1997)	pfioneered	fthe	reconsftrucftfion	off	fthe	Sacogflossa	phyflogeny	on	genus	flevefl	

based	 on	 morphoflogficafl	 characfters	 (Hennfigfian	 prfincfipfles)	 (Jensen	 1997).	 Lafter,	 fin	

2007,	 Händefler	 and	 Wägefle	 pubflfished	 fthe	 fffirsft	 Sacogflossa	 phyflogeny	 based	 on	 16S	

rRNA	 (Händefler	 and	 Wägefle	 2007).	 Bofth	 phyflogenfies	 had	Cyflfindrobuflfla	 beaufifi	on	 fthe	

base	off	fthe	ftree	wfifth	rfighft	nexft	fto	fift	fthe	Oxynoacea.	Major	dfifffferences	beftween	fthe	ftwo	

ftrees	 occur	 wfifthfin	 fthe	 Oxynoacea	 and	 Lfimaponftfiofidea	 (Händefler	 and	 Wägefle	 2007).	

However,	 fthey	 descrfibe	 fthe	 phyflogeny	 anaflyses	 as	 preflfimfinary	 mafinfly	 because	 off	 fthe	

use	 off	 onfly	 one	 gene.	 Three	 years	 flafter,	 Maeda	 and	 coflfleagues	 pubflfished	 an	 updafted	

sacogflossan	 phyflogeny	 based	 on	 moflecuflar	 markers	 (18S	 rRNA,	 mfiftochondrfiafl	 CO1,	

ftrnV	 and	 16S	 rRNA)	 (Maeda	 eft	 afl.	 2010).	 Here	 fthey	 aflso	 dfiscuss	 fthe	 gafin	 and	 floss	 off	

kflepftopflasfty	fin	order	fto	reconsftrucft	fthe	appearance	off	fthfis	ftrafift	wfifthfin	some	Sacogflossa	

specfies.		

Onfly	 abouft	 75	 specfies	 ouft	 off	 250–300	 descrfibed	 specfies	 (Jensen	 1997;	 de	 Vrfies	 eft	 afl.	

2014a)	dfispersed	fthroughouft	fthe	Sacogflossa	cflade	are	abfle	fto	perfform	kflepftopflasfty	and	

even	 ffewer	 off	 fthose	 are	 abfle	 fto	 perfform	 ffuncftfionafl	 kflepftopflasfty	 (Maeda	 eft	 afl.	2010).	

Accordfing	fto	Maeda	eft	afl.	2010	ffuncftfionafl	kflepftopflasfty	was	efifther	flosft	(Voflvafteflflfidae)	or	

gafined	 (Pflakobranchacea)	 wfifthfin	 fthe	 phyflogeneftfic	 ftree.	 However,	 fin	 a	 more	 recenft	

sftudy	 off	 Chrfisfta	 and	 coflfleagues	 (2014a)	 fift	 fis	 suggesfted	 fthaft	 ffuncftfionafl	 kflepftopflasfty	

probabfly	evoflved	muflftfipfle	ftfimes	findependenftfly	(ftwo	ftfimes	ffor	shorft-fterm	reftenftfion	and	

aft	 fleasft	 fffive	 ftfimes	 ffor	 flong-fterm	 reftenftfion	 (LftR))	 and	 fis	 fthereffore	 consfidered	 a	 non-

monophyfleftfic	ftrafift	(Chrfisfta	eft	afl.	2014a).	Thaft	ffuncftfionafl	kflepftopflasfty	evoflved	muflftfipfle	

ftfimes	makes	fift	very	dfiffffficuflft	fto	expflafin	fifts	presence	and	fthe	possfibfle	benefffifts	even	more.	

Accordfing	fto	fthfis	modefl,	many	specfies	fthaft	dfid	noft	evoflve	fthe	ftrafift	are	as	successffufl	fin	

proflfifferaftfing	compared	fto	specfies	wfifth	ffuncftfionafl	kflepftopflasfty	(fffigure	3.2).		
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Ffigure	 3.2.	Phyflogeneftfic	 ftree	 off	 fthe	 Sacogflossa	 (de	 Vrfies	 eft	 afl.	 2014a).	A	 reconsftrucftfion	 off	 fthe	

phyflogeneftfic	ftree	ffrom	fthe	Sacogflossa	pubflfished	by	de	Vrfies	and	coflfleagues	fin	2014(a).	Wfifth	cflearfly	fthe	

Oxynoceae	posfiftfioned	aft	fthe	base	off	fthe	ftree,	ffoflflowed	by	fthe	Pflafthyflfidea	and	fthe	ftwo	flarger	presenfted	

Lfimapoftonfidea	 and	 Pflakobranchofidea	 fthaft	 aflso	 fincflude	 fthe	 mosft	 LftR	 specfies	 (red	 dofts).	 The	ftree	 aflso	

represenfts	 fthe	 dfiversfifty	 off	 fthe	 group	 wfifth	 regard	 fto	 habfiftaft,	 sfizes	 and	 ffood	 sources	 (whfich	 wfiflfl	 be	

expflafined	fin	more	deftafifl	fin	fthe	ffoflflowfing	chapfters).	

	

3.2.2	Descrfipftfion	

Sacogflossa	are	known	as	fthe	sap-suckfing	sflugs	because	off	fthe	way	fthey	eaft	fthefir	aflgae;	

fthey	pfinch	a	hofle	fin	fthe	aflgafl	ceflfl	waflfl	and	suck	ouft	fthe	cyftosoflfic	conftenft.	In	order	fto	do	

so,	fthey	are	equfipped	wfifth	a	specfiafl	ftoofth-flfike	organ:	fthe	raduflae	(fffigure	3.3).	The	fteefth	

are	 unfiserfiafte	 and	 onfly	 fthe	 fleadfing	 ftoofth	 fis	 befing	 used	 (Gascofigne	 and	 Sarftory	 1974).	

The	mechanfisms	are	sfimfiflar	fto	fthe	revoflver	fteefth	off	a	shark;	fift	conftfinues	growfing	and	

repflaces	 fthe	 oflder	 fteefth	 when	 necessary.	 Ofther	 reporfts	 menftfioned	 morphoflogficafl	

adapftaftfions	 fto	 fthe	 ffood	 source	ffor	 some	 specfies	 fthaft	 ffeed	 on	 a	 varfiefty	 off	 aflgae,	 flfike	

Eflysfia	vfirfidfis	(Jensen	1993;	Rauch	eft	afl.	2018).	However,	unflfike	ofther	Opfisfthobranchfia,	

fthe	used	fteefth	are	befing	kepft	durfing	fthe	sflugs’	flfiffeftfime	fin	a	dedficafted	sftrucfture	caflfled	
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ffuncftfionafl	 kflepftopflasfts	 coufld	 be	 correflafted	 fto	 seasonafl	 abundance	 off	 fthefir	 aflgae	 ffood	

source	(Cruz	 eft	 afl.	 2013;	 Wägefle	 and	 Marftfin	 2013;	 de	 Vrfies	 eft	 afl.	 2015;	Rauch	 eft	 afl.	

2018).	 One	 off	 fthose	 exampfles	 fis	 fthe	 comparfison	 off	 ftwo	 sfisfter	 specfies	Eflysfia	cornfigera	

wfifth	Eyflsfia	ftfimfida,	whfich	bofth	ffeed	on	fthe	aflgae	Aceftabuflarfia,	however,	onfly	E.	ftfimfida	fis	

abfle	fto	keep	fthe	kflepftopflasfts	flong-fterm	(de	Vrfies	eft	afl.	2015).	Thfis	coufld	be	expflafined	

because	E.	 ftfimfida	flfives	 fin	 fthe	 Medfifterranean	 were	 fthe	Aceftabuflarfia	grows	 seasonafl	

(Marín	 and	 Ros	 1992)	 (fffigure	 3.5).	 However,	 aft	 fthe	 same	 ftfime,	 specfies	 as	Cosftasfieflfla	

oceflflfiffera	and	Eflysfia	crfispafta	have	ffood	source	avafiflabfiflfifty	fthroughouft	fthe	year	and	are	

sftfiflfl	measured	as	flong-fterm	reftenftfion	specfies	(Chrfisfta	eft	afl.	2015).	

	

Ffigure	 3.5.	Ffieflds	 off	 caflcfifffied	Aceftabuflarfia	aceftabuflum	on	

fthe	 coasft	 off	 fthe	 Medfifterranean	 fisfland	 Eflba,	 Iftafly	 and	 a	

sfingfle	decaflcfifffied	specfimen	(upper	rfighft	corner;	modfifffied	

wfifth	permfissfion	 afffter	 de	 Vrfies	 eft	 afl.	 2013).	A	fffiefld	 off	A.	

aceftabuflum	phoftographed	 by	 fthe	 aufthor	 jusft	 afffter	 a	 cofld	

wfinfter	season,	fin	Aprfifl	2015.	On	fthe	pficfture,	fift	fis	cflearfly	vfisfibfle	

how	 fthe	 aflgae	 are	 wfifthouft	 reproducftfive	 caps	 and	 compfleftefly	

caflcfifffied	 (fidenftfifffied	 by	 fthe	 whfifte	 coflouraftfion)	 whfich	 makes	 fift	

fimpossfibfle	 ffor	 fthe	 sacogflossan	Eflysfia	 ftfimfida	fto	 ffeed	 on	fift.	

Thereffore,	 fthe	 anfimafls	 are	 fforced	 finfto	 sftarvaftfion	 ffor	 severafl	

monfths	 unftfifl	 fthe	 aflgae	 go	 finfto	 a	 new	 cycfle	 wfifth	 ffresh	

reproducftfive	caps	and	decaflcfifffied	sftaflks	(exampfle	fin	fthe	upper	

rfighft	corner)	(Marín	and	Ros	1992;	de	Vrfies	eft	afl.	2013).	

	

	

3.2.4	Behavfiour	

Sacogflossan	 ffeedfing	 behavfiour	 and	 ffood	 prefferences	 are	 very	 sftrongfly	 flfinked	 fto	 fthe	

dfivfisfion	 off	 fthe	 genera.	 None	 off	 fthe	 Oxynoacea	 (sheflfled	 Sacogflossa)	 ffeeds	 on	 anyfthfing	

eflse	fthan	fthe	aflgae	genus	Cauflerpa	(Jensen	1997).	The	resft	off	fthe	ffamfifly	ftree	has	a	more	

dfiverse	 dfieft,	 buft	 fift	 concenftraftes	 mafinfly	 on	 sepftafte	 and	 sfiphonaceous	 green	 aflgae	

(Uflvophyceae).	 Because	 Oxynocea	 fforms	 fthe	 base	 off	 fthe	 phyflogeny	 off	 fthe	 Sacogflossa	

(see	chapfter	3.2.1	off	 fthfis	 dfisserftaftfion),	 fifts	 ffood	Cauflerpa	fis	 seen	 as	 fthe	 ancesftrafl	 ffood	
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source.	Ift	suggesfts	fthaft	ffrom	fthere	fthe	sflugs	radfiafted	fthefir	specfiaflfisms	by	adapftaftfion	fto	

ofther	aflgae	ffood	sources	(Jensen	1997).		

Mosft	 Sacogflossa	 are	 specfiaflfisfts	 when	 fift	 comes	 fto	 fthefir	 dfiefts.	 For	 exampfle,	 fthe	 specfies	

Eflysfia	 ftfimfida	fis	 known	 fto	 ffeed	 onfly	 on	 fthe	 green	 sfiphonaceous	 aflgae	Aceftabuflarfia	

aceftabuflum.	 And	 onfly	 a	 ffew	 ofther	 specfies	 are	 known	 fto	 ffeed	 on	 ofther	 aflgae	 specfies	

besfides	 fthe	 Uflvophyceae;	Eflysfia	 chfloroftfica	ffeeds	 on	 fthe	 hefterokonft	 aflgae	Vaucherfia	

flfiftorea	(Rumpho	eft	afl.	2000),	Eflysfia	serca	ffeeds	on	cerftafin	specfies	off	seagrasses	(Jensen	

1982;	Jensen	1993)	and	Hermaea	bfifffida	ffeeds	on	Rhodophyfta	(fffigure	3.6;	Chrfisfta	eft	afl.	

2014a).	However,	some	reporfts	descrfibe	a	more	generafl	ffeedfing	behavfiour	fin	whfich	a	

sfingfle	 sflug	 specfies	 fis	 abfle	 fto	 ffeed	 on	 severafl	 specfies	 off	 aflgae	 wfifthfin	 fthe	 same	 genus	

(poflyphagous)	(Jensen	1983,	Jensen	1991,	Trowbrfidge	1991).	Exampfles	off	fthfis	are	fthe	

specfies	Eflysfia	vfirfidfis,	Eflysfia	crfispafta,	Eflysfia	cflarkfi	and	Pflakobranchus	oceflflaftus	fthaft	 are	

abfle	 fto	 ffeed	 on	 muflftfipfle	 aflgae	 (Händefler	 eft	 afl.	 2010;	 Chrfisfta	 eft	 afl.	 2014a;	 Rauch	 eft	 afl.	

2018).		

Wfifth	 regard	 fto	 ffuncftfionafl	 kflepftopflasfty,	 fthere	 seems	 fto	 be	 no	 consfisftency	 fin	 fthe	 aflgae	

groups.	Geneftfic	barcodfing	experfimenfts	ftrfied	fto	caftegorfize	fthe	dfifffferenft	reftenftfion	fforms	

regardfing	 fto	 fthefir	 aflgae	 ffood	 source,	 buft	 fift	 fis	 compfleftefly	 findfiscrfimfinafte	 (fffigure	 3.6;	

Chrfisfta	 eft	 afl.	 2014a).	 De	 Vrfies	 and	 coflfleagues	 (2015)	 used	 fthe	 sfisfter	 specfies	Eflysfia	

cornfigera	and	Eflysfia	ftfimfida	as	fthefir	modefl	sysftem,	because	fthey	ffeed	on	fthe	same	aflgae	

specfies	 (Aceftabuflarfia	 aceftabuflum)	 and	 yeft,	 fthey	 have	 compfleftefly	 dfifffferenft	 reftenftfion	

fforms;	 shorft	 and	 flong-fterm	 reftenftfion	 respecftfivefly	 (de	 Vrfies	 eft	 afl.	 2015).	 Thefir	

concflusfion	 was	 havfing	 ffuncftfionafl	 kflepftopflasfts	 flong-fterm	 fis	 noft	 necessarfifly	 correflafted	

wfifth	fthe	aflgae	ffood	source,	buft	has	more	fto	do	whefther	fthe	specfies	fis	abfle	fto	cope	wfifth	

fthe	sftress	fthaft	comes	wfifth	sftarvaftfion	(de	Vrfies	eft	afl.	2015).		

Buft	fiff	fthe	aflgae	were	off	such	mfinfimum	fimporftance,	why	fis	fift	fthaft	ffeedfing	experfimenfts	

wfifth	E.	 vfirfidfis	findficafted	dfifffferenft	 resuflfts?	 The	 fless	 pficky	 ffeeder,	E.	vfirfidfis,	 ffeeds	 on	

dfifffferenft	 aflgae,	 fi.a.	Bryopsfis	 hypnofides	and	Cfladophora	sp.	However,	 when	 ffed	 on	

Bryopsfis,	ffuncftfionafl	kflepftopflasfts	are	measured	ffor	severafl	days	fin	a	row	buft	when	ffed	

on	Cfladophora	sp.	fthere	 fis	 no	phoftosynftheftfic	 acftfivfifty	measured	aft	 aflfl	 (Rauch	 eft	 afl.	

2018).	Taken	ftogefther	fift	seems	fthaft	fthe	ffuncftfionaflfifty	off	fthe	kflepftopflasfts	fis	noft	decfided	

by	merefly	fthe	aflgae	source.		
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Anofther	 possfibfiflfifty	 fis	 fthaft	 keepfing	 acftfive	 kflepftopflasfts	 coufld	 be	 an	 finexpensfive	 way	 off	

camouffflage	agafinsft	predaftors.	Some	specfies	off	fthe	Sacogflossa	are	exftremefly	crypftfic	and	

by	fincorporaftfing	ffuncftfionafl	kflepftopflasfts	fthey	become	even	more	obscure	(Trowbrfidge	

1994;	Rumpho	eft	afl.	2000;	Wägefle	2004).	Befing	green,	on	a	green	background	fis	even	

ffor	human	eyes	hard	fto	deftecft.	Boseflflfia	mfimeftfica	(hence	fthe	name)	has	ftaken	fthfis	fto	fifts	

ffuflfl	 advanftage	 by	 havfing	 fifts	 ffflaft	 body	 pressed	 agafinsft	 fthe	 ffflaft	Haflfimeda	ftuna	bflades	 fift	

eafts	ffrom	(Cfimfino	and	Ghfiseflfin	1998;	Marín	and	Ros	2004).		

Some	 sftudfies	 aflso	 suggesft	 fthaft	 fthe	 kflepftopflasfts	 coufld	 ffuncftfion	 as	 a	 deffence	 agafinsft	

predaftfion;	 by	 means	 off	 secondary	 meftaboflfiftes	 ffrom	 fthe	 kflepftopflasfts	 (Jensen	 1994;	

Jensen	 1997;	 Cfimfino	 and	 Ghfiseflfin	 1998;	 Marín	 and	 Ros	 2004).	 Buft	 fift	 fis	 dfiffffficuflft	 fto	

supporft	fthese	ftheorfies,	noft	fto	fthe	fleasft	exftenft	because	nafturafl	predaftfion	on	fthe	sflugs	fis	

very	 rarefly	 reporfted	 fin	 fthe	 flfifterafture.	 Some	 fffiefld	 observaftfions	 suggesfted	 fthaft	 crabs,	

some	fffish	(Trowbrfidge	1994),	and	even	a	mushroom	corafl	(fffigure	3.7)	are	predaftfing	on	

fthe	 sflugs	 (Mehroftra	 eft	 afl.	 2015).	 Buft	 fthe	 acftuafl	 evfidence	 ffor	 consumpftfion	 remafins	

undeftecfted;	fthe	sflugs	do	noft	have	any	hard	ftfissue	fthaft	can	remafin	recognfizabfle	fin	fthe	

sftomach	off	fifts	predaftors	ffor	proper	fidenftfiffficaftfion.	

Lfike	 aflfl	 ofther	 opfisfthobranchs,	 Sacogflossa	 are	 hermaphrodfiftes,	 and	 whfifle	 maftfing,	 bofth	

parftners	 can	 sfimuflftaneousfly	–	offften	 fin	 compeftfiftfion	 wfifth	 each	 ofther	–	fferftfiflfize	 and	 be	

fferftfiflfized	(Schmfiftft	eft	afl.	2007).	Aduflfts	flay	fthefir	eggs	fin	a	sftrfing,	resembflfing	a	somewhaft	

cfircuflar	 shape,	 mosftfly	 on	 fthefir	 aflgae	 ffood	 source.	 Dependfing	 on	 fthe	 specfies,	 fthe	 egg	

haftchflfings	are	efifther	mfinfiafture	represenftaftfives	off	fthefir	aduflft	parenfts	(juvenfifles)	or	are	

pflankftoftrophfic	 flarvae	 (Trowbrfidge	 2000;	 Gfianguzza	 eft	 afl.	 2005).	 The	 flarvae	 have	 an	

aflfternaftfive	 ffood	 source	 beffore	 fift	 makes	 fthe	 fffinafl	 ftransfiftfion	 fto	 aflgae	 and	 fift	 fis	 noft	 unftfifl	

fthen,	 fthaft	 fthe	 sflugs	 sftarft	 fto	 fincorporafte	 kflepftopflasfts	 (Trowbrfidge	 2000;	 Schmfiftft	 eft	 afl.	

2014).		These	 compflex	 flfiffe	 cycfles	 can	 make	 cuflfturfing	 fthe	 sflugs	 parftficuflarfly	 dfiffffficuflft	

(Gfianguzza	 eft	 afl.	 2005).	 Cuflfturfing	 fthe	 sflugs	 fin	 fthe	 flaboraftory	 fis	 offften	 necessary	 ffor	

conftroflfled	 experfimenfts.	 A	 floft	 off	 fthe	 sftudfies	 conducfted	 were	 based	 on	 sflugs	 coflflecfted	

ffrom	fthe	wfifld,	whfich	can	come	wfifth	compflficaftfions.	Buft	ffuflfly	cflosed	flaboraftory	cuflftured	

sflugs,	 do	 noft	 aflways	 represenft	 fthe	 nafturafl	 sftafte,	 whfich	 can	 flead	 fto	 wrong	 concflusfions	

(e.g.	 ffeedfing	 experfimenfts	 wfifth	 aflgae	 ffood	 sources	 fthe	 sflugs	do	 noft	encounfter	 fin	 fthefir	

nafturafl	habfiftaft).	Ift	fis	a	dfiscussfion	worfth	fto	keep	fin	mfind.	
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Ffigure	 3.6.	 Overvfiew	 off	 fthe	 ffood	 sources	 off	 Sacogflossa	 accompanfied	 by	 fthefir	 reftenftfion	 fforms	

(Chrfisfta	eft	afl.	2014a).	LftR	=	Long-fterm	reftenftfion,	SftR	=	Shorft-fterm	reftenftfion,	NR	=	No	reftenftfion.			
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Ffigure	 3.7.	 Ffiefld	 observaftfion	 off	 sacogflossan	 predaftfion	 by	 a	 mushroom	 corafl	 (modfifffied	 wfifth	

permfissfion	afffter	Mehroftra	 eft	 afl.	 2015).	The	 mushroom	 corafl	Pfleuracftfis	 paumoftensfis	fis	 observed	

fingesftfing	fthe	Sacogflossa	Pflakobranchus	sp.	aft	Koh	Tao,	Thafifland.		

	

3.3	The	Scfience	off	Sacogflossa	

3.3.1.	Bfird’s-eye	vfiew	off	sacogflossan	research	

De	Negrfi	and	de	Negrfi	(1876)	were	de	fffirsft	fto	descrfibe	fthaft	fthe	Sacogflossa	Eflysfia	vfirfidfis	

harbours	green	bodfies	flfike	fthaft	off	pflanfts.	Buft	fift	ftook	anofther	100	years	beffore	Kawaguftfi	

and	 Yamasu	 (1965)	 wfifth	 fthe	 heflp	 off	 eflecftron	 mficroscopy	 coufld	 descrfibe	 fthese	 green	

bodfies	 as	 pflasftfids.	 1965	 basficaflfly	 marked	 fthe	 begfinnfing	 off	 scfienftfifffic	 research	 off	

Sacogflossa,	wfifth	specfiafl	emphasfis	on	fthe	ones	fthaft	perfform	ffuncftfionafl	kflepftopflasfty.	The	

hfisftory	off	sacogflossan	research	marked	ffour	dfifffferenft	perfiods,	descrfibed	fin	de	Vrfies	eft	

afl.	 2014:	 fthe	 dfiscovery	 off	 fthe	 sflugs,	 fthe	 kflepftopflasfts	 fffix	 CO2	(‘fleaves	 fthaft	 crawfl’),	 fthe	

hunft	ffor	flafteraflfly	ftransfferred	genes	ffrom	aflgae	fto	sflug	(flafterafl	gene	ftransffer;	LGT)	and	

presenft-day	sftudfies	(fffigure	1	off	de	Vrfies	eft	afl.	2014).		

Trench	 was	 fthe	 fffirsft	 one	 fthaft	 counfted	 radfioacftfive	 flabeflfled	 carbon	 fin	 fthe	 sflugs’	 ftfissue	

back	fin	1969	and	sftarfted	sftarvaftfion	experfimenfts	as	a	way	fto	measure	fthe	kflepftopflasfts’	

conftrfibuftfion	 fto	 fthe	 sflug	 (Trench	 1969).	 Sfince	 fthen,	 fthroughouft	 fthe	 sevenftfies	 ftfiflfl	 fthe	

nfineftfies,	fift	was	appflfied	aflmosft	flfike	a	sftandard	when	sftudyfing	phoftosynftheftfic	sea	sflugs	

(Trench	1969;	Hfinde	and	Smfifth	1972;	Trench	eft	afl.	1973;	Hfinde	and	Smfifth	1975;	Gaflflop	

eft	afl.	1980;	Marín	and	Ros	1992).		
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When	 ftaken	 a	 cfloser	 flook	 fto	 fthe	 ftechnfiques	 used	 fthroughouft	 fthese	 years,	 fthere	 fis	 a	

sudden	 shfiffft	 ffrom	 CO2	fffixaftfion	 experfimenfts	 fto	 fthe	 finftroducftfion	 off	Puflse	 Ampflfiftude	

Moduflaftfion	(PAM)	measuremenfts	and	manuscrfipfts	pubflfishfing	abouft	sflug	LGT	(haflffway	

fthe	nfineftfies;	see	ftabfle	1	off	Rauch	eft	afl.	2017a).	Suddenfly	fthe	phoftosynftheftfic	acftfivfifty	off	

fthe	 kflepftopflasfts	 aflone	 was	 enough	 prooff	 fthaft	 fthe	 sflugs	 are	 abfle	 fto	 flfive	 ffrom	

phoftosynfthaftes	 produced	 by	 fthe	 kflepftopflasfts	 (Wägefle	 and	 Johnsen	 2001;	 Laeftz	 eft	 afl.	

2017a,b).	 These	 cflafims	 are	 offften	 made	 wfifthouft	 fthe	 necessary	 supporft	 (CO2	fffixaftfion	

measuremenfts	 and	 phoftosynfthesfis	 finhfibfiftfion)	 (Carftaxana	 eft	 afl.	 2017;	 Laeftz	 eft	 afl.	

2017a,b).	Some	off	fthese	sftudfies	were	pubflfished	synchronfise	wfifth	LGT	manuscrfipfts;	fthe	

quesftfion	was	noft	anymore	whaft	fthe	conftrfibuftfion	off	fthe	kflepftopflasfts	was	(fiff	any	aft	aflfl),	

one	assumed	fift.	Thfis	made	fthe	ffocus	shfiffft	fto	fthe	fissue	off	how	fthe	kflepftopflasfts	were	kepft	

ftranscrfipftfionaflfly	acftfive	fin	fthe	sflugs	(Pfierce	eft	afl.	2009;	Rumpho	eft	afl	2009;	Schwarftz	eft	

afl.	2010;	Peflfleftreau	eft	afl.	2011).	And	fthroughouft	fthe	nfineftfies	and	earflfier	ftwo	fthousands,	

many	 conffflficftfing	 reporfts	are	 pubflfished,	 whfich	 weakened	 fthe	 LGT	 ftheory.	Aft	 flong	 flasft,	

flack	 off	 sftrong	 evfidence	 fffinaflfly	 made	 more	 and	 more	 sftudfies	 vacafte	 LGT	 ftheorfies	

aflftogefther.		

Recenftfly,	research	fin	Sacogflossa	has	changed	and	fis	currenftfly	aft	a	fturnfing	pofinft.	Newfly	

pubflfished	 sftudfies	 compared	 specfies	 such	 as	 fthe	 congenfic	 sea	 sflugs	Eflysfia	 ftfimfida	and	

Eflysfia	cornfigera	(de	Vrfies	eft	afl.	2015;	Rauch	eft	afl.	2017b;	Laeftz	eft	afl.	2017a,b)	and	once	

agafin	 perfformed	 sftarvaftfion	 experfimenfts	 wfifth	 fthe	 sflugs,	 wfifth	 conftrofls	 by	 bflockfing	

phoftosynfthesfis	 and	 measurfing	 CO2	fffixaftfion	 (Chrfisfta	 eft	 afl.	 2014b;	 de	 Vrfies	 eft	 afl.	 2015;	

Rauch	eft	afl.	2018).	

Aflfl	sftudfies	prevfiousfly	done	on	Sacogflossa	show	one	fthfing;	fthaft	sftudyfing	fthese	green	sea	

sflugs	has	many	chaflflenges.	Noft	rarefly	because	off	smaflfl	sampfle	sfizes	or	finfter-	and	finftra-

specfies	dfifffferences.	However,	fthese	chaflflenges	shoufld	noft	ftransflafte	finfto	conffflficftfing	dafta	

because	 off	 easfifly	 puflfled	 concflusfions.	 Currenftfly	 fthere	 fis	 sftfiflfl	 a	 floft	 fto	 be	 done	 and	 fthfis	

dfisserftaftfion	wfiflfl	ftackfle	down	some	off	fthe	presenft-day	quesftfions.		
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3.3.2.	The	afims	off	fthfis	dfisserftaftfion	

In	fthfis	dfisserftaftfion	some	off	fthe	presenft-day	quesftfions	abouft	Sacogflossa	and	fthefir	abfiflfifty	

off	 reftafinfing	 kflepftopflasfts	are	 befing	 chaflflenged.	 In	 order	 fto	 fffind	 cues	 ffor	 why	 some	

specfies	 off	 sflugs	 are	 abfle	 fto	 reftafin	 kflepftopflasfts	ffor	 a	 flonger	 ftfime	 fthan	 ofthers,	fthe	 gene	

expressfion	 off	 dfifffferenft	 specfies	 was	compared	 and	anaflysed.	Furfthermore,	fin	 order	 fto	

undersftand	 fthe	 benefffifts	fthe	sflugs	 gafin	 ffrom	 fthefir	kflepftopflasfts,	radfioflabeflfled	 carbon	

fffixafted	 by	 fthe	 kflepftopflasfts	was	 measured	and	 sflugs	 ffed	 on	 dfifffferenft	 dfiefts	were	 befing	

sftarved	and	observed.	A	varfiefty	off	sflug	specfies,	kflepftopflasft	sources,	dfifffferenft	moflecuflar,	

radfioflabeflflfing,	 phoftobfioflogy	 and	 observaftfionafl	 ftechnfiques	were	 used	 fin	 order	answer	

fthe	ffoflflowfing	objecftfives:	

	

Objecftfive	(fi)		Whaft	keeps	kflepftopflasfts	ffuncftfionafl?		 	 	 	

	 	 	 Whaft	are	fthe	sflugs	and	kflepftopflasfts	conftrfibuftfions	fto	mafinftafin	

	 	 	 kflepftopflasfts	phoftosynftheftficaflfly	acftfive	ffor	monfths	off	separaftfion	

	 	 	 ffrom	aflgafl	nucflear	genes?	

Objecftfive	(fifi)	Whaft	benefffift	do	sflugs	ftrufly	reap	ffrom	kflepftopflasfts?		 	

	 	 	 When	fthe	sflugs	fincorporafte	kflepftopflasfts,	do	fthey	have	beftfter		

	 	 	 survfivafl	raftes	fthan	sflugs	fthaft	do	noft	fincorporafte	kflepftopflasfts?		
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Off fleaves fthaft crawfl

Pflasftfids are fthe mafin dfifference fthaft dfisftfingufishes a pflanft 
or aflgafl ceflfl ffrom anfimafl ceflfls. However, fin 1876 de Negrfi 
and de Negrfi [1] descrfibed some green sea sflugs fto harbor 
granufles fthaft appeared fto be sftafined green fthrough chfloro-
phyflfl pfigmenfts, sfimfiflar fto fthose off pflanft and aflgae pflasftfids. 
Ift ftook aflmosft anofther cenftury beffore Kawaguftfi and Yamasu 
[2] coufld demonsftrafte fthaft fthe gflobuflar chflorophyflfl bodfies 
were fidenftficafl fto fthe pflasftfids off fthe sflug’s aflgafl ffood source 
(Ffig. 1). Due fto fthe nafture by whfich fthe sflugs acqufire fthe 
pflasftfids ffrom fthefir aflgafl ffood source, fthese sftoflen organeflfles 
were ftermed kflepftopflasfts: sftoflen pflasftfids. In hfis work on 
Eflysfia crfispafta (aft fthaft ftfime known as Trfidachfia  crfispafta), 
Trench  [3] was one off fthe firsft fto suggesft fthaft fthe sflugs 
mfighft specfificaflfly sequesfter fthe organeflfles ffor fthefir abfifl-
fifty fto phoftosynfthesfize. Trench [3] noft onfly demonsftrafted 
fthe fincorporaftfion off 14CO

2
 fthrough fthe pflasftfids fthaft are 

embedded wfifthfin fthe epfiftheflfiafl ceflfls fthaft fform fthe dfigesftfive 
gflanduflar ftubufles, buft aflso anaflyzed fthe perpeftuaftfion off fthe 
kflepftopflasft-sflug reflaftfionshfip by separaftfing fthe sflugs ffrom 
fthefir aflgafl prey. Ever sfince, sftarvfing fthe sflugs has been a com-
mon approach fto deftermfine fthe sflug’s capacfifty fto mafinftafin 

ffuncftfionafl kflepftopflasfts [4]. Aflong fthese flfines fthe presence 
off phoftosynfthesfizfing kflepftopflasfts was generaflfly assocfiafted 
wfifth fthe abfiflfifty off some sacogflossans fto survfive sftarvaftfion 
perfiods fthaft can flasft many monfths [5]. hfis fled researchers 
fto cofin fthe fterm off “fleaves fthaft crawfl” [6].
In conftrasft fto pflanfts and aflgae, pflasftfids off sflugs are noft 

verftficaflfly finherfifted; kflepftopflasfts have fto be acqufired by 
each new sflug generaftfion. Sacogflossan sea sflugs have a 
hfighfly specfiaflfized radufla fthaft consfisfts off findfivfiduafl, serfiaflfly 
organfized fteefth [7]. Onfly one ftoofth fis used aft a ftfime and, 
when fidfle, sftored fin an auftapomorphfic sftrucfture caflfled 
“saccus”  [8], eponymous ffor fthe sacogflossan group. Some 
sflug specfies can ffeed onfly on a sfingfle aflgafl specfies and fthfis 
mfighft be assocfiafted wfifth a specfiaflfized radufla off mafture 
anfimafls [7]. In ofther cases, such as Eflysfia vfirfidfis fthaft can 
ffeed ffor finsftance on Codfium and Bryopsfis, anfimafls seem fto 
have a more generaflfly adapfted radufla aflflowfing fthem fto ffeed 
on a varfiefty off dfifferenft specfies [7]. However, fthfis remafins 
an observed correflaftfion and fift fis dfificuflft fto fimagfine how 
one coufld provfide empfirficafl evfidence aft fthfis pofinft. Feedfing 
experfimenfts fin fthe flaboraftory aflone do noft do fthe ftrfick and 
radufla muftaftfion fis ffar ffrom ffeasfibfle. Currenftfly we do noft 
know where ffood source seflecftfion acftuaflfly begfins. From whaft 
we know fift coufld very weflfl be fthaft fthe “seflecftfive” anfimafls can 
peneftrafte dfifferenft sfiphonaceous aflgae and seflecftfion occurs 
downsftream, noft mechanficaflfly (hard and soft or smaflfl and 
flarge), buft bfiochemficaflfly (sweeft and sour or ffresh and puftrfid).
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A sea sflug’s gufide fto pflasftfid symbfiosfis
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Absftracft

Some 140 years ago sea sflugs fthaft conftafined chflorophyflfl-pfigmenfted granufles sfimfiflar fto fthose off pflanfts were descrfibed. 
Whfifle we now undersftand fthaft fthese “green granufles” are pflasftfids fthe sflugs sequesfter ffrom sfiphonaceous aflgae upon whfich 
fthey ffeed, surprfisfingfly flfiftftfle fis reaflfly known abouft fthe moflecuflar deftafifls fthaft underflfie fthfis one off a kfind anfimafl-pflasftfid 
symbfiosfis. Kflepftopflasfts are sftored fin fthe cyftosofl off epfiftheflfiafl ceflfls fthaft fform fthe sflug’s dfigesftfive ftubufles, and one woufld 
guess fthaft fthe sftoflen organeflfles are acqufired ffor fthefir abfiflfifty fto fix carbon, buft sftudfies have never reaflfly been abfle fto prove 
fthaft. We aflso do noft know how fthe organeflfles are dfisftfingufished ffrom fthe remafinfing ffood parftficfles fthe sflugs fincorporafte 
wfifth fthefir meafl and fthaft fincflude aflgafl mfiftochondrfia and nucflefi. We know fthaft fthe abfiflfifty fto sftore kflepftopflasfts flong-fterm 
has evoflved onfly a ffew ftfimes findependenftfly among hundreds off sacogflossan specfies, buft we have no fidea on whaft basfis. 
Here we ftake a cfloser flook aft fthe hfisftory off sacogflossan research and dfiscuss recenft deveflopmenfts. We argue fthaft, fin order 
fto undersftand whaft makes fthfis symbfiosfis work, we wfiflfl need fto ffocus on fthe anfimafl’s physfioflogy jusft as much as we need 
fto commence a deftafifled anaflysfis off fthe pflasftfids’ phoftobfioflogy. Undersftandfing kflepftopflasfty fin sacogflossan sflugs requfires an 
unbfiased muflftfidfiscfipflfinary approach.

Keywords: kflepftopflasfty; sacogflossan sflugs; phoftosynfthesfis; pflasftfid bfioflogy; phoftosynftheftfic sflugs; evofluftfion
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he sflugs do noft ffeed on fthe enftfire aflga, buft rafther use fthe 
radufla’s ftoofth fto peneftrafte fthe ceflfl waflfl off sfiphonaceous aflgae. 
hey fthen suck ouft fthe enftfire cyftosoflfic conftenft off fthe aflgae 
fincfludfing fthe organeflfles and aflfl ofther comparftmenfts. hfis 
fis noft yeft specfiafl, buft fin a ffew sacogflossan specfies onfly fthe 
pflasftfids are seflecftfivefly sequesftered ffrom fthe phagocyftosed 
mafterfiafl. Indfivfiduafl ffood vacuofles can finfiftfiaflfly conftafin 
severafl kflepftopflasfts [9], buft fthese are subsequenftfly refleased 
finfto fthe cyftosofl after fthe vacuofle fis degraded. Consfider-
fing fthaft fthe vasft majorfifty off sacogflossans appear fto ftreaft 

fincorporafted pflasftfids jusft flfike any ofther ffood parftficfle, we 
can assume fthaft kflepftopflasft reftenftfion happens on purpose. 
Sftfiflfl, fthe moflecuflar mechanfism off how pflasftfids are finfiftfiaflfly 
recognfized and subsequenftfly refleased finfto fthe cyftosofl 
remafins enftfirefly unknown.
he abfiflfifty off some kflepftopflasfts fto remafin ffuncftfionafl 

finsfide fthe anfimafl ceflfls was flong spearheaded by fthe fidea 
fthaft fthe sflugs express genes fthey obftafined fthrough flafterafl 
gene ftransffer (LGT) ffrom fthe aflgafl nucflefi, and whfich encode 
proftefins fthaft mafinftafin pflasftfid ffuncftfionaflfifty [10,11]. When 
fthe firsft sflug ftranscrfipftomes emerged fthaft concepft was chafl-
flenged [12,13]. Ift has been dfiscussed eflsewhere fin deftafifl why 
LGT cannoft supporft fthe sftoflen pflasftfids [12,14], buft, fin brfieff, 
fthe reasons are (fi) fthe meagre amounft off phoftosynfthesfis-
reflafted ftranscrfipft fidenftfified among sflug messenger RNA 
– “one fin a mfiflflfion reads” – and (fifi) fthaft aflgafl genes have 
never been fidenftfified wfifthfin fin fthe genomfic conftexft off sflug 
nucflear DNA. Ift now seems fthaft finftrfinsfic properftfies fthe 
sftoflen pflasftfid brfing aflong render some aflgafl pflasftfids more 
robusft (fthaft fis “flonger-flfivfing” fin a fforefign envfironmenft 
ouftsfide fthe aflgafl/pflanft cyftosofl) fthan ofthers [15–19]. How 
exacftfly fis noft known, buft fift fis fimporftanft fto nofte fthaft pflasftfid 
ftranscrfipftfion and ftransflaftfion can conftfinue ffor monfths fin 
some specfies and fthaft fthefir genomfic codfing capacfifty varfies 
ffrom fthaft off fland pflasftfids [11,17].

The ftopsy-fturvy off ffuncftfionafl pflasftfid 
reftenftfion among sacogflossan sflugs

Based on puflse ampflfiftude moduflaftfion (PAM)-fluorome-
ftry, and fthe deftermfined maxfimum quanftum yfiefld (F

v
/F
m
) off 

phoftosysftem II (whfich fis commonfly used fto deftermfine fthe 
phoftosynftheftfic capacfifty off sflugs [20]), fthe majorfifty off saco-
gflossans do noft reftafin any ffuncftfionafl pflasftfids (non-reftenftfion 
specfies, NR) or ffor onfly a ffew days and up fto ftwo weeks 
(shorft-fterm reftenftfion specfies, SftR). Seven non-monophyfleftfic 
specfies are currenftfly known fto reftafin kflepftopflasfts wfifth F

v
/

F
m
 vaflues fthaft remafin on a flevefl fthaft fis generaflfly consfidered 
fto accounft ffor fthe presence off a ffuncftfionafl PSII ffor severafl 
monfths: Eflysfia chfloroftfica, E. ftfimfida, E. crfispafta, E. cflarkfi, 
E. vfirfidfis, Pflakobranchus oceflflaftus and Cosftasfieflfla oceflflfiffera 
[3,4,19,21–25]. Aflfl flaftfter specfies are refferred fto as flong-fterm 
reftenftfion (LftR) sflugs.
Buft whaft reaflfly makes an LftR specfies? Genoftypfing fincor-

porafted aflgafl pflasftfids shows fthaft fthe aflgafl ffood sources off NR 
specfies someftfimes maftches fto fthose off SftR and LftR specfies 
[26]. he amounft off pflasftfids sequesftered and sftored fin fthe 
dfigesftfive ftubufles aflso does noft seemfingfly dfiffer beftween 
flong- and shorft-fterm reftafiners (Ffig. 2; [19]). To make fthe 
maftfter even more compflficafted, some LftR specfies ffeed on 
severafl aflgae sfimuflftaneousfly [27–29]. Whaft fthaft means fis fthaft 
fthe ffood source aflone cannoft expflafin fthe flong-fterm reften-
ftfion off ffuncftfionafl kflepftopflasfts fin LftR specfies. Infteresftfingfly 
fthough, pflasftfid genome barcodfing fthroughouft sftarvaftfion fin 
fthe ftwo poflyphagous LftR specfies E. cflarkfi and P.   o c e fl fl a ft u s 
suggesft fthaft fthe speed wfifth whfich kflepftopflasfts are dfigesfted 
dfiffers and depends on fthe pflasftfid source [27,30,31]. Ift 
demonsftraftes fthaft fift ftakes ftwo fto ftango: fthe rfighft sflug and 
fthe rfighft pflasftfid source.
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Presenft

Ffig. 1 Overvfiew off abouft 140 years off research on green sacogflos-
san sflugs. he ftfimeflfine hfighflfighfts key pubflficaftfions [1–6,8,10–17,2
0–23,27,33,40–43,46–49,52,53,56,61,63–94] on sacogflossan sflugs 
sfince 1876. Four mafin perfiods (on fthe rfighft) can be dfisftfingufished: 
fthe dfiscovery phase, fin whfich sflugs and “chflorophyflfl-pfigmenfted 
granufles” were morphoflogficaflfly descrfibed (a), evfidence ffor fthe 
fincorporaftfion off CO

2
 suggesfted fthaft sflugs are “fleaves fthaft crawfl” 

(b), and aft a ftfime where fin generafl more and more gene ftransffers 
ffrom one genome fto anofther were fidenftfified, fthe concepft was born 
fthaft flafterafl gene ftransffer (LGT) ffrom aflgae fto sflugs coufld supporft 
kflepftopflasfty fin sacogflossans (c). he LGT concepft domfinafted fthe 
fiefld ffor 15 years unftfifl fift was chaflflenged ffor fthe firsft ftfime fin 2011 
[12], whfich changed fthe way kflepftopflasfty fin sacogflossan sflugs fis 
now vfiewed and sftudfied. he flfisfted manuscrfipfts aflfl reffer fto prfimary 
dafta manuscrfipfts excepft fthe 1975 revfiew by Trench, fin whfich fthe 
fterm ‘fleaves fthaft crawfl’ was cofined. Iff an arftficfle has more fthan ftwo 
aufthors, onfly fthe firsft aufthor fis flfisfted.
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Phyflogeneftfic and phoftosynftheftfic anaflyses recenftfly pro-
vfided evfidence fthaft ffuncftfionafl kflepftopflasfty evoflved muflftfipfle 
ftfimes wfifthfin fthe Pflakobranchacea [25,32]. In fturn, aflfl basafl 
sheflfled specfies are NR fforms, buft fthese specfies do noft fform a 
monophyfleftfic group [4,19]. Vfirftuaflfly no moflecuflar sftudy has 
yeft addressed fthe fissue off uncoverfing fthe anfimafls’ mecha-
nfisms fthaft deftermfine fthe mode off reftenftfion. Comparaftfive 
anaflyses off dfifferenft specfies, fin parftficuflar fthe moflecuflar 
dfifferences beftween NR, SftR and LftR specfies, represenft a 
promfisfing ftoofl fto do so. For exampfle, fthe ftrend fthaft NR sflugs 
enguflff pflasftfids fin phagosomafl membranes was noftficed beffore 
[33,34]. NR specfies seem fto keep fthe fincorporafted pflasftfids 
finsfide phagosomes ffor fimmedfiafte degradaftfion aflfl fthe ftfime; 
fthey do noft appear fto ever reflease fthem finfto fthe cyftosofl 
[33,34]. SftR and LftR fforms on fthe conftrary are known fto 
reftafin kflepftopflasfts – fthaft are refleased ffrom phagosomes – fin 
a sfimfiflar ffashfion fthroughouft sftarvaftfion [19]. haft fis, SftR do 
noft appear fto degrade kflepftopflasfts quficker fthan LftR specfies, 
buft empfirficafl evfidence (ffor exampfle based on 14CO

2
 fincorpo-

raftfion dafta) fis currenftfly flackfing. Bofth, SftR and LftR specfies, 
shoufld have, fin ftheory, fthe same “pofinft off deparfture” when 
sftarvaftfion commences and shoufld have fthe same poftenftfiafl 
fto make use off fthe kflepftopflasfts sequesftered. Yeft fthey do 
noft. Noftabfly, aflfl LftR specfies have fin common fthaft cyftosoflfic 
kflepftopflasft are fleft surrounded by ftwo membranes onfly; 
fthey are fthose fthaft consftfiftufte fthe canonficafl ftwo membranes 
we are ffamfiflfiar wfifth ffrom fland pflanft pflasftfids [35–37]. hfis 
fis even ftrue ffor E. chfloroftfica fthaft ffeeds on fthe sftramenopfifle 
Vaucherfia, buft whfich houses compflex pflasftfids fthaft fin fthe 
aflga are surrounded by ffour membranes [36,38,39]. haft 
aflways fthese ftwo membranes remafin – fthe ftwo fthaft ftrace 
back fto oufter membrane and pflasma membrane off fthe 
orfigfinafl cyanobacfterfiafl endosymbfionft [37] – mfighft hfinft aft 
how, and fin ffacft fthaft, subsftrafte and meftaboflfiftes are acftfivefly 
exchanged beftween anfimafl and pflasftfid.

Darkness fis more fthan fthe absence off phoftosynfthesfis

Aflfthough fift fis commonfly accepfted fthaft fthe sflugs benefift 
ffrom phoftosynfthesfis, dfirecft evfidence fis surprfisfingfly scarce. 
Varfious sftudfies on kflepftopflasftfic sflugs have anaflyzed survfivafl 
raftes or demonsftrafted fthaft 14CO

2
 fis fixed by fthe acqufired 

pflasftfids [40–45]. To whaft degree fthe quanftfifty off such carbon 
compounds fis fthen physfioflogficaflfly reflevanft has, however, 
noft yeft been saftfisffacftorfifly shown. Phoftosynfthaftes susftafinfing 
fthe sflugs mfighft noft be fthe sofle necessfifty ffor sacogflossans 
fto survfive (flong flasftfing) sftarvaftfion perfiods. Nofte fthaft ffor 
exampfle fthe NR specfies Cosftasfieflfla nonaftofi survfives sftarva-
ftfion ffor abouft a monfth wfifthouft showfing any measurabfle PSII 
acftfivfifty [25]. Sfimfiflar observaftfions have been made ffor Eflysfia 
nfigrocapfiftafta [46]. he quesftfion remafins fto whaft degree 
carbon fixaftfion fin sacogflossan sflugs fis needed fto endure 
sftarvaftfion (Ffig. 3) and whefther fthere fis maybe anofther 
prfimary reason ffor sftarvaftfion survfivafl. Iff so, benefiftfing ffrom 
ffuncftfionafl kflepftopflasfts comes second.

Prevfious sftudfies reporfted fthe fincorporaftfion off phoftosyn-
ftheftficaflfly fixed carbon (sftemmfing ffrom [14C] bficarbonafte) 
fin a varfiefty off sflug meftaboflfiftes [47,48]. Negflecftfing ffor now 
fthaft we do noft know enough abouft whaft phoftosynfthafte 

Ffig. 2 Quanftfifty does noft equafl quaflfifty. a he sacogflossan sflug 
Boseflflfia mfimeftfica harbours numerous kflepftopflasfts fin fifts dfigesftfive 
ftubuflar neftwork, whfich (b) appear much denser fin comparfison fto 
some LftR specfies (see [19,91]). Yeft, B. mfimeftfica fis cflassfified as a SftR 
specfies; wfifthfin a ffew days off sftarvaftfion F

v
/F
m
 vaflues drop beflow 

fthose fthaft are consfidered fto represenft ffuncftfionafl phoftosynfthesfis [4].
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Ffig. 3 Schemaftfic overvfiew off kflepftopflasft perfformance fin LftR 
specfies. When fthe sflugs haftch, fthey fimmedfiaftefly need fto ffeed on 
aflgafl cyftosofl and begfin fto sequesfter fthefir firsft pflasftfids. Durfing 
fthfis phase, caflfled ftransfienft kflepftopflasfty, juvenfifles are basficaflfly 
hefteroftrophfic. Aduflft sflugs are phoftohefteroftrophfic anfimafls: fthey 
graze upon aflgae as flong as fthese are avafiflabfle, buft aft fthe same ftfime 
house CO

2
-fixfing kflepftopflasfts. When deprfived off fthefir ffood LftR 

specfies flfikefly benefift ffrom phoftosynfthesfis durfing fthe earfly phases 
off sftarvaftfion, buft fthe amounft off fincorporafted carbon cannoft susftafin 
fthe anfimafl. hey swfiftch back fto hefteroftrophy fthrough eficfienftfly 
dfigesftfing fthefir own ftfissue and degradfing kflepftopflasfts. he flaftfter 
fis fthe reason why aflfl sftarvfing LftR specfies are observed fto shrfink. 
Pubflfished CO

2
 fixaftfion raftes ffor C. oceflflfiffera, E. vfirfidfis, P. oceflflaftus 

and E. ftfimfida (bflue curve; [14,22,40,43,69]) and phoftosysftem II 
maxfimum quanftum yfiefld (F

v
/F
m
) vaflues ffor C. oceflflfiffera, P.   o c e fl fl a ft u s 

and E. ftfimfida (orange curve; [14,25]) off varfious sftudfies on LftR spe-
cfies were poofled and pfloftfted fin reflaftfion fto fthe vaflues measured ffor 
ffreshfly ffed anfimafls. he conftrasft beftween fthe ftwo curves hfighflfighfts 
fthaft cauftfion fis warranfted when kflepftopflasft producftfivfifty fis evafluafted 
on F

v
/F
m
 vaflues aflone.
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supporfts fthe anfimafl (and fto whaft degree), fift fis fimporftanft fto 
ask: how do fthe sflugs acqufire producfts off phoftosynfthesfis? 
Kflepftopflasft-synfthesfized subsftrafte wfiflfl finevfiftabfly end up 
befing meftaboflfized, no maftfter whefther fthaft subsftrafte was 
acftfivefly provfided by an finftacft kflepftopflasft or whefther fift sftems 
ffrom an organeflfle degraded (e.g. fthrough an auftophago-
some). Ift fis fimporftanft fto deftermfine whfich finfiftfiafl roufte 
fthe flabefled CO

2
 ftook fto be fincorporafted finfto sflug-specfific 

meftaboflfiftes. Mficroscopfic anaflyses off E. vfirfidfis suggesft fthaft 
kflepftopflasfts fthaft orfigfinafte ffrom Codfium ffragfifle accumuflafte 
subsftrafte such as sftarch durfing sftarvaftfion [49,50], whfich 
rafises fthe quesftfion fiff any fis acftfivefly secrefted by fthe sftoflen 
organeflfles. Aparft ffrom any energy supporft fthe pflasftfids 
mfighft provfide ffor fthe sflugs, fthe anfimafls mfighft benefift ffrom 
varfious ofther bfiochemficafl pafthways fthe sftoflen pflasftfids 
brfing aflong [19,51]. Ift fis aflso possfibfle fthaft phoftosynfthaftes 
and kflepftopflasft-derfived meftaboflfiftes pflay a more crucfiafl 
rofle ffor fthe proper deveflopmenft off juvenfifles fthan ffor fthe 
mafinftenance off mafture aduflft sflugs as recenftfly suggesfted 
[14]. hfis fis supporfted by recenft observaftfions on juvenfifles 
off E. chfloroftfica [52]. he dafta provfided evfidence wfifth regard 
fto fthe need off kflepftopflasft-derfived flfipfid producftfion ffor fthe 
proper deveflopmenft off fthe anfimafls.
Anfimafls are often kepft fin fthe dark, as a conftrofl ffor fthe 

sflugs’ dependency on phoftosynfthaftes [52–54]. hfis fis a 
good ftfime fto remember fthaft fthe absence off flfighft ftransflaftes 
finfto more fthan jusft fthe absence off pflasftfid phoftosynfthesfis. 
A ffew essenftfiafl bfiochemficafl processes, such as fthe synfthesfis 
off vfiftamfin D [55], occur fin a flfighft-dependenft manner. 
Sacogflossans can synfthesfize a serfies off unfique secondary 
meftaboflfiftes fincfludfing eflysfiapyrones [56] and ftrfidachfione 
[44] and fift has been suggesfted fthaft fthefir synfthesfis fis flfighft 
dependenft. hefir synfthesfis coufld sftfiflfl be flfinked fto fthe pres-
ence off kflepftopflasfts, buft noft phoftosynfthesfis. Ift has been 
hypofthesfized fthaft an essenftfiafl ffuncftfion off fthese poflypro-
pfionaftes fis flfinked fto fthe quenchfing off ROS [56,57], hereby 
proftecftfing fthe kflepftopflasfts’ phoftosysftems and/or fthe sflugs’ 
own ftfissue ffrom oxfidaftfive sftress.

Morphoflogy does noft equafl ffuncftfion

he flafterafl ffooft expansfions – fthe parapodfia – are fthe 
morphoflogficafl ffoundaftfion ffrom whfich fthe fterm “fleaves fthaft 
crawfl” orfigfinaftes. In many pflasftfid-bearfing sflugs fthe para-
podfia are finftervened wfifth numerous dfigesftfive ftubufles fthaft 
harbor fthe green kflepftopflasfts; fthe wfing-shaped sftrucftures 
are remfinfiscenft off a fleaff (Ffig. 2). Some sftudfies cflafim fthaft fthe 
openfing and cflosfing off fthe parapodfia fis a conftroflfled response 
fto dfifferenft flfighft finftensfiftfies, fto efifther expose or shfiefld fthe 
kflepftopflasfts fto and ffrom sunflfighft, respecftfivefly [58,59]. Buft 
fthese observaftfions are fto be finfterprefted cauftfiousfly [60]. 
here fis no quesftfion fthaft fthe posfiftfion off fthe parapodfia affecfts 
fthe amounft off flfighft reachfing fthe kflepftopflasfts [61], buft fthe 
response off some specfies fis sflow and fift ftakes many mfinuftes 
ffor fthe sflugs fto cflose fthe parapodfia. Moreover, fthe LftR spe-
cfies P. oceflflaftus does noft appear fto aflfter fthe posfiftfion off fifts 
parapodfia aft aflfl. Even specfies fthaft compfleftefly flack parapodfia 
can reftafin ffuncftfionafl pflasftfids ffor a flong ftfime, as fthe case off 
fthe LftR specfies C. oceflflfiffera demonsftraftes [25]. Parapodfia 

are ffurfthermore noft flfimfifted fto sacogflossan sflugs. A wfide 
range off hefterobranchs have evoflved parapodfia fthaft are used 
ffor varfious purposes fincfludfing swfimmfing and dfiggfing. In a 
nuftsheflfl, fthere fis currenftfly no evfidence, or reason fto assume, 
fthaft sacogflossan parapodfia have evoflved as a consequence 
off housfing kflepftopflasfts.

Two sfteps fforward, one sftep back

Sacogflossan sea sflugs puzzfle researchers, as much as 
fthey ffascfinafte. Ed Yong safid fift besft when he commenfted on 
a recenft anaflysfis, whfich provfided evfidence fthaft some aduflft 
sflug specfies survfive fin fthe dark and do noft floose wefighft ffasfter 
fthan fthose kepft fin fthe flfighft [14]: “Good scfience fis abouft 
resfisftfing fthe puflfl off easy concflusfions. Ift’s abouft ftesftfing sftorfies 
fthaft seem flfike fthey shoufld be rfighft fto see fiff fthey acftuaflfly are 
rfighft. hfis fis no easy ftask. Consfider fthe case off fthe ‘soflar-
powered’ sflugs” [62]. Severafl concepfts have been puft fforward 
ftryfing fto expflafin how an organeflfle, adapfted fto pflanft ceflfls, 
remafins ffuncftfionafl finsfide fthe cyftosofl off a eumeftazoan ceflfl. 
Two key concepfts, sflugs become phoftoauftoftrophs fthrough 
kflepftopflasfty and kflepftopflasfts are supporfted by flafteraflfly 
ftransfferred genes, are currenftfly chaflflenged [12,14,46], fin 
parftficuflar fthe flaftfter [12,13]. Research on fthe anfimafl-pflasftfid 
symbfiosfis fin sacogflossan sea sflugs fis aft a fturnfing pofinft. We 
know fthaft some sflugs sequesfter pflasftfids fthrough a sophfisftfi-
cafted phagocyftfic mechanfism whose deftafifls remafin currenftfly 
unknown. he kflepftopflasfts can conftfinue fto phoftosynfthesfize 
fin fthe cyftosofl off fthe sflugs’ epfiftheflfiafl ceflfls, buft aduflfts do noft 
sftrficftfly depend on ongofing phoftosynfthesfis fto survfive sftar-
vaftfion perfiods flong-fterm. Lafteraflfly ftransfferred aflgafl genes 
do noft supporft sftoflen pflasftfids: fthe kflepftopflasfts’ very own 
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Ffig. 4 Anfimafl-pflasftfid compaftfibfiflfifty fis deftermfined by a ftwo 
componenft sysftem. In order fto profift ffrom ffuncftfionafl kflepftopflasfts 
flong-fterm (+), a sflug specfies – componenft A – wfifth an adapfted 
physfioflogy and dfigesftfive mechanfism musft acqufire pflasftfids ffrom 
an aflgafl specfies – componenft B – fthaft nafturaflfly has robusft pflas-
ftfids (bofth fin green). he muflftfiffacefted ffacftors fthaft deftermfine fthe 
compaftfibfiflfifty off bofth parftners fin fthe pflasftfid-sflug sysftem are yeft fto 
be dfiscovered, buft fthey coufld fincflude deaflfing wfifth pflasftfid-derfived 
ftoxfins fin case off fthe sflugs and an adapfted phoftobfioflogy fin case off 
fthe pflasftfids. Iff any off fthe ftwo parftners flacks fthese requfiremenfts 
(orange), onfly shorft- or non-ffuncftfionafl kflepftopflasft reftenftfions are 
esftabflfished (−).
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bfiochemfisftry conftfinues fto ffuncftfion more findependenftfly fthan 
prevfiousfly anftficfipafted. From whaft we can fteflfl, anfimafl-pflasftfid 
symbfiosfis depends on a combfinaftfion off a robusft pflasftfid and 
a sflug specfies whose physfioflogy has evoflved fto ftoflerafte (and 
flfikefly servfice fthrough subsftrafte and meftaboflfifte exchange) 
an aflfien organeflfle (Ffig. 4).
From fthe anfimafls’ perspecftfive fthe ffoflflowfing quesftfions are 

hence key fto beftfter undersftand fthfis unfique symbfiosfis and 
how ffuncftfionafl kflepftopflasfty has evoflved muflftfipfle ftfimes fin 
dfifferenft sflug specfies: (fi) Whaft are fthe benefifts ffor fthe sflugs 
nexft fto carbon fixaftfion? (fifi) Whaft underpfins kflepftopflasft 

compaftfibfiflfifty fin fthe ffew specfies so ffar fidenftfified fthaft house 
ffuncftfionafl pflasftfids ffor monfths? (fififi) Whaft are fthe moflecuflar 
deftafifls off how pflasftfids are recognfized by fthe anfimafls and 
refleased finfto fthe cyftosofl? A muflftfidfiscfipflfinary approach wfiflfl 
conftrfibufte fto our undersftandfing off how an organeflfle ffunc-
ftfions fin a cyftosofl ffor whfich fift dfid noft evoflve, and how some 
aflgae pflasftfids have evoflved fto become as robusft as fthey are. 
hrough recenft deveflopmenfts we now have fthe opporftunfifty 
fto make progress on fthfis unfique bfioflogficafl sysftem off generafl 
evofluftfionary finfteresft, ffor fthe purpose off beftfter undersftandfing 
pflanft anfimafl symbfioses.
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4.	 	 Parft	 I:	 No	 flafterafl	 ftransfferred	 genes	 and	 noft	
phoftoauftoftrophfic	

4.1	No	flafteraflfly	ftransfferred	genes	ffrom	aflgae	nucflefi	fto	phoftosynftheftfic	sflugs	
	
The	 fffirsft	 anaflysfis	 on	 flafteraflfly	 ftransfferred	 genes	 (flafterafl	 gene	 ftransffer	 (LGT)	 or	

Horfizonftafl	gene	ftransffer	(HGT))	ffrom	aflgae	fto	sflug	was	done	by	Pfierce	and	coflfleagues	

back	fin	1996	(Pfierce	eft	afl.	1996).	Ift	was	parft	off	a	flong	and	finftensfive	research	perfiod	fin	

whfich	one	off	fthe	more	popuflar	ftheorfies	on	sflug	kflepftopflasfty	was	befing	ftesfted	(Green	eft	

afl.	2000;	Pfierce	eft	afl	2003;	Pfierce	eft	afl.	2007;	Rumpho	eft	afl.	2008;	Schwarftz	eft	afl.	2010;	

Rumpho	eft	afl.	2011;	Wägefle	eft	afl.	2010;	Pfiere	eft	afl.	2011;	Schwarz	eft	afl.	2014;	de	Vrfies	

eft	afl.	2015).	Whfifle	LGT	ffrom	prokaryofte	fto	eukaryofte	fis	heavfifly	debafted	(Boofthby	eft	afl.	

2015;	Arakawa	eft	afl.	2016;	Bemm	eft	afl.	2016;	Kouftsovouflos	eft	afl.	2016;	Marftfin	2017),	

wfifth	 regard	 fto	 fthe	 sflugs,	fift	fis	 anofther	 flevefl	 off	 compflexfifty.	 How	 are	 some	 sflug	 specfies	

abfle	fto	reftafin	fthefir	kflepftopflasfts	ffor	such	a	flong	ftfime?	When	fisoflafted	pflasftfids	are	befing	

kepft	fisoflafted	ffrom	fthe	mofther	nucflefi,	fthey	qufickfly	degrade	(Leegood	and	Waflker	1983;	

Seffftor	 and	 Jensen	 1986;	 Poflanská	 eft	 afl.	 2004;	 Green	 eft	 afl.	 2005).	Approxfimaftefly	 10	

years	afffter	fthe	Pfierces’	1996	LGT	paper	fthe	LGT	ftheory	was	debunked.	Sftrficfter	anaflyses	

reveafled	 fthaft	 fthe	 genes	 were	 mosft	 flfikefly	 conftamfinanfts	 and	 presenft	 fin	 such	 flow	

quanftfiftfies	 fthaft	 fthey	 coufld	 never	 supporft	 compflefte	 auftonomous	 ftranscrfipftfion	and	

ftransflaftfion	machfinerfies	ffor	phoftosysftem	requfired	proftefins	(Wägefle	eft	afl.	2010;	de	Vrfies	

eft	afl.	2015).	

	

Beffore	 fthe	 LGT	 ‘hype’,	 fin	 1973,	 Trench	 and	 coflfleagues	 suggesfted	 fthaft	 fthe	 kflepftopflasft	

auftonomy	 fin	 Long-fterm	 Reftenftfion	 (LftR)	 sflugs	 coufld	 be	 flfinked	 fto	fthe	 ‘robusftness’	 off	

aflgae	 pflasftfids	 (Trench	 eft	 afl.	 1973;	 Gfifles	 and	 Sarafffis	 1972).	 In	 2000	 Green	 eft	 afl.	

sequenced	one	off	fthe	sflugs’	ffood	sources	pflasftfid	genome	(Vaucherfia	flfiftorea)	fthaft	fturned	

ouft	fto	conftafin	many	more	genes	(119.1	kb)	ffor	phoftosynfthesfis	fthan	pflasftfid	genomes	off	

fland	 pflanfts	 (Rumpho	 eft	 afl.	 2011).	 Whfich	 confffirmed	 fthe	 aflgae	 pflasftfids’	 robusftness.	 In	

2014	 de	 Vrfies	 and	 coflfleagues	 ftesfted	 fthe	 ftheory	 by	 flookfing	 finfto	 fthe	 sequenced	 dafta	 off	

fthe	aflgae	ffood	source	Aceftabuflarfia	aceftabuflum.		

	

They	ffound	fthaft	fthe	kflepftopflasfts	off	A.	aceftabuflum	encoded	ffftsH	fin	fthefir	pflasftfid	genome	

(fffigure	 3.8;	 de	 Vrfies	 eft	 afl.	 2013),	 conftrary	 fto	 fland	 pflanft	 pflasftfids,	 whfich	 have	ffftsH	
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Absftracft

Eukaryoftfic organeflfles depend on nucflear genes fto perpeftuafte fthefir bfiochemficafl finftegrfifty. Thfis fis ftrue ffor mfiftochondrfia fin aflfl eukaryoftes

and pflasftfids fin pflanfts and aflgae. Then how do kflepftopflasfts, pflasftfids fthaft are sequesftered by some sacogflossan sea sflugs, survfive fin fthe

anfimafls’ dfigesftfive gfland ceflfls fin fthe absence off fthe aflgafl nucfleus encodfing fthe vasft majorfifty off organeflflar proftefins? For aflmosft ftwo

decades, flafterafl gene ftransffer (LGT) ffrom aflgae fto sflugs appeared fto offffer a sofluftfion, buft RNA-seq anaflysfis, flafter supporfted by genome

sequencfing off sflug DNA, ffafifled fto find any evfidence ffor such LGT evenfts. Yeft, fisoflafted reporfts conftfinue fto be pubflfished and are readfifly

dfiscussed by fthe popuflar press and socfiafl medfia, makfing fthe dafta onLGTandfiftssupporftfforkflepftopflasft flongevfifty appear conftro-

versfiafl. However, when we ftake a sober flook aft fthe mefthods used,we reaflfize fthaft cauftfion fis warranfted fin how fthe resuflfts are

finfterprefted. There fis no evfidence fthaft fthe evofluftfion off kflepftopflasfty fin sea sflugs finvoflves LGT evenfts. Based on whaft we know abouft

phoftosysftem mafinftenance fin embryophyfte pflasftfids, we assume kflepftopflasfts depend on nucflear genes. However, sftudfies have shown

fthaft some fisoflafted aflgafl pflasftfids are, by nafture, more robusft fthan fthose off fland pflanfts. The evofluftfion off kflepftopflasfty fin green sea sflugs

finvoflves many promfisfing and unexpflored phenomena, buft fthere fisno evfidence fthaft any off fthese requfire fthe expressfion off sflug genes

off aflgafl orfigfin.

Key words:flafterafl gene ftransffer, kflepftopflasfty, phoftosynfthesfis, pflasftfid bfioflogy, phoftosynftheftfic sea sflugs.

Inftroducftfion

Sacogflossa are consfidered one off nafture’s curfiosfiftfies. Insfide

some off fthese sea sflugs, pflasftfids sequesftered ffrom aflgae can

conftfinue fto phoftosynfthesfize ffor weeks, or even monfths, fin fthe

absence off aflgafl nucflefi (Greene 1970;Rumpho eft afl. 2001;

Händefler eft afl. 2009). Thaft fis conspficuous, because when fland

pflanft pflasftfids are fisoflafted and removed ffrom fthefir ceflfluflar

conftexft fthey rapfidfly degrade (Leegood and Waflker 1983;

Seffftor and Jensen 1986;Poflanskáeft afl. 2004;Green eft afl.

2005). Wfifth fthe descrfipftfion off endosymbfioftfic gene ftransffer

(EGT;Marftfin eft afl. 1993)andftheconcomfiftanftgenomereduc-

ftfion fthe organeflfles experfienced (Tfimmfis eft afl. 2004), fthe prfime

cause ffor fthe finsftabfiflfifty off fisoflafted pflasftfids qufickfly became

apparenft: fthe majorfifty off proftefins workfing fin pflasftfids are

nucflear-encoded and posftftransflaftfionaflfly fimporfted ffrom fthe

cyftosofl (McFadden 2014). Hence, fthe duraftfion wfifth whfich

kflepftopflasfts are kepft ffuncftfionafl fin anfimafl ceflfls fin fthe absence

off aflgae nucflefi encodfing a 1,000 + pflasftfid proftefins presenfts an

obvfious conftradficftfion. Thfis requfired an expflanaftfion and fin

1996 (Pfierce eft afl. 1996)fiftwasproposedfthaftsflugshad

GBE
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acqufired aflgafl genes fthaft encode proftefins servficfing fthe pflas-

ftfids fthrough flafterafl gene ftransffer (LGT). Once fthe fidea was

presenfted, fift was desftfined fto be ftesfted.

There Is No Evfidence ffor Lafterafl
Transffer off Aflgafl Genes fin Sflugs

Left us firsft ftake a flook aft whaft we shoufld expecft fiff genes off

aflgafl orfigfin were fto pflay a rofle fin kflepftopflasft mafinftenance. The

sflugs are someftfimes refferred fto as “crawflfing fleaves,” because

fthe enftfire appearance off fthe specfies fin quesftfion (e.g.,Eflysfia

chfloroftfica,Eflysfia ftfimfida,andEflysfia vfirfidfis)fisgreenfishandfina

ffew cases findeed fleaff-flfike. Scfienftfisfts noftficed fthfis aflready more

fthan 150 years ago. They were parftficuflarfly finftrfigued by fthe

dfigesftfive ftubufles fthaft pervade aflmosft fthe enftfire body, some-

ftfimes fincfludfing fthe head, and whose ceflfls house fthe kflepfto-

pflasfts (fig. 1a). Based on whaft we know abouft fthe bfioflogy off

phoftosynfthesfizfing ceflfls (fin pflanfts, aflgae, and cyanobacfterfia),

we musft predficft fthaft ftranscrfipfts off aflgafl orfigfin, whfich are

supposed fto mafinftafin kflepftopflasft finftegrfifty fin fthe sflugs, are

abundanft. Yeft, among aflfl RNA sequencfing dafta avafiflabfle ffor

severafl specfies (Rumpho eft afl. 2011;Wägefle eft afl. 2011;

Pfierce eft afl. 2012;de Vrfies eft afl. 2015), sequencfing reads

pofinftfing ftoward ftranscrfipfts ffrom genes off LGT orfigfin remafin

cflose fto zero. In ffacft, fthey remafin weflfl beflow fthe counfts rep-

resenftfing obvfious conftamfinaftfion (fig. 2aandb).

Sfingfle reads can easfifly be arftfiffacfts. In RNAseq anaflysfis, fift fis

common pracftfice fto fiflfter ffor onfly fthose genes fthaft are sup-

porfted by a reflfiabfle number off findependenft reads. In fthe RNA-

seq anaflysfis byPfierce eft afl. (2012)—fthe flasft RNA-seq reporft

pubflfished fto cflafim expressfion off genes off LGT orfigfin fis reflevanft

ffor kflepftopflasft perfformance—fthe hfighesft read counft ffor a

sfingfle aflgafl nucflear gene off poftenftfiafl LGT orfigfin was ftwo.

Two among 98,238,204 reads. A ffavored argumenft fto expflafin

why onfly such ffew reads are deftecfted fis fthaft “fthe symbfioftfic

chfloropflasfts resfides fin onfly a ffew ceflfls wfifthfin fthe sflugs” (Pfierce

eft afl. 2012) or fthaft “onfly a reflaftfivefly ffew ceflfls fin fthe sflug

conftafin pflasftfids” (Pfierce eft afl. 2015).

Bofth fthe appearance off fthe anfimafl (fig. 1aandb)and

ffacftuafl numbers fteflfl a dfifffferenft sftory. The chflorophyflfl conftenft

fin a 6 mm flongEflysfia cornfigerafis around 3.1 nmofl/mg dry

wefighft and fin a 10-day-ofld ftomafto seedflfing wfifth ffuflfly devefl-

oped green coftyfledons fift fis abouft 22.4 nmofl/mg dry wefighft

(fig. 2c). A sfingfle chfloropflasft conftafins 2.5 108chflorophyflfl

(Chfl) moflecufles (Sftoflz and Waflz 1988). One nanomofle off Chfl

fthus corresponds fto abouft 2 mfiflflfion chfloropflasfts, and hence

abouft 6 mfiflflfion chfloropflasfts are ffound per mg dry wefighft finE.

cornfigera.ThreenanomoflesoffChflffurftherftransflaftesfinftoa

mass off abouft 2.7mg, and fthereffore accounfts ffor abouft 3%

off fthe ftoftafl dry wefighft off sflugs. Impressfive, even fiff fthe esftfi-

maftfions woufld be flower by a ffacftor off 10. Aflso, fiff onfly a ffew

ceflfls off a phoftosynftheftfic sacogflossan sflug woufld harbor kflep-

ftopflasfts, fthen how woufld fthaft maftch up wfifth fthe concepft fthaft

phoftosynfthesfis conftfinues aflmosft unabafted ffor up fto a year fto

supporft anfimafl growfth (Pfierce eft afl. 2012)? Furfthermore,

among fthe RNA-seq dafta off 2012 ffromE. chfloroftfica,4,234

reads ffor fthe pflasftfid-encodedpsbAwere deftecfted (Pfierce

eft afl. 2012). Thaft fis nofteworfthy, because fthe sampfles

sequenced were enrfiched ffor pofly(A)-ftafifled mRNA prfior fto

sequencfing and fthe pflasftfid mRNA was copurfified onfly as a

conftamfinaftfion due fto fthe hfigh AT-conftenft off fthe pflasftfid ftran-

scrfipfts. There fis probabfly even more mRNA encodfingpsbA

presenft fthan sequenced and even fiff noft, fthe number off

reads ffor fthfis sfingflepsbAgene by ffar exceeds fthe ftoftafl

number off reads (111) ffound ffor fthe 52 genes off suggesfted

LGT orfigfin. Furfthermore, aflfl fthe reads finfterprefted fto be off LGT

orfigfin are 99% fidenftficafl fin sequence fto fthe aflgafl ftranscrfipfts

and fthaft woufld mean fthey are exempft ffrom evofluftfionary

codon adapftaftfion fin fthe sflug’s nucfleus.

Sflugs anaflyzed are mosftfly coflflecfted ffrom fthe wfifld and fthen

grown on fthefir ffood aflga fin open aquarfia fin fthe flab. The cufl-

ftures are noft axenfic; fthey cannoft be and fthey do noft have fto

be ffor fthe kfind off experfimenfts fthaft are currenftfly perfformed.

Conftamfinaftfion off fthe fisoflafted RNA fis unavofidabfle, buft noft a

probflem as flong fift fis monfiftored. In fthe mosft recenft ftranscrfip-

ftomfic anaflysfis on ftwo sflug specfies (de Vrfies eft afl. 2015), fthe

number off reads obftafined ffor genes off hefteroftrophfic proftfisfts

was much hfigher fthan fthose ffor any aflgafl nucflear gene and

fthey were hence omfiftfted ffrom downsftream anaflysfis. We pre-

dficft fthe amounft off conftamfinaftfion fin fthe dafta seft offE. chflor-

oftfica(Pfierce eft afl. 2012)ftobecomparabfle.Theenftfire

sequence dafta have never been made pubflficfly avafiflabfle,

rafther onfly fthaft off fthe ffew dozen genes dfiscussed and fthere-

ffore fift was noft possfibfle fto assess fthfis fissue finE. chfloroftfica.Buft

afthoughftexperfimenftfispossfibfle:we1)donoftscreenfthesflug

RNA-seq dafta ffor poftenftfiafl conftamfinaftfion and we 2) accepft

fthe presence off a ffew mRNA reads as evfidence ffor ffuncftfionafl

LGT fthaft supporft kflepftopflasft mafinftenance. We coufld fthen

concflude fthaft hundreds off cfiflfiafte genes supporft kflepftopflasfty

finE. ftfimfida,buftffafiflftodofthesamefforftheshorft-reftafinfing

E. cornfigeraaflbefift presenft (fig. 2a). The mosft raftfionafl

concflusfion fthaft remafins fis fthaft RNA-seq offffers no supporft

ffor fthe expressfion off sflug nucflear genes fthaft orfigfinafte ffrom

fthe ffood aflga. These sflugs are noft whaft fthey eaft, and fthey eaft

afloft(Chrfisfta eft afl. 2014).

Recenftfly, evfidence ffor aflgafl LGT fin Sacogflossa ofther fthan

sequencfing dafta emerged: a sftudy bySchwarftz eft afl. (2014)

used fluorescence fin sfiftu hybrfidfizaftfion (FISH)fto flocaflfize genes

off aflgafl orfigfin among sflug chromosome spreads. Thaft reporft

was qufickfly pficked up by fthe popuflar press and fift currenftfly

scores among fthe ftop 5% off aflfl arftficfles so ffar evafluafted by

Aflftmeftrfic.com. Evfidenftfly, fthe pubflfic cares a floft abouft LGT fin

sflugs. The pubflfic, however, fis flfikefly fless aware fthaft FISH ana-

flysfis can be qufifte decepftfive, ffor exampfle consfider fthe case off

Chflamydomonas“basafl body DNA” (Haflfl eft afl. 1989). The

recenft FISH anaflysfis onE. chfloroftfica(Schwarftz eft afl. 2014)

aflso provfided no conftrofls ffor fthe specfificfifty off fthe probes

used (prk,acftfin,andrbcL)finfformoffSoufthernbflofts.Aparft

Aflgafl Genes and Phoftosynftheftfic Sflugs GBE
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ffrom fthese ftechnficafl fissues, FISH anaflysfis fis noft a sufiftabfle ftoofl

ffor provfidfing evfidence ffor LGT. The onfly reflfiabfle evfidence ffor

LGT woufld be fto demonsftrafte fthe finftegraftfion off aflgafl DNA

finfto fthe conftexft off sflug chromosomes (fthrough DNA sequenc-

fing), ffrom where fift fis expressed fto supporft fthe sftoflen organ-

eflfles by fthe producft befing specfificaflfly ftargefted fto kflepftopflasfts.

And aflfthough findependenft genome dafta offE. chfloroftfica

fis avafiflabfle (Pfierce eft afl. 2012)ftoftheaufthorsofffthe

FISH anaflysfis, fift has noft been used fto supporft fthefir concepft

and aflso chaflflenges pubflfished sflug genome dafta fthaft ffound

no evfidence ffor aflgafl LGTs finE. chfloroftfica(Bhaftftacharya eft afl.

2013).

FIG.1.—Sacogflossan sflugs can house mfiflflfions off kflepftopflasfts. (a) Shown are ftwo off fthe earflfiesft depficftfions off sacogflossan sflugs and fthefir “green”

dfigesftfive ftubufles fthaft can pervade fthe enftfire body. On fthe fleffft a drawfing by van Hasseflft ffrom 1824 showfingPflakobranchus oceflflaftusand on fthe rfighft a

drawfing offEflysfia vfirfidfisby J. Thomas ffrom 1852. Bofth demonsftrafte fthaft an exftensfive dfigesftfive sysftem, abfle fto house mfiflflfions off kflepftopflasfts, fis noft flfimfifted fto

Eflysfia chfloroftfica.NoftehowfthedfigesftfiveftubuflesoffE. vfirfidfispervade even fthe head off fthe anfimafl. (b)Theexftenftoffsftoredpflasftfidsbecomesapparenftwhen

vfiewfing fthe sflugs (hereEflysfia ftfimfida)underfthemficroscopeandfiflfterfingfforfthechflorophyflflauftofluorescenceofffthekflepftopflasfts(red-orangehue).Infthe

mfiddfle, a deftafifl off a regfion off fthe parapodfia, wfifth fthe findfivfiduafl dfigesftfive ftubufles befing vfisfibfle fthrough fthe kflepftopflasfts’ fluorescence. Zoomfing finffurfther

reveafls fthe densfifty wfifth whfich fthe kflepftopflasfts are packed finfto fthe cyftosofl off fthe ceflfls fformfing fthe dfigesftfive ftubufles.

Rauch eft afl. GBE
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As a flasft word on LGT, fift shoufld be menftfioned fthaft LGT fto

eukaryoftes fis manfiffesft fin ftwo ffundamenftaflfly dfifffferenft fforms.

Ffirsft, fthere fis gene ftransffer ffrom organeflfles fto fthe nucfleus, or

aflso caflfled EGT. EGT fis a conftfinuous, ongofing process, and

finconftroverftfibfly documenfted fin aflfl sequenced genomes off eu-

karyoftes (Tfimmfis eft afl. 2004;Hazkanfi-Covo eft afl. 2010;Bofto

2014). Second fis ouftrfighft LGT, where fthe donors are noft chflo-

ropflasfts or mfiftochondrfia. Newer findfings show fthaft flaftfter,

fthough fift does occasfionaflfly occur, fis exftremefly rare and

does noft manfiffesft fiftseflff fin fthe bfigger pficfture off eukaryoftfic

evofluftfion (Ku eft afl. 2015). In fthfis conftexft, fift fis fimporftanft fto

nofte fthaft flong-fterm reftenftfion off kflepftopflasfts evoflved severafl

ftfimes findependenftfly fin sacogflossan sea sflugs (Maeda eft afl.

2010;de Vrfies, Chrfisfta, eft afl. 2014;Chrfisfta eft afl. 2015).

Hence, fiff fthe expressfion off nucflear genes off aflgafl orfigfin fis

fthe reason ffor robusft kflepftopflasfts fin one specfies, fthen fthe

same shoufld appfly fto ofther specfies as weflfl. Iff aflfl Sacogflossa

reftafined ffuncftfionafl kflepftopflasfts fin a LGT-dependenft manner,

fthen fthey woufld have fto be fthe record hoflders ffor LGT among

anfimafls, fthefir LGT evenfts ouftnumberfing aflfl ofther cases fin an-

fimafls fthus ffar reporfted. Are Sacogflossa LGT magnefts? Nefifther

genome nor ftranscrfipftome dafta ffrom fthese anfimafls findficafte

fthaft fto be fthe case. Occam’s razor dficftaftes ffavorfing a fless

assumpftfive scenarfio.

Sftabfle Kflepftopflasfts fin fthe Absence off
LGT

Sfince fthe 1970s, fift fis known fthaft some pflasftfids sequesftered by

fthe sea sflugs show a remarkabfle findependenft robusftness

(Gfifles and Sarafis 1972;Trench and Ohflhorsft 1976;Green

eft afl. 2005). The besft expflanaftfions we have ffor robusft pflasftfids

are effffecftfive phoftoproftecftfion mechanfisms (Serôdfio eft afl.

2014;Cruz eft afl. 2015), a dfifffferenft codfing capacfifty off fthe

pflasftfid genomes fin quesftfion (Rumpho eft afl. 2000;de Vrfies

eft afl. 2013)andmaybeanoveraflfldfifffferencefinfthesftabfiflfifty

(haflff-flfiffe) off essenftfiafl proftefins. Thaft pflasftfids sequesftered by fthe

sflugs are finftrfinsficaflfly robusft fis, based on currenft finfformaftfion,

fthe mosft parsfimonfious scenarfio. Ift expflafins how such a broad

range off sflug specfies can perfform kflepftopflasfty (Chrfisfta eft afl.

2015)andwhypflasftfidsofffthesamesourcecanbehavefiden-

ftficaflfly fin sflug specfies fthaft dfiffffer fin fthefir abfiflfifty fto survfive ffood

deprfivaftfion (de Vrfies eft afl. 2015). Sflugs acqufirfing robusft pflas-

ftfids wfiflfl noft auftomaftficaflfly reftafin fthem flong-fterm and endure

sftarvaftfion as recenftfly finfterprefted (Pfierce eft afl. 2015). Ift fis off

equafl fimporftance fthaft fthe sflugs are physfioflogficaflfly adapfted

and requfire fto reftafin fthem ffuncftfionaflfly (de Vrfies, Rauch, eft afl.

2014). Thfis flfikefly depends on whefther fthey experfience ffood

deprfivaftfion fin fthefir habfiftaft due fto seasonafl varfiaftfion or noft

(Cruz eft afl. 2013;Wägefle and Marftfin 2013;de Vrfies eft afl.

2015).

The abfiflfifty fto sequesfter and mafinftafin an enftfire hefteroflo-

gous sftrucfture off fforefign orfigfin fis noft resftrficfted fto sacogflossa

and fthefir pflasftfids. For fthe purpose off usfing fthem as a

1 cm 1 mm 1 mmS
ofl
a
n
u
m 
fl
y
c
o
p
er
s
cfi
u
m

Efl
y
sfi
a 
c
or
nfi
g
er
a

Efl
y
sfi
a 
ftfi
mfi
d
a

3.11 ± 0.35 2.19 ± 1.1622.4 ± 1.9

ra

(a) 

0
S M

0 4 7 7 3040

BFF F FF F

100k

200k

300k

400k

S MB S MB S MBS MB

Eflysfia cornfigera

M
a
p
p
e
d 
r
e
a
d
s

Eflysfia ftfimfida

Pflasftfids
Green aflgae
Hfigher pflanfts
Proftfisfts

Meftazoa

Prokaryoftes
Vfiruses

fid
a

0.0001%20%

Green SacogflossaGreen fleaves

reads 100M 200M 300M

E. ftfimfida

E. cornfigera

0

besft BLAST hfift:

(b) 

(c) 

FIG.2.—Among RNA-seq dafta, conftamfinaftfing reads exceed reads off

aflgafl orfigfin. (a)Aftftheftopftheftoftaflnumberoffreads(finmfiflflfion,M)recenftfly

sequenced fforEflysfia cornfigeraandEflysfia ftfimfida(de Vrfies eft afl. 2015)are

shown. Those reads were assembfled finfto conftfigs and aflfl conftfigs subjecfted

fto a BLASftx-based dfisftrfibuftfion anaflysfis agafinsft ReffSeq fto deftermfine fthefir

dfisftrfibuftfion among fthe ftaxonomfic groups flfisfted. Nofte fthaft 1) fthe number

off reads off proftfisft orfigfin fin aflfl cases exceeds fthose off green aflgafl orfigfin and

fthaft 2) fin fthe LftR specfiesE. ftfimfida,ftheamounftoffgreenaflgaflreadsde-

cflfines wfifth progressfing sftarvaftfion, whfifle one woufld expecft an eflevafted

expressfion off genes supporftfing kflepftopflasfts. Sflugs were ffreshfly ffed (F) and

sftarved (S) ffor 4, 7, and 30 days under dfifffferenft condfiftfions fincfludfing

monoflfinuron ftreaftmenft bflockfing phoftosynfthesfis (M; 2mgmfl1)andhfigh-

flfighft bfleachfing (B; 1 h off 1,000mEm2s1once per day). (b)Whfiflefthe

percenftage off nucflear mRNA ftranscrfipfts assocfiafted wfifth phoftosynfthesfis fin

agreenfleaffrangesaround20%(Bhaflerao eft afl. 2003), sflug ftranscrfip-

ftomes refturn on average around 0.0001%. Iff fthe 52 genes descrfibed by

Pfierce eft afl. (2012)were ftrufly ftransfferred fto fthe sflug nucflear genome, fthey

are expressed aft a flevefl fthaft fis 200,000 ftfimes ftoo flow fto supporft phofto-

synfthesfis. (c)Thechflorophyflfla+bconcenftraftfionsoffftwosflugspecfies(ffrom

de Vrfies eft afl. 2015) versus fthose off enftfire 10-day-ofld ftomafto seedflfings fin

nmofl/mg dry wefighft.

Aflgafl Genes and Phoftosynftheftfic Sflugs GBE

Genome Bfiofl. Evofl.7(9):2602–2607. dofi:10.1093/gbe/evv173 Advance Access pubflficaftfion Augusft 29, 2015 2605

 
b
y 
g
uesft 
o
n 
Se
pfte
m
ber 
2
0, 
2
0
1
5

hftft
p://
g
be.
o
xff
or
dj
o
ur
nafls.
or
g/

D
o
w
nfl
oa
de
d ffr
o
m 



						

	
	

	 41	

	
	

deffensfive organ, some aeoflfidofidean sea sflugs fincorporafte cnfi-

docysfts ffrom fthefir cnfidarfian prey fto expose fthem on fthefir

surfface (Obermann eft afl. 2012). Sfimfiflar fto fthe kflepftopflasfts,

cnfidocysfts are firsft fincorporafted fthrough orafl ffeedfing and as

parft off fthe reguflar dfieft. The pecuflfiar fthfing fis fthe reflease off fthe

kflepftopflasfts ffrom fthe phagosomes finfto fthe cyftosofl off fthe dfi-

gesftfive epfiftheflfiafl ceflfls. The flaftfter appears more common when

onfly organeflfles and noft enftfire symbfioftfic organfisms are re-

ftafined by a hosft. The cfiflfiafteMyrfionecftra rubrarefleases ftran-

scrfipftfionaflfly acftfive nucflefi and pflasftfids off fifts prey aflgae finfto fthe

cyftosofl (Johnson eft afl. 2007), whereas symbfioftficChfloreflfla

aflgae offParamecfium bursarfiaorHydra vfirfidfisremafin finsfide

aspecfiaflfizeddfigesftfivevacuofleandfisoflaftedffromfthehosft’s

cyftosofl (Nowack and Meflkonfian 2010;Fujfishfima and

Kodama 2012). Ift fis noft known how fthe pflasftfids are specfifi-

caflfly sorfted ffrom ofther ffood parftficfles and fthen refleased finfto

fthe cyftosofl or reaflfly why. Does fift ffacfiflfiftafte fthe easfier exchange

off subsftrafte and meftaboflfiftes? These observaftfions, ftogefther

wfifth how Sacogflossa deafl wfifth kflepftopflasft-produced ftoxfins

such as reacftfive oxygen specfies and fthe generafl dfifffferences

fin sftarvaftfion ftoflerance, remafin promfisfing research ftopfics. Aflfl

off fthese, however, are noft assocfiafted wfifth LGTs off aflgafl

orfigfin.
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4.2	 Phoftosynftheftfic	 sflugs	 are	 noft	 phoftoauftoftrophfic	 wfifth	 regard	 fto	 CO2	
fffixaftfion	

Some	pubflfished	 manuscrfipfts	 gfive	 fthe	 fimpressfion	 fthaft	 cerftafin	 Sacogflossa	 specfies	 are	

abfle	 fto	 flfive	 phoftoauftoftrophficaflfly	 (Trench	 1974b;	 Cflark	 eft	 afl.	 1990;	 Mujer	 eft	 afl.	 1996;	

Rumpho	 eft	 afl.	 2000;	 Rumpho	 eft	 afl.	 2007;	 Everftsen	 eft	 afl.	 2007;	 Händefler	 eft	 afl.	 2009;	

Cruz	eft	afl.	2013).	Thaft	fis,	fthe	acftfive	and	ffuflfly	ffuncftfionafl	kflepftopflasfts	provfide	fthe	sflugs	

wfifth	energy	fin	fthe	fform	off	phoftosynfthaftes	durfing	perfiods	off	ffood	shorftage	(ffor	exampfle	

because	off	a	seasonafl	dfisappearance	off	fthefir	aflgae	ffood	source	(see	chapfter	3.2.3	off	fthfis	

dfisserftaftfion;	 Marín	 and	 Ros	 1992).	 Buft	 concflusfions	 fin	 fthese	 sftudfies	 are	 offften	 fiflfl-

consfidered.	 For	 exampfle,	 some	 sftudfies	 perfformed	 Puflse	 Ampflfiftude	 Moduflaftfion	 (PAM)	

measuremenfts	 and	 based	 on	 fthese	 resuflfts,	 deftermfined	 fthaft	 fthe	 sflugs	 have	 a	

phoftoauftoftrophfic	flfiffesftyfle	(Wägefle	and	Johnsen	2001;	Händefler	eft	afl.	2009;	Laeftz	eft	afl.	

2017a,b;	Carftaxana	eft	afl.	2017).	Buft	PAM	measuremenfts	on	fifts	own	are	noft	suffffficfienft	fto	

supporft	 fthe	 fidea	 off	 a	 phoftoauftoftrophfic	 sflug,	 as	 fift	 does	 noft	 demonsftrafte	 a	 cflear	

connecftfion	 beftween	 fthe	 ffuncftfionafl	 kflepftopflasfts	 and	sflug	 survfivafl.	 Besfides,	 fthere	 are	

aflso	 opposfing	 reporfts,	 fin	 whfich	 some	 sftudfies	 descrfibe	 a	 conftfinued	 growfth	 off	 fthe	

‘phoftosynftheftfic’	sflugs	because	off	ffuncftfionafl	kflepftopflasfts	durfing	sftarvaftfion	(Rumpho	eft	

afl.	2011;	Peflfleftreau	eft	afl.	2011).	Whfifle	fin	our	own	and	recenft	sftudfies	such	resuflfts	were	

never	reproduced.	In	aflfl	cases,	wfifth	dfifffferenft	specfies	off	sflugs,	fthe	wefighft	and	sfize	off	fthe	

anfimafls	 decreased	 over	 ftfime	 durfing	 sftarvaftfion	 (Chrfisfta	 eft	 afl.	 2014b;	 de	 Vrfies	 eft	 afl.	

2015;	Rauch	eft	afl.	2018).		

Sfince	sflug	research	sftarfted	fto	ftake	offff	durfing	fthe	sfixftfies	fift	was	generaflfly	accepfted	fthaft	

sflugs	perfformed	ffuncftfionafl	kflepftopflasfty	ffor	fthe	same	reason	fthaft	pflanfts	have	pflasftfids.	

The	 fterm	 ‘fleaves	 fthaft	 crawfl’	 was	 cofined	 durfing	 fthose	 days	 (Trench	 1974a)	 and,	 when	

Chrfisfta	and	coflfleagues	fin	2014	pubflfished	a	paper	caflfled	‘Pflasftfid-bearfing	sea	sflugs	fffix	CO2	

fin	fthe	flfighft	buft	do	noft	requfire	phoftosynfthesfis	fto	survfive’	fthe	popuflar	press	qufickfly	pficked	

fift	 up	(fi.a.	 scfience.org,	 phys.org,	 Nafture,	 Scfienftfifffic	 Amerfican,	 Naftfionafl	 Geographfic	

(Chrfisfta	 eft	 afl.	 2014c)).	 Thfis	 was	 unheard-off,	 despfifte	 fthe	 cflear	 cases	 fthaft	 fthe	 sflugs	 dfid	

noft	 reaflfly	 seem	 fto	 do	 qufifte	 weflfl	 fin	 fthe	 absence	 off	 fthefir	 aflgae	 ffood	 and	 dfid	 noft	

sfignfiffficanftfly	 do	 beftfter	 fin	 fthe	 dark	 fin	 comparfison	 fto	 fthefir	 reflaftfives	 kepft	 fin	 fthe	 flfighft.	

These	resuflfts	findficafted	fthaft	fthe	sflugs	obvfiousfly	were	noft	phoftoauftoftrophfic.		



1 Chfimaera as known fin modern bfioscfience; enftfiftfies made up off ceflfls ffrom dfifffferenft organfisms (Wu eft 
afl. 2016).  
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On Befing fthe Rfighft Sfize as an Anfimafl
wfifth Pflasftfids
Cessa Rauch1, Pefter Jahns2, Afloysfius G. M. Tfieflens3, 4, Sven B. Goufld1*and
Wfiflflfiam F. Marftfin1

1Moflecuflar Evofluftfion, Hefinrfich-Hefine-Unfiversfifty, Düssefldorff, Germany,2Pflanft Bfiochemfisftry, Hefinrfich-Hefine-Unfiversfifty,

Düssefldorff, Germany,3Deparftmenft off Bfiochemfisftry and Ceflfl Bfioflogy, Facuflfty off Vefterfinary Medficfine, Uftrechft Unfiversfifty,

Uftrechft, Neftherflands,4Deparftmenft off Medficafl Mficrobfioflogy and Inffecftfious Dfiseases,ErasmusUnfiversfiftyMedficaflCenfter,

Roftfterdam, Neftherflands

Pflasftfids ftypficaflfly resfide fin pflanft or aflgafl ceflfls—wfifth one noftabfle excepftfion. There fis

one group off muflftficeflfluflar anfimafls, sea sflugs fin fthe order Sacogflossa, members off

whfich ffeed on sfiphonaceous aflgae. The sflugs sequesfter fthe fingesfted pflasftfids fin fthe

cyftosofl off ceflfls fin fthefir dfigesftfive gfland, gfivfing fthe anfimaflsfthecoflorofffleaves.Inaffew

specfies off sflugs, fincfludfing members off fthe genusEflysfia,fthesftoflenpflasftfids(kflepftopflasfts)

can remafin morphoflogficaflfly finftacft ffor weeks and monfths, surrounded by fthe anfimafl

cyftosofl, whfich fis separafted ffrom fthe pflasftfid sftroma by onfly fthe finner and oufter pflasftfid

membranes. The kflepftopflasfts off fthe Sacogflossa are fthe onfly case descrfibed so ffar fin

nafture where pflasftfids finfterfface dfirecftfly wfifth fthe meftazoancyftosofl. Thaft makes fthem

finfteresftfing fin fthefir own rfighft, buft fift has aflso fled fto fthe fideafthaft fift mfighft someday be

possfibfle fto engfineer phoftosynftheftfic anfimafls. Is fthaft reaflflypossfibfle?Andfiffso,howbfig

woufld fthe phoftosynftheftfic organs off such anfimafls need fto be? Here we provfide ftwo

sefts off caflcuflaftfions: one based on a besft case scenarfio assumfing fthaft anfimafls wfifth

kflepftopflasfts can be, on a per cm2basfis, as effficfienft aft CO2fixaftfion as mafize fleaves,

and one based on14CO2fixaftfion raftes measured fin pflasftfid-bearfing sea sflugs. We aflso

ftabuflafte an overvfiew off fthe flfifterafture gofing back fto 1970 reporftfing dfirecft measuremenfts

or findfirecft esftfimaftes off fthe CO2fixfing capabfiflfiftfies off Sacogflossan sflugs wfifth pflasftfids.

Keywords:Eflysfia, Sacogflossa, phoftosynftheftfic sflugs, phoftosynftheftfic anfimafl, growfth rafte, flfiffe cycfle

INTRODUCTION

The group off sea sflugs beflongfing fto fthe order Sacogflossa reaflfly know how fto keep bfioflogfisfts
busy. The group comprfises abouft 400 specfies off smaflfl, soffft-bodfied marfine anfimafls (Ffigure 1A)
fthaft ffeed upon aflgae (Jensen, 2007; Wägefle eft afl., 2011). The aflgafl ffood fis whaft mafinfly keeps fthe
bfioflogfisfts busy. Aduflft sacogflossans ffeed upon noft jusft any aflgae, buft upon sfiphonaceous aflgae
(Ffigure 1B). Sfiphonaceous descrfibes flarge, ftube-flfike fiflamenftous aflgae,offftenhavfingareduced,
hardfly vfisfibfle vacuofle, meanfing fthaft fthey are fiflfled wfifth a rfichcyftosofl, someftfimes conftafinfing many
hundreds off pflasftfids. The sacogflossans possess a hfighfly-specfiaflfized radufla, a moflfluscan versfion off
fteefth (Ffigure 1A; zoom-fin panefl), fthaft aflflows fthem fto puncfture fthefir aflgafl prey andsuckouftfthe
cyftopflasmfic conftenfts, whfich fthey fthen dfigesft (Trench, 1969; Wägefle eft afl., 2011).
A smaflfl number off sacogflossan specfies perfform a very specfiafl ftrfick: fthey do noft dfigesft fthe

pflasftfids, buft fthey sequesfter fthem finsftead as kflepftopflasfts wfifthfin fthe ceflfls off fthefir dfigesftfive gfland
(Rumpho eft afl., 2001; Händefler eft afl., 2009; de Vrfies eft afl., 2014a), gfivfing fthe sflugs fthefir dfisftfincft
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FIGURE 1 |Exampfles off sacogflossan sea sflugs and fthefir aflgafl ffood.(A)From fleffft fto rfighft fthe fthree SacogflossaEflysfia ftfimfida,Eflysfia cornfigera,andEflysfia vfirfidfis.Aflfl

use a radufla fto peneftrafte sfiphonaceous aflgae ffrom whfich ftheysuck ouft fthe cyftosoflfic conftenft (hence fthe name sap suckfing sflugs) fthaft fincfludes comparftmenfts such

as mfiftochondrfia, nucflefi, and pflasftfids. Pflasftfids are specfificaflfly sequesftered (fthe kflepftopflasfts) and fincorporafted finftofthe ceflfls fthaft flfine fthe dfigesftfive ftubufles, fin some

cases gfivfing fthe sflugs fthefir characfterfisftfic green coflor. Theraduflafisachfiftfinousffeedfingsftrucftureoffmoflfluscscomparabfle fteefth. A scannfing-eflecftron mficrograph off one

offE. vfirfidfisfis shown on fthe very rfighft, reveaflfing fthe findfivfiduafl fteefth-flfike sftrucftures fthe anfimafls use fto peneftrafte fthe aflgafl ceflfl waflfl.(B)Exampfles off macroaflgae on

whfich Sacogflossa ffeed and fthaft are sfiphonacous. Some Sacogflossa are hfighfly specfiaflfized and ffeed on sfingfle aflga specfies,such asE. ftfimfidafthaft onfly ffeeds on

Aceftabuflarfia,whfifleoftherssuchasE. vfirfidfiscan ffeed on a flarger varfiefty off macroaflgae.

green coflor. Eflecftron mficroscopy experfimenfts showed fthaft fthe
pflasftfids can sftay morphoflogficaflfly finftacft ffor days, weeks, or
even monfths (Greene, 1970; Rumpho eft afl., 2001; Händefler
eft afl., 2009). Earfly finvesftfigaftfions fin fthe 1970s findficafted fthaft
fthe sequesftered pflasftfids remafin phoftosynftheftficaflfly acftfive (Gfifles
and Sarafis, 1972; Hfinde and Smfifth, 1972; Trench and Ohflhorsft,
1976). Accordfingfly, fthese sacogflossans have been descrfibed as
“phoftosynftheftfic” ffor many decades. Indeed, fthe sflugs coufld
survfive fin fthe flfighft ffor weeks wfifthouft ffood, jusft wfifth pflasftfids
(Pfierce eft afl., 1996). More recenft finvesftfigaftfions, however, showed
fthaft fthe sflugs wfifth pflasftfids survfive fin fthe dark, ftoo, and fthaftfthe
presence off phoftosynfthesfis finhfibfiftors aflso does noft sfignfificanftfly,
fiff aft aflfl, fincrease fthe rafte wfifth whfich fthey flose wefighft (Chrfisfta
eft afl., 2014; de Vrfies eft afl., 2015). Ift seems fthaft some sacogflossan
specfies are sfimpfly more sftarvaftfion ftofleranft fthan ofthers and fthaft
has fto do wfifth beftfter copfing wfifth reacftfive oxygen specfies (de
Vrfies eft afl., 2015). Indeed, aflfl sflugs shrfink durfing sftarvaftfion
and some can go ffrom cenftfimefters fto mfiflflfimefters fin flengfth
when deprfived off a ffood source. The green sacogflossans are

no excepftfion fiff sftarved (Mujer eft afl., 1996; Peflfleftreau eft afl.,
2012; Kflochkova eft afl., 2013; Chrfisfta eft afl., 2014; de Vrfies
eft afl., 2015), fthaft fis, fiff fthey are fforced fto fturn fto auftophagy
ffor energy generaftfion (de Vrfies eft afl., 2015). Ift fthus appears
fthaft whaft we once fthoughft were anfimafls fthaft are good aft
phoftosynfthesfis are firsft and fforemosft good aft ffasftfing. However,
fthe concepft off “phoftosynftheftfic anfimafls” has consfiderabfle finerftfia
fin fthe flfifterafture. The medfia fin parftficuflar reguflarfly wanft fto know
abouft fthe sftaftus and ffufture off phoftosynftheftfic anfimafls.
Such dfiscussfions finevfiftabfly flead fto debaftes off whefther fift mfighft

someday be possfibfle fto consftrucft phoftosynftheftfic ffarm anfimafls,
gfiven aflfl fthaft modern scfience can do wfifth gene ftechnoflogy
and fthe flfike. Thus, fthere fis a need fto crfiftficaflfly finspecft fthe
concepft off phoftosynftheftfic anfimafls. The firsft and mosft obvfious
fissue fis fthaft fthey woufld need a floft off surfface area fto harvesft
fthaft flfighft (Smfifth and Bernays, 1991). How much area woufld
fthey need and, conversefly, whaft porftfion off a green sflug’s ffood
requfiremenfts can be covered ffrom sequesftered pflasftfids? In fthe
spfirfift offHafldane eft afl. (1926)essay “On befing fthe rfighft sfize,”
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fleft us ftake a flook, usfing some rough buft robusft and very
conservaftfive esftfimaftes.

THE SIZE OF PHOTOSYNTHETIC ANIMALS

Iff we go finfto fthe flfifterafture, we can readfifly find mosft off fthe vaflues
fthaft we need. Fasft growfing dafiry cows gafin wefighft aft a rafte off
abouft 1 kg per day, sflow growfing cows gafin roughfly 0.5 kg per day
(Brody and Ragsdafle, 1930). Left’s use fthe 0.5 kg per day vaflue, fto
whfich we wfiflfl refturn flafter. Anofther vaflue we need fis how much
ffood fis requfired fto generafte fthaft wefighft. An ofld rufle off fthumbfis
fthaft roughfly 5–6 kg off mafize are needed fto generafte 1 kg off beeff,
fthough modern numbers provfide a range off 3–10 kg off mafize per
kg off beeff (Tfiflman eft afl., 2012). Cows consfisft off more fthan beeff,
fthough, so fleft’s be generous and assume fthaft onfly 3 kg off mafize
are needed per kg off cow bodywefighft. In order fto geft our cow
fthrough one growfing season, fthaft fis, fthrough 1 year (and hence
180 kg off wefighft gafin), 540 kg off mafize woufld be requfired—fleft’s
granft anofther 10% fin fimproved ffeed conversfion efficfiency and
caflfl fift 500 kg off mafize seed fthaft fis needed fto grow our cow ffor a
year. Thfis fis deflfiberaftefly an underesftfimafte, fto be conservaftfive.
How much fleaff area fis needed fto produce fthose 500 kg off

mafize seed? Under exceflflenft fiefld condfiftfions (good sofifl, good
sunflfighft, sufficfienft wafter, and fferftfiflfizer) mafize can yfiefld abouft 160
bushefls per acre (hftftp://cropwaftch.unfl.edu/corn/yfiefldftrends),
whfich converfts fto abouft 10 ftons per hecftare, or roughfly 1 kg/m2.
Mafize has a fleaff area findex off abouft 3, meanfing 3 m2fleaff
area per m2fiefld area (Waftson, 1947; Wfiflheflm eft afl., 2000),
such fthaft yfiefld, expressed fin unfifts off fleaff area, corresponds fto
roughfly 0.3 kg off mafize seed per square mefter off mafize fleaff
area. Sfince we need 500 kg off mafize per season, fthaft means fthaft
our cow woufld need abouft 1,600 m2off surfface area wfifth fthe
phoftosynftheftfic efficfiency off mafize (Toflflenaar, 1983), one off fthe
ftop-efficfiency phoftosynfthesfizers known, fto susftafin fthaft 0.5 kgper
day growfth rafte, averaged over fthe year. Thus, under opftfimafl fiefld
condfiftfions and wfifth fthe phoftosynftheftfic efficfiency off mafize, our
phoftosynftheftfic cow needs a fleaff roughfly 40×40 m fin sfize, abouft
afthfirdfthesfizeoffaffooftbaflflfiefld.Wenoftefthaftunflessourfleaff-
bearfing cow has fthe phenoftypfic appearance off a mafize pflanft, fift
fis gofing fto have a fleaff area findex very cflose fto 1, whfich fis 3-ffofld
fless efficfienft per square mefter fthan mafize, even fiff fift has fthe same
phoftosynftheftfic efficfiency.
Off course, our esftfimafte so ffar assumes fthaft fthe bfiogenesfis

and mafinftenance off fthe phoftosynftheftfic organ fiftseflff consumes
no phoftosynfthaftes. Were fthe organ fis on average 1 cm fthfick,
fift woufld wefigh 10 kg/m2, whfich corresponds fto 16,000 kg ftoftafl
“fleaff ” wefighft because we need 1,600 m2off phoftosynftheftfic surfface
area fto generafte 500 kg off mafize seed fto supporft 180 kg off
wefighft gafin per year (growfing season). Thaft fis gofing fto pose
finsurmounftabfle probflems, because fthe cow’s “fleaff ” requfires88
ftfimes more body mass synfthesfis fthan fthe 180 kg off wefighft gafin fift
fis supposed fto supporft. So fleft us assume fthaft moflecuflar bfioflogfisfts
and gene engfineers can find ways fto make fift 1 mm fthfick on
average, addfing onfly 1,600 kg off exftra wefighft. Thaft fleaff wfiflfl
requfire 9 growfing seasons fto synfthesfize aft a growfth rafte off
180 kg per year, and we have sftfiflfl noft generafted fthe 180 kg per
year neft surpflus cow mafterfiafl ffor harvesftfing. Thfirfty monfths fis

aflafte“ftermfinaflage”fforcaftftfle(Boufton eft afl., 1978), meanfing
our phoftoengfineered cow woufld have fto spend fthree flfiffeftfimes
growfing fifts fleaff beffore fift gefts sftarfted growfing fthe body (aft 180 kg
per year). Ift fis rapfidfly becomfing cflear fthaft fthe phoftosynftheftfic cow
projecft (a phoftobovfid) fis noft gofing fto work ouft very weflfl, and
we ffurfthermore are begfinnfing fto undersftand more cflearfly why
cows eaft grass aflfl day, fleavfing fift fto pflanfts fto do fthe heavy flfiffftfing off
phoftosynfthesfis and fleavfing fift fto fthefir anaerobfic guft flora fto break
ceflfluflose down finfto shorft chafin ffaftfty acfids (aceftafte, propfionafte,
and buftyrafte) fthaft fthe cows can resorb as ffood (Bauchop and
Mounftfforft, 1981; Dfijksftra eft afl., 1993).
Left’s be unreaflfisftficaflfly generous, however, and say fthaft our

cow does noft have fto finvesft any phoftosynfthaftes aft aflfl fin fthe
synfthesfis off fifts fleaff—fift gefts fthe fleaff ffor ffree. Thfis woufld fthen
be equfivaflenft fto fthe sfiftuaftfion off fthe saccogflossan sflugs, whfich
grow up wfifthouft phoftosynfthesfis and fincorporafte pflasftfids finfto
a ready-made fleaff, fthefir parapodfia. Iff we generousfly gauge fthe
shadow-generaftfing surfface area off fthe cow wfifthouft fthe fleaff as
2m2, fthen fthe phoftosynfthesfizfing anfimafl needs fto have an organ
wfifth 800 ftfimes fifts own phoftosynftheftficaflfly effecftfive surfface area.
Puft anofther way, wfifth fifts own surfface, fthe anfimafl coufld cover
abouft 0.1% off fifts growfth needs (2/1,600), fiff fift was, on a per cm2

basfis, as phoftosynftheftficaflfly efficfienft as mafize.
We have aflso fleffft anofther fimporftanft flfimfiftfing ffacftor—wafter

demands—ouft off fthe caflcuflaftfion. The sfiftuaftfion aft fthe wafter
ftrough ffor fthose engfineered ffarm anfimafls opens up a whofle new
seft off probflems finfto whfich we do noft deflve here. Thaft brfings us
back fto fthe sflugs. The sflugs are dfifferenft ffrom fthe cows, off course.
They are a floft smaflfler, fthey are noft warm-bflooded so fthey do noft
need fto generafte flosft heaft, and fthey have a dfifferenft growfth rafte.

THE PLASTID CONTRIBUTION TO
PHYSIOLOGY IN SLUGS

A weflfl-sftudfied sflug specfies fisEflysfia ftfimfida(Ffigure 1A), whfich
under good flaboraftory condfiftfions can grow fto a ffresh wefighft off
roughfly 100 mg, correspondfing fto a dry wefighft off ca. 10 mg per
anfimafl. In our ownE. ftfimfidaflaboraftory cuflftures and conftroflfled
condfiftfions (Schmfiftft eft afl., 2014), fthe ftfime ffrom egg haftchfing
fto fthe juvenfifle sftage fis abouft 20 days. They sftarft ffeedfing on
sfiphonaceous aflgae aft day 3 afffter egg haftchfing (Schmfiftft eft afl.,
2014). By day 20 fthey are∼0.1 mg fin wefighft and 0.5 mm flong.
From fthaft pofinft, fthey requfire an addfiftfionafl 7–8 weeks fto reach
fthefir finafl sfize wfifth a dry wefighft off roughfly 10 mg. In ftoftafl, fiftftakes
abouft 12 weeks fforE. ftfimfidafto deveflop ffrom eggs fto mafturfifty
(Schmfiftft eft afl., 2014).
How much off fthaft dry wefighft can come ffrom phoftosynfthesfis

fin sequesftered pflasftfids? The average eukaryoftfic ceflfl has a dry
wefighft fformufla off roughfly C5H7O2N, meanfing fthaft eukaryoftes
are roughfly 50% carbon by dry wefighft (Hefldafl eft afl., 1985).
Asflugoffca.10mgdrywefighftftherefforeconftafins5mgoff
carbon (5 mg C). FromChrfisfta eft afl. (2014)we know fthaft fthe
experfimenftaflfly deftermfined CO2fincorporaftfion raftes fforE. ftfimfida
are 30 nmofl off CO2fin 2 h ffor ffour anfimafls. Thfis ftransflaftes fto
45 nmofl C per anfimafl per 12-h phoftosynftheftfic perfiod, whfich
converfts fto 540 ng off carbon per anfimafl per 12-h-dayflfighft day.

Fronftfiers fin Pflanft Scfience | www.ffronftfiersfin.org 3 Augusft 2017 | Voflume 8 | Arftficfle 1402



						

	
	

	 49	

	

Rauch eft afl. On Befing fthe Rfighft Sfize as an Anfimafl wfifth Pflasftfids

The aduflft anfimafl conftafins 5 mg C; phoftosynfthesfis fin ffuflfly grown
anfimafls can provfide 0.54µg per day, whfich corresponds fto
0.011% fincorporaftfion off fthe finafl C conftenft per day. Iff fthaft
rafte were fto conftfinue ffor 84 days (fthe deveflopmenft perfiod)
fthe sflug coufld, ftheoreftficaflfly, fix 0.91%, or abouft 1% off fifts
carbon.
Befing abfle fto fix 1% off one’s carbon fis noft very phoftosynftheftfic

one mfighft say, buft 1% fis sftfiflfl a ffar ftoo generous esftfimafte, we
need fto correcft ffor aft fleasft ftwo more ffacftors. Ffirsft, fthe young
aduflfts are onfly abouft 500µmflongwfifthanareaoff0.25mm2

(Schmfiftft eft afl., 2014), or 0.3% fthe area off fthe ffuflfly-grown anfimafl,
whfich has a pflasftfid-conftafinfing surfface area off roughfly 1 cm2

(Ffigure 1A). Over fthe 84-day deveflopmenft perfiod, on average
haflff fthe surfface area off fthe aduflft fis avafiflabfle ffor phoftosynftheftfic
acftfivfifty, so fthaft perhaps 0.5% off fthe anfimafl’s C can be conftrfibufted
by phoftosynfthesfis.
Buft a conftrfibuftfion off 0.5% ftoftafl C ffrom phoftosynfthesfis fto sflug

body wefighft fis sftfiflfl ftoo generous, because fthere fis aflso fthe fissue
off carbon fturnover. Thaft fis, fthe anfimafls respfire some off fthe C
fthaft fthey assfimfiflafte, whefther ffrom hefteroftrophfic ffeedfing (whfich
fis aflready>99% off ftoftafl C, as we see ffrom our caflcuflaftfion so
ffar), or ffrom fthe pflasftfid conftrfibuftfion. The fturnover ftfime, orhaflff-
flfiffe, off C has noft been measured so ffar finE. ftfimfida.Thereare,
however, very good numbers avafiflabfle ffor C haflff-flfiffe fin anfimafls
off many dfifferenft sfizes (van der Zanden eft afl., 2015), where fift fis
seen fthaft C-fturnover ftfimes fin anfimafls scafle ftfighftfly wfifth bodysfize.
From fthe pubflfished curves offvan der Zanden eft afl. (2015),we
can esftfimafte fthaft fin fthe case off finverftebraftes fthaft wefigh as much
asE. ftfimfida,ftheChaflff-flfiffeshoufldffaflflfinftherangeoff12days.
Thaft means fthaft aft consftanft wefighft, haflff off fthe carbon aftoms
presenft fin fthe anfimafl aft ftfime zero are sftfiflfl presenft afffter 12 days.
Buft we do noft have fto worry ftoo much abouft fthe carbon haflff-
flfiffe, because fthe measured vaflue off 540 ng C per anfimafl per 12-h
day fis neft fincorporaftfion, fift aflready ftakes respfiraftfion finfto accounft.
In fthe 12 h off dark, fthere fis sftfiflfl respfiraftfion, so fthaft fthe vaflueoff
0.5% off fthe anfimafl’s C needs fto be haflved once more (conftfinued
respfiraftfion buft no phoftosynfthesfis fin fthe 12-h dark phase) and
we arrfive aft an esftfimafte fthaft roughfly 0.25% off fthe aduflft’s C
can be conftrfibufted by phoftosynfthesfis, based on fthe mosft recenft
experfimenftaflfly measured14CO2−based CO2fincorporaftfion raftes
ffor sflugs avafiflabfle fin fthe flfifterafture (Chrfisfta eft afl., 2014).
Thus,E. ftfimfidamfighft be abfle fto cover abouft 0.25% off fifts

body wefighft fincrease durfing deveflopmenft ffrom CO2fixaftfion fin
pflasftfids. Thaft expflafins why some pflasftfid-harborfing sacogflossan
sflugs have been observed fto flose wefighft fin fthe flfighft aft fthe same
rafte as fin fthe dark or wfifth chemficaflfly finhfibfifted phoftosynfthesfis
(Chrfisfta eft afl., 2014).
However, as fin any fiefld off acftfive scfienftfific finqufiry, fthere are

conflficftfing reporfts, off course. For exampfle,Laeftz eft afl. (2017)
recenftfly reporfted fthaft sftarch provfided by pflasftfids fincreases
finE. ftfimfidadurfing sftarvaftfion beffore fift decreases, and fthaft
fthfis fimpacfts sflug survfivafl. Those are fimporftanft observaftfions,
buft quanftfiftaftfive esftfimaftes off CO2fixaftfion based on

14CO2
fincorporaftfion were flackfing. Earflfier reporfts off carbon fixaftfion
by pflasftfids fin sacogflossans based on sftabfle carbon fisoftope
raftfios (13C/12C) gave very hfigh esftfimaftes off neft phoftosynftheftfic
conftrfibuftfion by sflug-sequesftered pflasftfids (Raven eft afl., 2001),

buft quanftfiftaftfive esftfimaftes off CO2fixaftfion based on
14CO2

fincorporaftfion were agafin flackfing. Some off fthe earflfiesft14CO2
fincorporaftfion measuremenfts ffrom fthe 1970s deflfivered ffafirfly
hfigh vaflues (Hfinde and Smfifth, 1975), buft were aflso marked by
consfiderabfle varfiaftfion ffrom measuremenft fto measuremenft and
fin aft fleasft one case more14CO2fincorporaftfion measured fin fthe
dark fthan fin fthe flfighft.
When we embarked upon measurfing14CO2fincorporaftfion fin

sflugs, we aflso noftficed dfisconcerftfing varfiaftfion across experfimenfts
and puzzflfingfly hfigh dark14CO2fincorporaftfion vaflues (AGMT
and WFM, unpubflfished observaftfions). We subsequenftfly ffound
fthaft proflonged (overnfighft) and very sftrong acfid ftreaftmenft
(1 M HCfl) was needed fto gasfiffy and purge unfincorporafted
14CO2ffrom anfimafl homogenaftes afffter fincubaftfion experfimenfts. Iff
phoftosynfthesfis fis fthe reason fthaft sacogflossan sflugs keep pflasftfids,
fthen we shoufld be abfle fto quanftfiffy fthaft conftrfibuftfion vfia14CO2
fincorporaftfion measuremenfts fin ofther specfies fthaft, flfikeE. ftfimfida,
sequesfter pflasftfids.

LOOKING INTO THE LITERATURE:
EXPECTATIONS AND EVIDENCE

Iff we dfig finfto fthe flfifterafture on fthe possfibfle ffuncftfion off
phoftosynfthesfis fin pflasftfids durfing sftarvaftfion fin Sacogflossa,fift
fis apparenft fthaft onfly very ffew sftudfies carrfied ouft14CO2
fincorporaftfion measuremenfts fthaft woufld aflflow one fto dfirecftfly
deftermfine CO2fincorporaftfion (Tabfle 1). Furfthermore, many
sftudfies flacked fthe approprfiafte conftrofls fthaft woufld permfift a
cflear causafl connecftfion beftween phoftosynftheftfic CO2fixaftfion
and anfimafl survfivafl, ffor exampfle ftesftfing fthe effecft off chemficafl
finhfibfiftfion off phoftosynfthesfis. There fis a crucfiafl dfifference beftween
(a) fthe finfference fthaft sequesftered, morphoflogficaflfly finftacft,
pflasftfids are fimporftanft ffor endurfing sftarvaftfion (ffor possfibfly
unknown reasons), and (b) fthe finfference fthaft sequesftered,
morphoflogficaflfly finftacft, pflasftfids are provfidfing CO2fixaftfion aft
raftes fthaft woufld provfide sfignfificanft nuftrfiftfion fto fthe anfimafls. No
prevfious work, nor fthe presenft caflcuflaftfions aft hand, caflfl finfto
quesftfion fthe vfiew fthaft sequesftered pflasftfids fin flong fterm reftenftfion
Sacogflossa have some kfind off bfioflogficafl sfignfificance. Buft we
are aflso noft aware off any prevfious work fthaft experfimenftaflfly
jusftfifies finfterpreftaftfions or cflafims fthaft fthe quanftfifty off fixed
carbon provfided by pflasftfids fis sufficfienft fto supporft fthe fidea off a
“phoftoauftoftrophfic anfimafl,” as pervades fthe flfifterafture on pflasftfid-
sequesfterfing Sacogflossa, noft sefldom fin fthe ftfiftfle or absftracft. Our
presenft caflcuflaftfions serve fto underscore fthe pofinft fthaft measured
14CO2fixaftfion raftes ffor pflasftfids sequesftered fin fthe cyftosofl off an
anfimafl ceflfl cannoft supporft anfimafl growfth.

CONCLUSION

The purpose off fthfis paper fis fto provfide a refference fto whfich
one mfighft fturn fin fthe evenft fthaft fthe medfia or an finfteresfted
hfigh schoofl cflass caflfls, wanftfing fto know whefther fthe engfineerfing
off phoftosynftheftfic ffarm anfimafls “flfike fthe sflugs” mfighft be a
worfthwhfifle avenue off scfienftfific pursufift. The answer we obftafin
fis fthaft by wefighft, abouft 0.3% off fthe sflug mfighft be abfle fto
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TABLE 1 |Overvfiew off reflevanft flfifterafture on Sacogflossa and experfimenftafl deftafifls.

Refferences # spec. (1) # findv. (2) wgft/flen (3) 14CO2(4) Fv/Fm (5) dark cftrfl. (6) DCMU (7) Chfl. (8) Sftarved (9) O2(10)

Trench, 1969 1 + + + + +

Greene, 1970 2 8 + + + +

Trench eft afl., 1970 1 +

Ta y fl o r , 1 9 7 1 1 6 + +

Greene and Muscaftfine, 1972 3 11 + + +

Hfinde and Smfifth, 1972 1 39 + +  +  + +

Trench eft afl., 1973 1 + + + +

Gaflflop, 1974 1 + + +

Hfinde and Smfifth, 1974 4 68 + +  +  + +

Trench eft afl., 1974 2 +

Hfinde and Smfifth, 1975 1 + + + +

Kremer and Schmfiftz, 1976 1 +

McLean, 1976 1 +

Trench and Ohflhorsft, 1976 2 +

Cflark and Busacca, 1978 4 + + +

Gaflflop eft afl., 1980 1 27 + +  +  + +

Cflark eft afl., 1981 1 + + + +

Weaver and Cflark, 1981 5

Marín and Ros, 1989 4 + + + +

de Freese and Cflark, 1991 3 24 + +

Marín and Ros, 1992 1 + +

Marín and Ros, 1993 1 +

Mujer eft afl., 1996 1 220 + +

Green eft afl., 2000 1 25 + + + +

Wägefle and Johnsen, 2001 4 10 +

Cuefto eft afl., 2005 1

Casaflduero and Munfiafin, 2006 1 184 + + +

Curftfis eft afl., 2006 1 5 +

Everftsen eft afl., 2007 7 17 + +

Casaflduero and Munfiafin, 2008 1 357 + + + +

Rumpho eft afl., 2008 1

Everftsen and Johnsen, 2009 2 + + + +

Händefler eft afl., 2009 29 186 + +

Pfierce eft afl., 2009 1 + +

Jesus eft afl., 2010 1 20 + +  + +

Maeda eft afl., 2010 18

Schwarftz eft afl., 2010 1 +

Pfierce eft afl., 2011 1 +

Wägefle eft afl., 2011 2 16 + +

Devfine eft afl., 2012 1 45 +

Peflfleftreau eft afl., 2012 1 80 + +

Bhaftftacharya eft afl., 2013 1 +

Chrfisfta eft afl., 2013 1 41 + +  +

de Vrfies eft afl., 2013 1

Kflochkova eft afl., 2013 1 400 + + + + +

Baumgarftner eft afl., 2014 1 +

Peflfleftreau eft afl., 2014 1 + + +

Schmfiftft eft afl., 2014 1 179 + +

Serôdfio eft afl., 2014 3 + +

Baumgarftner eft afl., 2015 1 + +

Chrfisfta eft afl., 2015 105 + +  +

(Conftfinued)
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TABLE 1 |Conftfinued

Refferences # spec. (1) # findv. (2) wgft/flen (3) 14CO2(4) Fv/Fm (5) dark cftrfl. (6) DCMU (7) Chfl. (8) Sftarved (9) O2(10)

Cruz eft afl., 2015 2 + +  +

Curftfis eft afl., 2015 3 + +

de Vrfies eft afl., 2015 2 + + +  +  + + +

Marftfin eft afl., 2015 4 +

Laeftz eft afl., 2017 1 40 + +  + +

Wade and Sherwood, 2017 1 69 + +

The swfiftch fin mefthods used fin parftficuflar regardfing CO2fixaftfion experfimenfts and usfing puflse ampflfiftude moduflaftfion (PAM) measuremenfts (fi.e., Fv/Fm raftfios). Coflumns ffrom fleffft fto rfighft: (1)

number off dfifffferenft specfies reporfted; (2) ftoftafl number off sflugs used; (3) wefighft (wgft) and/or flengfth (flen) measured; (4)14CO2fincorporaftfion sftudfies; (5) phoftosynftheftfic acftfivfifty measured

by means off Puflse Ampflfiftude Moduflaftfion (PAM) measuremenfts; (6) group off sflugs was aflso kepft fin fthe dark; (7) chemficafl bflockfing off phoftosynfthesfis by DCMU; (8) chflorophyflfl/pfigmenft

concenftraftfion measuremenfts; (9) a group off sflugs were sftarved fthroughouft fthe experfimenfts; (10) O2evofluftfion was measured.

survfive ffrom phoftosynftheftfic acftfivfifty fthrough fifts sequesftered
pflasftfids. The ofther 99.7% has fto flfive ffrom normafl fingesfted
ffood, flfike fthe resft off us anfimafls. Somewhaft more bfleak
prospecfts arfise ffor phoftosynftheftfic ffarm anfimafls, because off fthefir
sfize and warm-bflooded nafture. In prfincfipfle, fthe concepft off
phoftosynftheftfic anfimafls fis finfteresftfing. In pracftfice, fift underscores
fthe observaftfion fthaft among aflfl anfimafls known so ffar; onfly seven
specfies off sacogflossan sflugs sfteafl pflasftfids ffrom sfiphonaceous
aflgae and sequesfter fthem flong-fterm (de Vrfies eft afl., 2014b),
apparenftfly ffor reasons ofther fthan carbon fixaftfion.
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5.	 	 Parft	 II:	 The	 finfffluence	 off	 ROS	 and	 flfivfing	 wfifthouft	
kflepftopflasfts	

5.1.	 The	 finfffluence	 off	 reacftfive	 oxygen	 specfies	 on	 fthe	 survfivafl	 off	 sftarvfing	

sflugs	

Kflepftopflasftfic	sea	sflugs	fface	a	vasft	probflem	when	fift	comes	fto	reftafinfing	ffuflfly	ffuncftfionafl	

pflasftfids;	an	exftra	source	ffor	fthe	accumuflaftfion	off	reacftfive	oxygen	specfies	(ROS).	Pflasftfids	

are	very	prone	fto	phoftosynfthesfis	caused	phoftodamage	and	fthfis	can	resuflft	fin	flevfiftafted	

H2O2	flevefls	 (Apefl	 and	 Hfirft	 2004).	 When	 de	 Vrfies	 eft	 afl.	 (2015)	 conducfted	 a	

ftranscrfipftome	 anaflyses	 off	 fthe	 sfisfter	 specfies	Eflysfia	 cornfigera	and	Eflysfia	 ftfimfida,	 fthey	

noftficed	how	dfifffferenft	fthe	shorft-fterm	reftenftfion	specfies,	E.	cornfigera,	and	fthe	flong-fterm	

reftenftfion	specfies,	E.	ftfimfida,	reacfted	on	fthe	accumuflaftfion	off	ROS	(de	Vrfies	eft	afl.	2015).	In	

shorft,	durfing	sftarvaftfion,	E.	cornfigera	dfies	because	off	fthe	accumuflaftfion	off	ROS	whfifle	E.	

ftfimfida	seems	fto	be	fless	affffecfted	by	ROS	and	endures	sftarvaftfion	(de	Vrfies	eft	afl.	2015).	

Thfis	pofinfted	ftowards	decease	due	fto	ceflfluflar	sftarvaftfion	and	noft	due	fto	fthe	absence	off	

acftfive	kflepftopflasfts.	Especfiaflfly	because	E.	cornfigera	sftfiflfl	harboured	many	acftfive	pflasftfids,	

even	 afffter	 fift	 deceased	 (de	 Vrfies	 eft	 afl.	 2015).	 Wfifth	 fthfis	 sftudy,	 a	 ffoflflow-up	 anaflysfis	

occurred,	buft	fthfis	ftfime	fthe	ffocus	was	on	fthe	mfiftochondrfia	off	fthe	sflugs,	rafther	fthan	fifts	

kflepftopflasfts.	

	

Mfiftochondrfia	 are	 more	 fthan	 mere	 producers	 off	 ATP	 ffor	 fthe	 ceflfls.	 They	 conftrofl	 Ca2+	

flevefls	 fin	 fthe	 ceflfl	(Cflapham	 2007),	 deftoxfiffy	 ammonfia	 fin	 flfiver	 ceflfls	(Sorfia	 eft	 afl.	 2013),	

deftermfine	 ceflfl	 ffafte	(Bhofla	 and	 Leftafi	 2016),	 house	 one	 off	 fthe	 ftwo	 eukaryoftfic	 dfisuflfffide	

bond	 reflay	 sysftems	(Herrmann	 and	 Rfiemer	 2012),	 synfthesfize	 Fe-S	 cflusfters	(Lfiflfl	 and	

Kfispafl	 2000)	and	 are	 on	 fthe	 ffronft	 flfine	 off	 a	 process	 fthaft	 ftrfiggers	 and	 fforms	

auftophagosomes	(Chen	and	Gfibson	2008).	The	flaftfter	fis	fformed	wfifth	sftarvaftfion	fin	order	

fto	recrufift	nuftrfienfts	by	degradfing	componenfts	off	fthe	cyftopflasm	(Scoftft	eft	afl.,	2004).	One	

finfiftfiafl	sfignafl	fthaft	finduces	auftophagy	fis	ROS,	whfich	fis	generafted	aflso	fthrough	fthe	acftfivfifty	

off	fthe	eflecftron	ftransporft	chafin	off	fthe	finner	mfiftochondrfiafl	membrane	(Chen	eft	afl.	2007).	

The	 enzymaftfic	 and	 non-enzymaftfic	 anftfioxfidanft	 sysftem,	 fincfludfing	 e.g.	 gfluftafthfione	

peroxfidase,	gfluftafthfione,	caftaflases	and	superoxfide	dfismuftases,	have	fthe	abfiflfifty	fto	conftrofl	

ROS	flevefls	(Ffiflomenfi	eft	afl.	2015;	Pofljsak	2011).	However,	envfironmenftafl	sftress	such	as	

sftarvaftfion,	dfisrupfts	fthe	baflanced	meftaboflfism	off	fthe	ceflfl	and	fthereffore	fincreases	ROS	fto	
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a	 degree	 fthaft	 can	 be	deftrfimenftafl	(Rejeb	 eft	 afl.	 2014;	Devasagayam	 eft	 afl.	 2004).	The	

fincreased	 ROS	 especfiaflfly	damages	fthe	 mfiftochondrfia	(Ffiflomenfi	 eft	 afl.	 2015;	 He	 and	

Kflfionsky	 2009;	 Scherz-Shouvafl	 and	 Eflazar	 2007),	 because	 off	 fthe	 deflficafte	 baflance	

beftween	 ROS	 producftfion	 and	 eflfimfinaftfion	 fthaft	 keeps	 fthe	 ceflfl	 homeosftasfis	 gofing	 (Das	

and	Roychoudhury	2014).	The	abfiflfifty	fto	suppress	probflemaftfic	ROS	flevefls	fis	suggesfted	

as	 fimporftanft	 fto	 endure	 sftarvaftfion	 ffor	 Sacogflossa	 sea	 sflugs	 fthaft	 bear	 ffuncftfionafl	

kflepftopflasfts	(de	Vrfies	eft	afl.	2015).	However,	fthe	underflyfing	mechanfisms	and	rofle	off	fthe	

mfiftochondrfia	durfing	sftarvaftfion	remafins	unknown.	Thereffore,	fthe	gene	expressfions	off	E.	

ftfimfida	and	E.	cornfigera	ffor	 fthe	 mafin	 energy	 meftaboflfic	 pafthways	were	 mapped	 (flfike	

penftose	 phosphafte,	 gflycoflysfis,	 ffaftfty	 acfid	 synfthesfis,	 fthe	cfiftrfic	 acfid	 cycfle	 (TCA)	and	

oxfidaftfive	phosphoryflaftfion	(OXPHOS))	(fffigure	5.10;	Rauch	eft	afl.	2017b).	

	

In	 order	 fto	 undersftand	 whaft	 happens	 fto	 fthe	 sflugs	 durfing	 sftarvaftfion,	fift	 fis	 heflpffufl	 fto	

know	fthe	common	process	off	sftarvaftfion	and	how	fift	generaflfly	consfisfts	off	fthree	phases.	

Phase	 I	 fis	 ffasftfing,	 fin	 whfich	 fthe	 gflycogen	 sftores	 are	 noft	 yeft	 depflefted	 and	 whaft	

dfisftfingufishes	 fift	 ffrom	 downsftream	 sftarvaftfion	(Cherefl	 eft	 afl.	 1992;	 Lenaerfts	 eft	 afl.	 2006;	

Wang	eft	afl.	2006).	Thfis	phase	was	aflso	deftecfted	fin	E.	cornfigera	and	E.	ftfimfida	as	fin	fthe	

fffirsft	 ffew	 days	 noft	 much	 change	 fin	 body	 sfize	 and	 gene	 expressfion	 was	 observed.	 In	

phase	 II	 ffaftfty	 acfid	 oxfidaftfion	 commences	 and	 keftone	 bodfies	 are	 produced	 fthaft	

conftrfibufte	 ftremendousfly	 fto	 fthe	 generaftfion	 off	 energy	 durfing	 sftarvaftfion	(Cherefl	 eft	 afl.	

1992;	Lenaerfts	eft	afl.	2006;	Wang	eft	afl.	2006).	Thfis	resuflfts	fin	a	sflow	reducftfion	off	body	

wefighft	 and	 sfize.	 When	 aflso	 fthe	 flfipfid	 sftores	 are	 depflefted,	 auftophagy	 fis	 finduced	 and	

phase	 III	 enfters,	 whfich	 resuflfts	 fin	 a	 more	 rapfid	 decrease	 off	 body	 sfize	 and	 wefighft	

(Lenaerfts	eft	afl.	2006;	Wang	eft	afl.	2006).	Thfis	was	observed	as	fthe	sflugs	reduced	fin	sfize	

when	 sftarvaftfion	 was	 proflonged	 and	 gene	 expressfion	 flevefls	 were	 efifther	 up	 or	 down	

reguflafted	fin	comparfison	fto	fthe	ffed	sftafte	(see	fffigure	10;	Rauch	eft	afl.	2017b).		

	

Especfiaflfly	 phase	 II	 and	 III	 demand	 a	 consfiderabfle	 meftaboflfic	 change,	 ffrom	 whfich	 fthe	

mfiftochondrfia	are	noft	spared.	For	finsftance,	durfing	phase	III	off	sftarvaftfion,	fthe	Eflecftron	

Transporft	Chafin	 (ETC)	pflays	 a	 crfiftficafl	 rofle;	 when	TCA	 cycfle	can	 no	 flonger	 suffffficfienftfly	

provfide	 fthe	 ETC	 wfifth	 reducfing	 equfivaflenfts,	 fthe	 ETC	 sftarfts	 fto	 reflease	 ROS,	 fthaft	 on	 fifts	

fturn	ftrfiggers	auftophagy	(Scherz-Shouvafl	and	Eflazar	2007;	Chen	eft	afl.	2007;	Aflbayrak	eft	

afl.	 2003;	 Woflveftang	 eft	 afl.	 1994).	 Thfis	 can	 proflong	 fthe	 survfivafl	 off	 an	 organfism	 by	
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provfidfing	new	sources	off	energy	fthrough	fthe	degradaftfion	off	ceflfluflar	mafterfiafl,	fincfludfing	

organeflfles,	buft	noft	finfffinfiftefly	(Gfibson	2013;	Codogno	and	Mefiher	2005;	Scherz-Shouvafl	

and	Eflazar	2007;	Chen	eft	afl.	2007;	Aflbayrak	eft	afl.	2003;	Woflveftang	eft	afl.	1994).		

	

Sftarvaftfion	 fin	 phoftosynftheftfic	 sflugs	 fis	 specfiafl	 due	 fto	 fthe	 presence	 off	 kflepftopflasfts	 fthaft	

occur	 fin	 fthe	 same	 cyftosofl	 as	 fthe	 anfimafl’s	 own	 mfiftochondrfia.	 In	 aflgae	 and	 pflanfts,	 fthe	

meftaboflfism	 off	 pflasftfids	 and	 mfiftochondrfia	 are	 flfinked	 fin	 a	 varfiefty	 off	 ways	 besfides	 fthe	

provfisfion	 off	 energy-rfich	 carbon	 compounds	 fthrough	 phoftosynfthesfis	(Hoeffnagefl	 eft	 afl.	

1998).	In	fthe	ffoflflowfing	paper	fthe	gene	reguflaftfion	off	mfiftochondrfia-ftargefted	proftefins	fin	

fthe	 congenfic	 sacogflossan	 sflugs	E.	 ftfimfida	and	E.	 cornfigera	was	 anaflysed	durfing	

sftarvaftfion,	fto	 shed	 flfighft	 on	 how	 sftarvaftfion-finduced	 sftress	 finfffluences	 mfiftochondrfiafl	

meftaboflfism	fin	fthe	presence	off	kflepftopflasfts,	flfighft-sftressed	kflepftopflasfts	and	kflepftopflasfts	

whose	phoftosynfthesfis	was	chemficaflfly	bflocked	by	monoflfinuron.	Focussfing	on	fthe	mafin	

meftaboflfic	 pafthways	 finvoflved,	 such	 as	 fthe	 penftose	 phosphafte	 pafthway,	 TCA	 and	

OXPHOS,	 a	 dfifffference	was	 noftficed	fin	 reguflaftfion	 off	 genes	 encodfing	 proftefins	 off	 fthese	

pafthways	beftween	fthe	ftwo	specfies.		
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Ffigure	 5.10.	Gene	 expressfion	 shfifffts	 off	 mfiftochondrfia-assocfiafted	 meftaboflfic	 pafthways	

(suppflemenftary	 fffigure	 off	 Rauch	 eft	 afl.	 2017b).	A	 reconsftrucftfion	based	 on	 KEGG	off	fthe	mafin	 energy	

meftaboflfic	pafthways.	Gene	expressfion	flevefls	reflaftfive	fto	fthe	ffed	sftafte	ffor	sftarvfing	E.	cornfigera	and	E.	ftfimda	

(ffor	4	(T4),	7	(T7)	and	30	(T30)	days)	are	presenfted	fin	fthe	cofloured	barrefls;	wfifth	red	findficaftfing	down	

reguflaftfion	 and	 green	 upreguflaftfion.	 Grey	 cofloured	 barrefls	 findficafted	 no	 deftecftabfle	 gene	 expressfion.	

Indfivfiduafl	barrefls	represenft	enzymes;	muflftfipfle	barrefls	represenft	a	proftefin	compflex	(e.g.	ffabff/ffabG/FASN	

fin	fthe	ffaftfty	acfid	pafthway).	S,	sftarvaftfion;	S+M,	sftarvaftfion	pflus	2	µg/mfl	monoflfinuron;	S+B,	sftarvaftfion	pflus	

bfleachfing	aft	1	mmofl	quanfta	m-2	s-1	ffor	1	hour	each	day.		



						

	
	

	 58	

Pubflficaftfion	 IV:	 Mfiftochondrfiafl	 genome	 assembflfies	 off	Eflysfia	 ftfimfida	and	Eflysfia	
cornfigera	and	 fthe	 response	 off	 mfiftochondrfion-assocfiafted	 meftaboflfism	 durfing	
sftarvaftfion	

Cessa	Rauch1,	Gregor	Chrfisfta1,2,	Jan	de	Vrfies1,3,	Chrfisftfian	Woehfle4,	Sven	B.	Goufld1	

	

1Moflecuflar	 Evofluftfion,	 Hefinrfich-Hefine-Unfiversfifty	 Düssefldorff,	 Unfiversfiftäftssftr.	 1,	 40225	

Düssefldorff,	 Germany.	2Deparftmenft	 off	 Bfioflogy	 and	 CESAM,	 Unfiversfifty	 off	 Avefiro,	 3810-

193	 Avefiro,	 Porftugafl.	3Deparftmenft	 off	 Bfiochemfisftry	 and	 Moflecuflar	 Bfioflogy,	 Daflhousfie	

Unfiversfifty,	 Haflfiffax,	 Nova	 Scoftfia	 B3H	 4R2,	 Canada.	 4Insftfiftufte	 ffür	 Aflflgemefine	

Mfikrobfioflogfie,	 Chrfisftfian-Aflbrechfts-Unfiversfiftäft	 ZMBm	 Am	 Boftanfischen	 Garften,	 Kfiefl,	

Germany.	

	

The	 presenfted	 manuscrfipft	 was	 peer	 revfiewed	 and	 pubflfished	 fin	 fthe	 Journafl	 ‘Genome	

Bfioflogy	and	Evofluftfion’	wfifth	fimpacft	ffacftor	4.1,	on	01	Jufly	2017.		

	

Conftrfibuftfion	 as	 fffirsft	 aufthor	 major:	 Wrofte	 parfts	 off	 fthe	 manuscrfipft,	 anaflysed	 fthe	 dafta,	

prepared	 fthe	 fffigures,	 conftrfibufted	 fto	 fthe	 revfiew	off	 fthe	 flfifterafture	 and	 revfiewed	 and	

prepared	fthe	fffinafl	versfion.	

	

The	suppflemenftary	mafterfiafl	fis	avafiflabfle	onflfine.	



						

	
	

	 59	

	

	

	

Mfiftochondrfiafl Genome Assembflfies offEflysfia ftfimfidaandEflysfia

cornfigeraand fthe Response off Mfiftochondrfion-Assocfiafted

Meftaboflfism durfing Sftarvaftfion

Cessa Rauch1,GregorChrfisfta1,2,JandeVrfies1,3,ChrfisftfianWoehfle4,andSvenB.Goufld1,*
1Insftfiftufte ffor Moflecuflar Evofluftfion, Hefinrfich-Hefine-Unfiversfifty Düssefldorff, Germany
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Absftracft

Some sacogflossan sea sflugs sequesfter ffuncftfionafl pflasftfids (kflepftopflasfts) ffrom fthefir ffood, whfich conftfinue fto fix CO2fin a flfighft depen-

denft manner finsfide fthe anfimafls. In pflanfts and aflgae, pflasftfid andmfiftochondrfiaflmeftaboflfismareflfinkedfinwaysfthaftreachbeyondfthe

provfisfion off energy-rfich carbon compounds fthrough phoftosynfthesfis, buft how sflug mfiftochondrfia respond fto sftarvaftfion or aflfteraftfions

fin pflasftfid bfiochemfisftry has noft been expflored. We assembfled fthemfiftochondrfiafl genomes off fthe pflasftfid-sequesfterfing sea sflugsEflysfia

ftfimfidaandEflysfia cornfigeraffrom RNA-Seq dafta fthaft was compflemenfted wfifthsftandard sequencfing off mfiftochondrfiafl DNA fthrough

prfimer waflkfing. Our dafta confirm fthe sfisfter specfies reflaftfionshfip off fthe ftwo Sacogflossa and ffrom fthe anaflysfis off changes fin

mfiftochondrfiafl-assocfiafted meftaboflfism durfing sftarvaftfion we specuflafte fthaft kflepftopflasfts mfighft afid fin fthe rerouftfing or recycflfing off

reducfing power findependenft off, yeft maybe fimproved by, phoftosynfthesfis.

Key words:phoftosynftheftfic sflugs, mfiftochondrfiafl genomes, energy meftaboflfism, sftarvaftfion, ROS sftress.

Inftroducftfion

Sacogflossan sea sflugs, wfifth very ffew excepftfions, ffeed on

sfiphonaceous aflgae by pfiercfing fthefir ceflfl waflfls and suckfing

ouft fthe cyftosoflfic conftenft. Mosft specfies can specfificaflfly se-

quesfter fthe pflasftfids, known as kflepftopflasfts, ffrom fthe nuftrfi-

menft mfix (Trench 1969). Off fthe roughfly 400 Sacogflossa

specfies fthaft are descrfibed (Jensen 2007;Marftfin and W€agefle

2014), abouft 75 specfies are abfle fto reftafin kflepftopflasfts fthaft

conftfinue fto fix CO2fin a flfighft-dependenft manner fin fthe cyftosofl

off ceflfls fthaft fform fthe dfigesftfive ftracft (Trench eft afl. 1973,1974;

Hfinde 1978;Chrfisfta, de Vrfies, 2014;Chrfisfta, Zfimorskfi, eft afl.

2014;de Vrfies eft afl. 2015). How fthe kflepftopflasfts sftay acftfive

remafins a key quesftfion, as fift occurs fin fthe absence off aflgafl

nucflear supporft (W€agefle eft afl. 2011;Bhaftftacharya eft afl.

2013;Rauch eft afl. 2015)commonflyfthoughftftobeessenftfiafl.

The moftfive behfind kflepftopflasfty fin sacogflossan sea

sflugs remafins eflusfive and fthe fimporftance off on-gofing

phoftosynfthesfis and CO2fixaftfion fis under debafte (Chrfisfta,

Zfimorskfi, eft afl. 2014;Pfierce eft afl. 2015;de Vrfies eft afl.

2015;Laeftz eft afl. 2017). Ift remafins uncerftafin fto whaft degree

CO2fixaftfion conftrfibuftes fto fthe overaflfl energy budgeft off fthe

sflugs and aflfternaftfive reasons are rarefly consfidered (Chrfisfta,de

Vrfies, eft afl. 2014;de Vrfies eft afl. 2014). A comparfison off fthe

sfisfter specfiesEflysfia ftfimfidaandEflysfia cornfigera,whfichbofth

ffeed onAceftabuflarfia aceftabuflum,demonsftraftedfthaftE. cor-

nfigeradfies fin fthe presence off CO2fixfing kflepftopflasfts, and

fthereffore fin fthe presence off accumuflafted ROS, whfifleE. ftfimfida

endured sftarvaftfion possfibfly fthrough fthe suppressfion off reac-

ftfive oxygen specfies (ROS) (de Vrfies eft afl. 2015).

Invesftfigaftfing kflepftopflasfty fin Sacogflossa usuaflfly ffocuses on

fthe perfformance off fthe kflepftopflasfts. From work on pflanfts fift fis

known fthaft pflasftfid and mfiftochondrfiafl ffuncftfion are connecfted

(Hoeffnagefl eft afl. 1998), buft fthe effffecft off kflepftopflasfts and

ffood deprfivaftfion on sea sflugmfiftochondrfia has noft yeft been

The Aufthor 2017. Pubflfished by Oxfford Unfiversfifty Press on behaflff off fthe Socfiefty ffor Moflecuflar Bfioflogy and Evofluftfion.

Thfis fis an Open Access arftficfle dfisftrfibufted under fthe fterms off fthe Creaftfive Commons Aftftrfibuftfion Non-Commercfiafl Lficense (hftftp://creaftfivecommons.org/flficenses/by-nc/4.0/), whfich permfifts

non-commercfiafl re-use, dfisftrfibuftfion, and reproducftfion fin any medfium, provfided fthe orfigfinafl work fis properfly cfifted. For commercfiafl re-use, pflease conftacft journafls.permfissfions@oup.com
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expflored. Here, we presenft fthe mfiftochondrfiafl genomes off

ftwo sfisfter specfies off Sacogflossa and a seft off nucflear-

encoded, mfiftochondrfion ftargefted proftefins whose expressfion

changes we monfiftored sfimuflftaneousfly under dfifffferenft condfi-

ftfions. Our dafta seek fto offffer new resources and a new angfle

ffrom whfich fto sftudy how kflepftopflasfts are befing kepft acftfive by

phoftosynftheftfic sea sflugs.

Mafterfiafls and Mefthods

Cuflftfivaftfion and Mficroscopy

Eflysfia ftfimfidawas coflflecfted on Gfigflfio (Iftafly; 42220N, 10520E

and 42210N, 10520E) beftween 3 and 6 m depfth andEflysfia

cornfigerawas coflflecfted on Spanfish Harbor Key (Fflorfida Keys,

USA 24380N, 81180W) aft up fto 1m depfth. BofthE. ftfimfida

andE. cornfigerawere reared aft 21 Cundera12hL:12hD

rhyfthm aft 25mmofl quanfta m 2s1fin arftfificfiafl sea wafter

(ASW; 3.7% saflfinfifty, Tropfic Marfine) fincfludfing wafter change

every ofther day. For fimagfing, 1 week sftarved specfimens offE.

ftfimfidaandE. cornfigerawere sftafined ffor 45 mfin wfifth 2mM

MfiftoTracker Red CMXRos (excfiftaftfion/emfissfion HeNe 543/

599 nm; LfiffeTechnoflogfies) fin 3.7% ASW, rfinsed ftwfice wfifth

ASW and decapfiftafted. Conffocafl flaser scannfing mficroscopy

was carrfied ouft wfifth a Zefiss LSM 710. Images were processed

wfifth Ffijfi/ImageJ 1.48ff (Schfindeflfin eft afl. 2012).

Mfiftochondrfiafl Genome Assembfly

Mfiftochondrfiafl (mft) genomes were prfimarfifly assembfled ffrom

RNA-Seq dafta (de Vrfies eft afl. 2015)usfingSequencher

(Sequencher v. 5.3, Gene CodesCorporaftfion, USA) and sftan-

dard assembfly seftftfings. In addfiftfion, conftfinuous sftreftches off

6.5 kb offE. ftfimfidaand 12 kb offE. cornfigeramfiftochondrfiafl

DNA were sequenced by prfimer waflkfing fto cflose gaps and

compare RNA and DNA sequences. Genomfic DNA was

exftracfted wfifth Pflanft DNAzofl(ThermoFfisher) and Phusfion

Hfigh-Ffideflfifty DNA poflymerase (New Engfland Bfioflabs) used

ffor sftandard PCR reacftfions. Ampflfificaftfion producfts were se-

quenced and ffed finfto fthe Sequencher assembfly. The sequen-

ces were ffound fto be cflose fto fidenftficafl—buft fto 100% fin fterms

off conftfigufifty—fto fthose off fthe sequenced RNA, wfifth onfly oc-

casfionafl dfifffferences fin base caflfls (abouft 3 per 1kbp), buft no

flarger gaps findficaftfing poftenftfiafl finftrons. Due fto fthe nafture off

fthe sampfles fift fis noft possfibfle fto dfisftfingufish beftween, ffor exam-

pfle, sfingfle-nucfleoftfide poflymorphfisms or RNA edfiftfing, buft fiff fthe

flaftfter fis occurrfing aft aflfl, ffrequencfies woufld be margfinafl. The

average sequence coverage was 508,168 and 210,540 fforE.

ftfimfidaandE. cornfigera,respecftfivefly.Geneannoftaftfionwas

perfformed usfing MITOS (Bernft eft afl. 2013)andGenefious

8.0.3 (Bfiomaftfters, New Zeefland,Kearse eft afl. 2012)wfifthfthe

mft genomes off Eflysfia chfloroftfica(Rumpho eft afl. 2008),

Thurfidfiflfla gracfiflfis(Medfina eft afl. 2011), andPflacfidasp. (Fan

2013)asrefferences.Mfiftochondrfiaflgenomemapsweregen-

erafted usfing Organeflflar GenomeDRAW (Lohse eft afl. 2013).

Phyflogenomfics

For every proftefin-codfing gene off fthe mfiftochondrfia we per-

fformed findfivfiduafl amfino acfid sequence aflfignmenfts wfifth

Genefious 8.0.3 (Bfiomaftfters, New Zeefland,Kearse eft afl.

2012)andusfingSfiphonarfia pecftfinafta(AY345049) as fthe ouft-

group. Aflfignmenfts were perfformed usfing Fasft Fourfier

Transfform (MAFFT;Kaftoh and Sftandfley 2013) wfifthfthe

G-INSI mode, finspecfted by Aflfiscore (Mfisoff and Mfisoff 2009)

and conspficuous sfiftes removed. Aflfl findfivfiduafl aflfignmenfts

were concaftenafted and a phyflogeneftfic reconsftrucftfion per-

fformed usfing RaxML (Sftamaftakfis 2006) wfifth fthe

LGþIþGþF modefl(ffourdfiscreftegammacaftegorfiesand

sfiftes), as suggesft by ProftTesft anaflyses (Abascafl eft afl. 2005),

and 1,000 booftsftrap repflficaftes.

Meftaboflfic Pafthway Mappfing

Dafta off expressed genes finvoflved fin fthe mfiftochondrfiafl meftab-

oflfism off bofthE. ftfimfidaandE. cornfigerawere exftracfted ffrom a

prevfious sftudy (de Vrfies eft afl. 2015), based on fthefir KEGG

annoftaftfions (Ogafta eft afl. 1999). In cases where KEGG IDs

(e.g., K02262 represenftfing COX3) represenfted muflftfipfle unfig-

ene IDs (Eftfi019163, Eftfi001642, and Eftfi000008), fthe sum off

fthe expressfion vaflues (fin FPKM) were ftaken and ffofld changes

caflcuflafted by flog2off fthe FPKM expressfion vaflue dfivfided by fthe

conftrofl (fthe average off ftrfipflficaftes). Hence, fthe unfigene ID wfifth

fthe hfighesft expressfion has fthemosft finfluence on fthe average

expressfion.

Resuflfts and Dfiscussfion

The Mfiftochondrfiafl Genomes offE. cornfigeraandE. ftfimfida
and Phyflogenomfic Anaflysfis

We assembfled fthe mfiftochondrfiafl (mft) genomes offE. cornfi-

geraandE. ftfimfidabased flargefly on ftranscrfipftome dafta. For

bofth specfies, fthree gaps off abouft 50 bp, 500 bp, and 1 kbp

were cflosed by PCR and Sanger sequencfing, buft fin prfincfipfle fift

demonsftraftes fthe expressfion off aflmosft fthe enftfire mft

genomes, whfich fis common ffor genomes off bofth pflasftfids

and mfiftochondrfia (Smfifth and Lfima 2016;Tfian and Smfifth

2016). We obftafined 14,118 and 14,088 bp off assembfled,

cfircuflar mft genomfic sequences fforE. cornfigeraandE. ftfimfida,

respecftfivefly (fig. 1a). The ftwo ffuflfly assembfled sflug mft

genomes fift weflfl wfifthfin fthe conserved nafture off fthe mft

genomes off aflfl anfimafls (Boore 1999): bofth conftafin ftwo rfibo-

somafl RNAs, 22 ftransffer RNAs and 13 proftefin-encodfing genes

(see suppflemenftary ftabfle 1, Suppflemenftary Mafterfiafl onflfine).

The mft genomes off fthe sflugs are synftenfic (fig. 1a)andmaftch

fthe generafl paftftern off mft genome arrangemenft among ofther

Sacogflossa (Medfina eft afl. 2011;Greve eft afl. 2017). On a

nucfleoftfide flevefl, fthe mft genomes offE. cornfigeraandE. ftfimfida

have a pafirwfise fidenftfifty off 86.2% andE. ftfimfidaapafirwfise

fidenftfifty off 71.1% ftoEflysfia ornafta,whfichbrachnchesbasaflfto

Rauch eft afl. GBE

1874 Genome Bfiofl. Evofl.9(7):1873–1879 dofi:10.1093/gbe/evx129 Advance Access pubflficaftfion Jufly 11, 2017



						

	
	

	 61	

	

	

	

	

fthe ftwo congener specfies fin fthe phyflogeneftfic ftree (fig. 1b).

Based on fthe 13 mft proftefin-codfing genes and fincfludfing aflfl

avafiflabfle sequences off compflefte Sacogflossa mft genomes, we

perfformed a phyflogeneftfic anaflysfis. Thfis supporfts fthe sfisfter

ftaxon reflaftfionshfip offE. ftfimfidaandE. cornfigera(fig. 1b)and

fis fin flfine wfifth a prevfious sftudy (Chrfisfta eft afl. 2015). Our phy-

flogeneftfic dafta ffurfthermore supporfts fthe observed reflaftfionshfip

offPflakobranchusandThurfidfiflflaas a sfisfter group ftoEflysfiasp.

FIG.1.—Mfiftochondrfiafl genomes and sacogflossan phyflogeny. (a)MapsoffftheftwocfircuflarandsynftenficmfiftochondrfiaflgenomesoffEflysfia cornfigeraand

Eflysfia ftfimfida(accessfion numbers KU174945 and KU174946, respecftfivefly). The grey finner cfircfles show fthe GC skew and fthe dark grey flfine marks fthe 50%

GC fthreshofld. (b)PhyflogeneftficftreeoffefighftSacogflossaandftheffaflseflfimpeftSfiphonarfia pecftfinafteas fthe ouftgroup, whfich corroboraftes fthe sfisfter specfies

reflaftfionshfip offE. cornfigeraandE. ftfimfida.Numbersfindficaftebooftsftrapvaflues.Therfighftpaneflshowsoffffreshflyffedsflugsandconffocaflflaserscannfing

mficrographs off dfigesftfive ftubufles fin whfich fthe kflepftopflasfts (ffaflse-cofloured red-hoft) are sequesftered. Top rfighft boxes are bflow ups off dfigesftfive ftubufles wfifth

arrowheads pofinftfing aft mfiftochondrfia (bflue) fthaft offften resfide fin cflose proxfimfifty fto fthe kflepftopflasfts.

Mfiftochondrfiafl Genome Assembflfies offE. ftfimfidaandE. cornfigera GBE
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(Greve eft afl. 2017), whfich sftands fin conftrasft fto an earflfier sftudy

aflso based on mft genome anaflysfis (Fan 2013).

Reguflaftfion off fthe Mafin Energy Pafthways durfing Sftarvaftfion

To sftudy fthe effffecfts off sftarvaftfion on fthe core energy meftabo-

flfism off pflasftfid-housfing sflugs, we made use off gflobafl gene ex-

pressfion profifles offE. ftfimfidaandE. cornfigeraspecfimens fthaft

had been exposed fto fthree dfifffferenft condfiftfions: sftarvaftfion

aflone (S), sftarvaftfion wfifth fthe addfiftfion off fthe phoftosynfthesfis

finhfibfiftor drug monoflfinuron (SþM; cff.Arrhenfius eft afl. 2004),

and sftarvaftfion wfiftha 1-h dafifly hfighflfighft ftreaftmenft (SþB)wfifth

1,000flmofl m 2s1. From fthfis dafta seft, we exftracfted major

pafthways assocfiafted wfifth mfiftochondrfiafl physfioflogy and me-

ftaboflfism such as fthe TCA cycfle, fthe gflycoflyftfic pafthway and

oxfidaftfive phosphoryflaftfion pafthway (OXPHOS). For fthe anafly-

sfis onfly fthose genes were ftaken finfto accounft fthaft were up-

reguflafted (flog2[FCcondfiftfion/ft0]1) fin comparfison fto fthe un-

sftressed, ffed sftafte off fthe sflugs. The ftrend ffor fthe gene regufla-

ftfion off fthe penftose phosphafte pafthway, fthe gflycoflysfis

pafthway, fthe ffaftfty acfid pafthway, and fthe ftrficarboxy acfid cycfle

(TCA) aflfl showed a sfimfiflar paftftern ffor bofth specfies and among

fthe fthree dfifffferenft sftarvaftfion ftreaftmenfts. In generafl, finE. ftfim-

fidafthe upreguflaftfing off fthese pafthways ftended fto be more

pronounced durfing fthe firsft days off sftarvaftfion, whfifle durfing

proflonged sftarvaftfion fthfis upreguflaftfion ceased (suppflemen-

ftary fig. 1, Suppflemenftary Mafterfiafl onflfine).

Hfigh Lfighft Sftress Aflfters fthe Expressfion off fthe OXPHOS
Pafthway finE. ftfimfida

When E. ftfimfidafis deprfived off fifts ffood source, 35% off fthe

proftefins off fthe OXPHOS machfinery are up-reguflafted afffter 4

days off sftarvaftfion (fig. 2). For fthe up-reguflaftfion off fthe

OXPHOS pafthway fto be ffuncftfionafl, fift requfires a consftanft fin-

flux off reducfing equfivaflenfts. Sfimuflftaneousfly, however, we

observed a downreguflaftfion off fthe TCA cycfle. Thfis rafises fthe

quesftfion off fthe source off aflfternaftfive reducfing equfivaflenfts fin a

sftarvfing and pflasftfid-housfing sflug. In many eukaryoftes, reduc-

fing equfivaflenfts can be fimporftedvfia fthe maflafte-asparftafte and

gflycerofl phosphafte shuftftfle (Efto eft afl. 1999). In fthe sflugs, mosft

genes codfing ffor proftefins finvoflved fin fthese shuftftfles were

downreguflafted afffter 4 days off sftarvaftfion (dos) (suppflemen-

ftary ftabfle 2, Suppflemenftary Mafterfiafl onflfine), buft fift remafins a

possfibfiflfifty fthaft fthe fimporft off addfiftfionafl reducfing equfivaflenfts

ffrom ffuncftfionafl kflepftopflasfts ffurfther deflays fthe shuftdown off

fthe OXPHOS pafthway, flfike fift occurs fin pflanft ceflfls (Hoeffnagefl

eft afl. 1998). The flaftfter fis fimporftanft, because any kfind off

OXPHOS pafthway desftabfiflfizaftfion ffosfters fthe generaftfion off

ROS (Zorov eft afl. 2014).

Bflockfing off phoftosynfthesfis fthrough cadmfium (Cd) fin

Arabfidopsfisfleads fto an ouftbursft off ROS (Bfi eft afl. 2009).

Lfike fthe Cd ftreaftmenft, fthe ftreaftmenft wfifth monoflfinuron

manfipuflaftes fthe flow off fthe eflecftron-ftransporft-chafin (ETC),

flfikefly fleadfing fto fthe generaftfion off probflemaftfic ROS flevefls.

The flaftfter coufld ftrfigger fthe upreguflaftfion off fthe OXPHOS

pafthway off fthe mfiftochondrfia, whfich has been descrfibed

fto curb ROS-finduced damage (Tanaka and Hanaoka

2013). InE. cornfigera, fthe fincreased reguflaftfion off fthe

OXPHOS pafthway fis mafinftafined when fthe kflepftopflasfts are

hfigh flfighft-sftressed (23% and 27% afffter 4 and 7 dos, respec-

ftfivefly;fig. 2b) andE. ftfimfidasusftafins a hfigh flevefl off reguflaftfion

ffor fthe firsft week off sftarvaftfion fthaft ceases aft fthe end off fthe

sftarvfing perfiod (78% and 81% afffter 4 and 7 dos, respec-

ftfivefly, and 10% afffter 30 dos;fig. 2b).

When fthe kflepftopflasfts experfience abfioftfic sftress such as

hfigh flfighft or a finfterfference off phoftosynfthesfis ffuncftfion

fthrough monoflfinuron, fift flfikefly fincreases H2O2flevefls flfike fift

does fin pflanft ceflfls, fin whfich fift fis known fthaft hfigh flfighft-

derfived ROS fis a major hub fin sftress sfignaflflfing (Mfiflfler eft afl.

2010;Apefl and Hfirft 2004;Shapfiguzov eft afl. 2012). H2O2fis

aflso findfirecftfly generafted fthrough fthe ETC off fthe mfiftochon-

drfiafl OXPHOS pafthway (Murphy 2009)andpercefivedasa

sfignafl by fthe ceflfl (Lee eft afl. 2011). Ift mfighft be fthaft fthe epfi-

ftheflfiafl ceflfls whfich harbour kflepftopflasfts cannoft dfisftfingufish be-

ftween H2O2orfigfinafted ffrom fthe sftoflen organeflfle and fifts own

mfiftochondrfia fin fthe ceflfl fthe same way pflanfts can (Seweflam

eft afl. 2014); fthey mfighft soflefly recefive fift as a sfign off a damaged

mfiftochondrfia ETC. As a resuflft, fthe fturnover rafte off fthe mafin

ETC enzymes compflexes fis fincreased (Sharma eft afl. 2012),

whfich finE. ftfimfidaresuflfts fin fless ROS producftfion ffrom fthe

mfiftochondrfia, because damaged ETC componenfts are befing

repflaced ffasfter (D’Auftreaux and Tofledano 2007). The ceflfl

mfighft regfisfter fthe ROS refleased by fthe kflepftopflasfts as reftro-

grade sfignafls ffrom fthe mfiftochondrfia (Pflecfifta-Hflavaftaand

Jezek 2016). The ROS off ftwo sources mfighft boosfter fthe repafir

off one crfiftficafl pafthway fthrough mechanfisms common fto eu-

karyoftfic ceflfls (Sharma eft afl. 2012;Choudhury eft afl. 2016).

Concflusfion

Research on sacogflossan sea sflugs has ffocused fto a flarge de-

gree on fthe phoftosynftheftfic capacfifty off fthe sequesftered kflep-

ftopflasfts and fthefir poftenftfiafl conftrfibuftfion fto ftoflerafte sftarvaftfion

fthrough provfidfing a source off energy-rfich carbon com-

pounds. Sftarvaftfion ftoflerance fin Sacogflossa, however, fis evfi-

denftfly more compflex and ofther physfioflogficafl processes

shoufld be consfidered. Our mfiftochondrfiafl genome dafta con-

firm fthe phyflogeneftfic reflaftfionshfip off fthe ftwo Sacogflossa,

whose comparaftfive anaflysfishas proven useffufl fin fthe pasft

(de Vrfies eft afl. 2015). Based upon fthaft dafta, our

mfiftochondrfion-ffocused screen ffor gene expressfion changes

suggesfts fthaft sftarvfing Sacogflossa uphofld and even fincrease

fthe expressfion off genes encodfing ffor fthe OXPHOS pafthway.

Here, kflepftopflasfts mfighft come finfto pflay by provfidfing reducfing

equfivaflenfts ffor fthe anfimafl’smfiftochondrfia,herbysupporftfing

ongofing ATP producftfion and ffurfthermore suppressfing ETC-

finduced ROS sftress. ROS producftfion fis flfikefly aflso hfigher due fto

fthe presence off phoftosynfthesfisfing kflepftopflasfts, whfich mfighft
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FIG.2.—Gene expressfion changes fin fthe OXPHOS and ofther mfiftochondrfion-reflafted pafthways. (a)GeneexpressfionshfiffftsoffftheOXPHOSmeftaboflfic

pafthway. KEGG-based map off oxfidaftfive phosphoryflaftfion. Cofloured “barrefls” dfispflays gene expressfion flevefls ffor sftarvfingE. cornfigeraandE. ftfimfidasftarved

ffor 4, 7, and 30 days (T4, T7, T30) reflaftfive fto fthe ffreshfly ffed sftafte; upreguflaftfion fis shown ffrom green fto bflue, downreguflaftfion ffrom bflue fto red, and grey

boxes findficafte no deftecftabfle gene expressfion ffor fthe gfiven condfiftfion. Eachbarreflrepresenftsanenzyme,wfifthfthewfiderbarreflsrepresenftfingE. ftfimfidadue fthe

exftra dafta pofinft off day 30 (T30). Muflftfipfle barrefls aft one sftep fin fthe meftaboflficpafthway represenft a proftefin compflex (e.g., compflex I); nofte fthaft one enzyme

(or compflex) can acft aft muflftfipfle sfteps fin fthe pafthway and fin dfifffferenft compflexcomposfiftfions.Foreveryenzyme(compflex)ftheftwospecfiesareshownadjacenft

fto each ofther ffor comparfison. Reflevanft subsftraftes are findficafted by dofts andflabeflfled wfifth fthefir common name. Nofte some sfteps off fthe ffaftfty acfid pafthway

occur fin fthe mfiftochondrfion. (b)Frequencyoffupreguflaftfionamongmeftaboflficpafthway-assocfiafted gene expressfion. Bardfiagram off fthe percenftage off

upreguflaftfion (reflaftfive ftoT0:flog2[FCcondfiftfion/ft0]1) off gene expressfion assocfiafted wfifth fthe 5 mafin mfiftochondrfiafl energy meftaboflfism pafthways; aflfl enzymes

off one pafthway are added up fto represenft 100%. Nofte fthaftonfly fin fthe case off oxfidaftfive phosphoryflaftfion (OXPHOS) finE. ftfimfida(and wfifth efifther

monoflfinuron or bfleachfing ftreaftmenft), 80–100% off fthe assocfiafted enzymes are observed fto be upreguflafted. Thfis mfighft reflecft a response off fthe anfimafl

fto an fincrease off reacftfive oxygen specfies acftuaflflysftemmfing mafinfly ffrom abfioftficaflfly sftressed kflepftopflasfts and noft fthe mfiftochondrfia fthemseflves. Fordeftafifls

pflease reffer fto fthe ftexft. TCA, ftrficarboxy acfid cycfle; S, sftarvaftfion aflone; SþM, sftarvaftfion wfifth addfiftfionafl 2mg/mfl off fthe phoftosynfthesfis finhfibfiftor drug

monoflfinuron; SþB, sftarvaftfion wfifth a 1-h dafifly hfigh flfighft (1,000flmofl m 2s1)ftreaftmenft.
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enhance fthe endogenous response fin fthe anfimafl’s ceflfls fthaft

respond fto aflfleged mfiftochondrfiafl sftress. The flaftfter possfibfiflfifty fis

supporfted by fthe sfimfiflar, buft enhanced response observed

upon abfioftfic sftress. Our resuflfts suggesft fthaft fthe finftegra-

ftfion off kflepftopflasfts fis maybe more finvoflved fthen so ffar

consfidered. Thfis encouragesftoffurftherfinvesftfigaftefto

whfich degree fthe finfterpflay off kflepftopflasfts and anfimafl mfi-

ftochondrfia are flfinked fin ways fthaft resembfle fthose sftudfied

fin aflgae and pflanft ceflfls.

Suppflemenftary Mafterfiafl

Suppflemenftary dafta are avafiflabfle aftGenome Bfioflogy and

Evofluftfiononflfine.
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5.2	Lfivfing	and	survfivfing	wfifthouft	reftafinfing	acftfive	kflepftopflasfts	

Sftudfies	wfifthfin	sacogflossan	research	offften	ffocused	on	how	kflepftopflasfts	coufld	benefffift	fthe	

sflugs.	These	sftudfies	ftesfted	a	broad	specftrum	off	dfifffferenft	fideas;	fi.a.	ffor	fthe	synfthesfis	off	

mucus	 or	 fthe	 benefffifts	 off	 produced	 phoftosynfthaftes,	 oxygen,	 nfiftrogen,	 flfipfids,	 nuftrfienfts,	

meftaboflfiftes	and/or	gflucose	or	ffor	afidfing	deveflopmenft	and	reproducftfion	eftc.	(Trench	eft	

afl.	1970;	Tayflor	1971;	Hfinde	and	Smfifth	1972;	Trench	eft	afl.	1974b;	Marín	and	Ros	1992;	

Wägefle	 and	 Johnson	 2001;	 Cuefto	 eft	 afl	 2005;	 Casaflduero	 and	 Munfiafin	 2006;	

Baumgarftner	 eft	 afl.	 2014;	 Peflfleftreau	 eft	 afl.	 2014).	 Thereby	 a	 varfiefty	 off	 experfimenftafl	

seftups	was	used;	sftarvfing	fthe	sflugs,	anaflysfing	fthefir	pfigmenfts,	keepfing	sflugs	fin	fthe	dark,	

bflockfing	 phoftosynfthesfis,	 measurfing	 phoftosynftheftfic	 acftfivfifty	 by	 puflse	 ampflfiftude	

moduflaftfion	 measuremenfts,	 ftrack	 fthe	 sflugs	 wefighft	 and	 sfize,	 measured	 radfioflabeflfled	

fffixed	carbon,	eftc.	(Trench	1969,	Tayflor	1971,	Hfinde	and	Smfifth	1972;	Gaflflop	eft	afl.	1980,	

Händefler	eft	afl.	2009;	Chrfisfta	eft	afl.	2014;	de	Vrfies	eft	afl.	2015;	Laeftz	eft	afl.	2017).	Despfifte	

fthe	varfiefty	off	experfimenfts	and	fideas,	none	off	fthese	sftudfies	were	abfle	fto	pfinpofinft	ouft	fthe	

exacft	 benefffifts	 off	 fthe	 ffuncftfionafl	 kflepftopflasfts	 ffor	 fthe	 sflugs.	 Buft	 fthey	 have	 one	 fthfing	 fin	

common;	fthey	flacked	a	proper	comparfison	beftween	dfifffferenft	specfies	off	sflugs.	

Thaft	fis	why	fin	2015	de	Vrfies	and	coflfleagues	conducfted	a	sftudy	fin	whfich	fthe	shorft-fterm	

reftenftfion	 (SftR)	 specfies	Eflysfia	 cornfigera	was	 compared	 wfifth	 fthe	 flong-fterm	 reftenftfion	

(LftR)	specfies	Eflysfia	ftfimfida.	These	ftwo	are	specfiafl	fin	more	fthan	one-way:	fthey	are	sfisfter	

ftaxa,	 ffeed	 on	 fthe	 same	 aflgae	 ffood	 source	 and	 bofth	 specfies	 are	 easy	 fto	 cuflfture	 under	

flaboraftory	 condfiftfions.	 Thfis	 way	 fthe	 researchers	 coufld	 have	 a	 conftroflfled	 envfironmenft	

and	 have	 fthe	 same	 condfiftfions	 ffor	 aflfl	 fthe	 bfioflogficafl	 repflficaftes.	 When	 sftarvaftfion	 was	

finduced	fthey	ffound	why	fthe	SftR	specfies	dfied	earflfier	off	sftarvaftfion	fthan	fthe	LftR	specfies	

(de	 Vrfies	 eft	 afl.	 2015).	 Thfis	 was	 flfikefly	 due	 fto	 fthe	 way	 fthe	 ftwo	 specfies	 responded	

dfifffferenftfly	fto	sftarvfing	ceflfls	fthaft	ftrfiggered	fthe	accumuflaftfion	off	reacftfive	oxygen	specfies.	

By	usfing	 ftwo	 dfifffferenft	 specfies	 sequesfterfing	 pflasftfids	 ffrom	 fthe	 same	 aflgae,	 researchers	

coufld	 observe	 how	 much	 fthe	 kflepftopflasfts	 possfibfly	 finfffluenced	 fthe	 survfivafl	 rafte	 off	 fthe	

sflugs	durfing	sftarvaftfion	and	fthefir	reftenftfion	fform.		

Dfifffferenft	ffrom	E.	cornfigera	and	E.	ftfimfida,	fthaft	ffeed	on	one	sfingfle	aflgae	specfies,	fthere	fis	

aflso	 an	 opposfifte	 modefl,	 fin	 whfich	 one	 specfies	 off	 sflug	 ffeeds	 on	 muflftfipfle	 aflgae	 specfies.	

Eflysfia	vfirfidfis	fis	such	a	poflyphagous	specfies	and	ffeeds	on	aflgae	ffrom	a	varfiefty	off	genera;	
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flfike	Codfium,	Chaeftomorpha,	Cfladophora	and	Bryopsfis	(Baumgarftner	 eft	 afl.	 2014;	

Baumgarftner	 eft	 afl.	 2015;	 Rauch	 eft	 afl.	2018).	 In	 fthe	 ffoflflowfing	 paper,	E.	vfirfidfis	was	 ffed	

wfifth	efifther	Cfladophora	sp.	 or	Bryopsfis	hypnofides.	Whfiflsft	fift	was	sftfiflfl	unknown	whefther	

fthe	sflugs	coufld	fincorporafte	fthe	pflasftfids	ffrom	dfifffferenft	aflgae	specfies,	whaft	fthe	flongevfifty	

off	 fthe	 kflepftopflasfts	 woufld	 be	 and	 whefther	 fift	 had	 any	 finfffluence	 on	 fthe	 sflugs’	 abfiflfifty	 fto	

survfive	sftarvaftfion.	The	resuflfts	showed	us	fthaft	E.	vfirfidfis	fis	abfle	fto	efifther	bear	ffuncftfionafl	

kflepftopflasfts	or	does	noft	fincorporafte	fthe	pflasftfids	off	fifts	ffood	source	aft	aflfl,	however,	fthe	

sftarvaftfion	 perfiod	 fis	 noft	 finfffluenced.	 Apparenftfly,	 fthe	 nuftrfiftfionafl	 conftrfibuftfion	 off	 fthe	

kflepftopflasfts	fto	fthe	sflugs’	overaflfl	energy	demands	durfing	sftarvaftfion	fis	noft	an	finevfiftabfle	

requfiremenft	fto	survfive	(Rauch	eft	afl.	2018).		
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Pubflficaftfion	V:	The	abfiflfifty	fto	fincorporafte	ffuncftfionafl	pflasftfids	by	fthe	sea	sflug	Eflysfia	
vfirfidfis	fis	governed	by	fifts	ffood	source	
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Absftracft

Funcftfionafl kflepftopflasfty fin sacogflossan sea sflugs fis among fthe mosft curfious phoftosynftheftfic assocfiaftfions known. One member 

off fthese marfine moflfluscs, Eflysfia vfirfidfis, fis known fto fincorporafte pflasftfids ffrom a varfiefty off dfifferenft aflgae ffood sources, buft 

wfifth apparenftfly dfifferenft ouftcomes and dfifferences fin fthe ftfime span off fthe reftenftfion off ffuncftfionafl kflepftopflasfts. Whfifle fift was 

prevfiousfly shown fthaft kflepftopflasfts fthaft sftem ffrom Codfium ftomenftosum are kepft ffuncftfionafl ffor severafl weeks (flong-fterm 

reftenftfion, LftR), fthose fthaft sftem ffrom Bryopsfis hypnofides or Cfladophora rupesftrfis are fthoughft fto be off flfimfifted use regardfing 

phoftosynftheftfic capacfifty (shorft-fterm reftenftfion, SftR). Thfis fis fimporftanft, because fift ftouches upon fthe popuflar yeft conftroversfiafl 

quesftfion off how fimporftanft phoftosynfthesfis fis ffor fthe fthrfivfing off fthese sflugs. The afim off fthe presenft sftudy was fto deftermfine fto 

whaft degree fthe pflasftfid source deftermfines reftenftfion ftfime. We, fthereffore, compared E. vfirfidfis ffeedfing on efifther Cfladophora 

sp. or B. hypnofides. We show fthaft kflepftopflasfts off B. hypnofides fincorporafte 14CO2, buft wfifth rapfidfly decflfinfing efficfiency 

fthroughouft fthe firsft week off sftarvaftfion, whfifle fthe pflasftfids off Cfladophora sp. are, surprfisfingfly, noft fincorporafted fto begfin wfifth. 

The raduflae off fthe dfifferenft sampfles showed adjusftmenft fto fthe ffood source, and when ffeedfing on Cfladophora sp., E. vfirfidfis 

survfived under flaboraftory condfiftfions under bofth sftarvaftfion and non-sftarvaftfion condfiftfions. Our resuflfts demonsftrafte fthaft (fi) 

fthe abfiflfifty fto fincorporafte pflasftfids by E. vfirfidfis dfiffers beftween fthe ffood sources B. hypnofides and Cfladophora sp., and (fifi) 

phoftosynftheftfic acftfive kflepftopflasfts are noft an finevfiftabfle requfiremenft ffor survfivafl.

Inftroducftfion

Anfimafls are hefteroftrophs. Some may, however, ftap fthe ben-

efifts off phoftosynftheftfic bfiochemfisftry fthrough a symbfioftfic 

reflaftfionshfip wfifth phoftoftrophfic organfisms such as cyanobac-

fterfia or unficeflfluflar aflgae (Johnson 2010; Venn eft afl. 2008). 

Weflfl-known exampfles off anfimafls esftabflfishfing phoftosynfthe-

sfis-based symbfioses fincflude sponges (Rfiesgo eft afl. 2014), 

corafls (Baker 2003), acoeflomorphs (Serôdfio eft afl. 2011), 

moflfluscs (Rumpho eft afl. 2011), ftunficaftes (Hfirose 2015) 
and even a verftebrafte (Graham eft afl. 2013), aflfthough ffor fthe 

flaftfter fthe rofle off phoftosynfthesfis fis quesftfioned (Burns eft afl. 
2017). Theory has fift fthaft fthe phoftosynftheftfic symbfionfts pro-

vfide fthefir hosfts wfifth addfiftfionafl nuftrfienfts or, as fin fthe case 
off fthe egg masses off fthe spoftfted saflamander, predomfinanftfly 

wfifth oxygen (Pfinder and Frfieft 1994; Graham eft afl. 2013). 

In fturn, fthe hosft sheflfters fthe symbfionfts ffrom bfioftfic and abfi-

oftfic ffacftors and provfides sufficfienft finorganfic nuftrfienfts such 

as  CO2 fto ensure a hfigh rafte off phoftosynfthesfis (Venn eft afl. 
2008). In any case, fthe symbfionfts are noft abfle fto compfleftefly 

saftfisffy fthe nuftrfiftfionafl demands off fthe hosft, and so fthe anfi-
mafls need fto ffeed firrespecftfivefly (Barnes and Hughes 1999). 
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The anfimafls are never phoftoftrophfic, buft may be mfixoftrophfic 

fiff fthey do noft remafin hefteroftrophfic. Some sacogflossan sea 

sflugs presenft yeft anofther unfique case, as fthey acqufire phofto-

synftheftfic pflasftfids noft by means off a symbfioftfic reflaftfionshfip, 
buft by specfificaflfly sequesfterfing fthe pflasftfids ffrom fthe aflgae 

ffood source, a process known as kflepftopflasfty (Händefler eft afl. 

2009).

Sacogflossa cuft fthe ceflfl waflfl off fthefir macroaflgafl prey usfing 

fthefir hfighfly specfiaflfized radufla, upon whfich fthey suck ouft 

fthe ceflfluflar conftenft (Händefler eft afl. 2009). The majorfifty off 

sacogflossan sflugs dfigesft fthe pflasftfids rapfidfly ftogefther wfifth 

fthe remafinfing cyftosoflfic componenfts, buft some members 

specfificaflfly sequesfter fthe pflasftfids finfto fthe cyftosofl off epfi-
ftheflfiafl ceflfls fthaft flfine fthe dfigesftfive gfland sysftem (Händefler 

eft afl. 2009; de Vrfies eft afl. 2014b). Here, fthe fthen-caflfled 

kflepftopflasfts resfide finftraceflfluflarfly wfifth apparenftfly no phago-

somafl membrane separaftfing fthem ffrom fthe cyftosofl (Rumpho 

eft afl. 2011; Wägefle and Marftfin 2013; de Vrfies eft afl. 2014a). 

Based on fthe perfiod off ftfime fthe sflugs can house fthe ffunc-

ftfionafl kflepftopflasfts, fthey are assfigned fto fthree mafin caftego-

rfies based on chflorophyflfl a fluorescence measuremenfts off 

fthe maxfimum quanftum efficfiency off phoftosysftem II (Fv/Fm) 

(Händefler eft afl. 2009). One dfisftfingufishes beftween non-

reftenftfion fforms (NR; no Fv/Fm), shorft-fterm-reftenftfion fforms 

(SftR; Fv/Fm off aft fleasft 0.4 over 14 days off sftarvaftfion), and 

flong-fterm-reftenftfion fforms (LftR; Fv/Fm off over 0.4 ffor more 

fthan 21 days off sftarvaftfion) (Händefler eft afl. 2009). For five 

LftR specfies, dafta suggesft fthe kflepftopflasfts can be reftafined 

phoftosynftheftficaflfly acftfive—fthaft fis, fthey conftfinue fto fix  CO2 

fin a flfighft-dependenft manner (Wägefle and Marftfin 2013; de 

Vrfies eft afl. 2014b)—ffor a ffew weeks or monfths fto come 

(Händefler eft afl. 2009). Unftfifl recenftfly, sfix LftR specfies were 

fthoughft fto have been fidenftfified (de Vrfies eft afl. 2014b), buft 

a recenft ftaxonomfic revfisfion unfifted fthe once separafte Eflysfia 

cflarkfi and Eflysfia crfispafta (Krug eft afl. 2016). Reftafinfing ffunc-

ftfionafl kflepftopflasfts fis ftaxonomficaflfly resftrficfted fto fthe Saco-

gflossa among Meftazoa and oftherwfise onfly known fto occur 

fin Foramfinfiffera, dfinoflageflflaftes and cfiflfiaftes (Bernhard and 

Bowser 1999; Johnson eft afl. 2007; Mfinnhagen eft afl. 2008; 

Rumpho eft afl. 2011). The susftafined acftfivfifty off fthe kflep-

ftopflasfts fin Sacogflossa fis fthoughft fto benefift fthe sea sflugs 

fthroughouft sftarvaftfion, whfich fthey may nafturaflfly experfience 

fin some off fthefir habfiftafts such as fthe Medfifterranean (Marín 
and Ros 1992). How kflepftopflasfts benefift fthe anfimafls has 

been conftroversfiaflfly dfiscussed (Chrfisfta eft afl. 2014a; Car-
ftaxana eft afl. 2017).

We do noft know how fthe pflasftfids are sequesftered ffrom 

fthe dfigesftfive ftracft’s flumen and refleased finfto fthe cyftosofl off 

an anfimafl ceflfl. Consfiderfing fthe underflyfing compflexfifty off 

such a process and fthaft phagoftrophy fis noft how anfimafls usu-
aflfly absorb ffood parftficfles ffrom fthefir dfigesftfive ftracft’s flumen 

(Karasov and Marftínez defl Rfio 2007), we can assume fift 
happens deflfiberaftefly. Common percepftfion fis fthaft ffuncftfionafl 

kflepftopflasfts  are  reftafined  due  fto  profffiftfing  ffrom  phofto-

synftheftfic carbon fixaftfion. Some sftudfies findeed show fthaft 

phoftosynfthaftes are used by fthe sea sflug Eflysfia vfirfidfis dur-

fing sftarvaftfion (Trench eft afl. 1974; Hfinde 1978), and some 
draw sfimfiflar concflusfions based on findfirecft measuremenfts 

(Schwarftz eft afl. 2010; Maeda eft afl. 2010). Moreover, sftarch 

accumuflaftes upon ffood deprfivaftfion fin fthe kflepftopflasfts fin one 

LftR specfies (Laeftz eft afl. 2017)—fthe sftarch fis apparenftfly noft 

acftfivefly refleased ffrom finftacft organeflfles—and fis fthoughft fto 

become avafiflabfle onfly downsftream durfing sftarvaftfion, when 

fthe kflepftopflasfts are degraded or dfigesfted (Laeftz eft afl. 2017). 

Thfis woufld supporft fthe fidea fthaft kflepftopflasfts serve more as a 

kfind off ffood sftorage vessefl fthan as acftfive phoftosynfthesfizers, 
whfich was suggesfted upon observfing fthaft bflockfing phofto-

synfthesfis (chemficaflfly or by rearfing fthem fin fthe dark) had 

no measurabfle effecft on wefighft decrease fin Pflakobranchus 

oceflflaftus van Hasseflft, 1824 (Chrfisfta eft afl. 2013a). Thfis fis noft 

fto say fthaft phoftosynfthesfis fis noft fimporftanft, buft fthe amounft off 

 CO2 fixed by fthe kflepftopflasfts mfighft onfly provfide abouft 1% 

(Rauch eft afl. 2017b) fto a maxfimum off 36% (Hfinde 1978) off 

fthe anfimafl’s ftoftafl carbon requfiremenft. However, a reporft by 

Raven eft afl. (2001) suggesfted fthaft up fto 60% off fthe carbon 

off fthe NR fform Oxynoe vfirfidfis comes ffrom fthe kflepftopflasft 

whfifle fthe sflugs are ffeedfing. Hence, fift fis more flfikefly fthaft 

carbon fincorporaftfion fis achfieved fthrough ffeedfing rafther fthan 

fthrough kflepftopflasft phoftosynfthesfis.

Some opfinfions have broughft fforward fthe possfibfiflfifty fthaft 

pflasftfid bfiochemfisftry, besfides carbon fixaftfion, mfighft be ben-

eficfiafl fto fthe sflugs (Cuefto eft afl. 2005; Díaz-Marrero eft afl. 

2008; Casaflduero and Munfiafin 2006; de Vrfies eft afl. 2014a, 

b). Thfis possfibfiflfifty fis supporfted by flfimaponftfiodean specfies 

such as Pflacfida dendrfiftfica or Cyerce nfigrficans, whfich aflso 

sequesfter pflasftfids buft fin a non-phoftosynftheftfic acftfive sftafte 

(Everftsen and Johnsen 2009; Chrfisfta eft afl. 2015). Whaft 

compflficaftes fthe maftfter and hfinders broader, generaflfizfing 

sftaftemenfts fis fthaft sflug specfies dfiffer wfifth regard fto fthefir 

prefferred ffood source (Jensen 1997; Chrfisfta eft afl. 2013b, 

2014a; Mfiddflebrooks eft afl. 2014; Baumgarftner and Tofth 

2014) and fthe ftfime span fthey reftafin ffuncftfionafl kflepftopflasfts 

(Händefler eft afl. 2009), a paramounft exampfle befing E. vfirfidfis 

(Monftagu, 1804).

E. vfirfidfis fis ffound aflong fthe Aftflanftfic and Medfifterranean 

coasftflfine and fforages on a varfiefty off dfifferenft aflgafl ffood 
sources. Among ofthers, fthe ffood aflgae fincflude sfiphonaceous 

specfies such as Codfium ftomenftosum Sftackhouse, 1797 and 
Bryopsfis hypnofides Lamouroux, 1809 and ceflfluflar organ-

fized specfies such as Cfladophora daflmaftfica Küftzfing, 1843 

and Chaeftomorpha spp. (Händefler eft afl. 2009; Baumgarftner 

eft afl. 2009; Baumgarftner and Tofth 2014; Baumgarftner eft afl. 

2014). Due fto dfiverse habfiftafts beftween fthe dfifferenft geo-
graphficafl popuflaftfions, rangfing ffrom Denmark (Everftsen and 

Johnsen 2009) fto fthe Medfifterranean (Händefler eft afl. 2009), 
E. vfirfidfis mfighft acftuaflfly represenft a specfies compflex.
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Wfifth regard fto fthe duraftfion kflepftopflasfts can remafin pho-

ftosynftheftficaflfly acftfive, dfifferenft reporfts exfisft ffor E. vfirfidfis. 

When ffed on C. ftomenftosum, fthe sea sflug was caftegorfized as 

an LftR specfies (Everftsen and Johnsen 2009; Everftsen eft afl. 

2007; Cruz eft afl. 2014; Serôdfio eft afl. 2010; Teugefls eft afl. 
2008; Trench eft afl. 1974; Vfiefira eft afl. 2009), buft findfivfiduafls 

ffrom fthe Medfifterranean fthaft had ffed on B. hypnofides and 

specfimens ffrom fthe Norfth Aftflanftfic fthaft had ffed on C. rup-

esftrfis were ffound fto behave more flfike SftR specfies, because 

finfiftfiafl Fv/Fm vaflues dfid noft exceed 0.6 (Baumgarftner eft afl. 

2015; Händefler eft afl. 2009). These dfifferences mfighft acftu-

aflfly be based on dfifferenft flfighft accflfimaftfion sftaftes and dfiff-

fferenft experfimenftafl flfighft condfiftfions (Serôdfio eft afl. 2014), 

buft are nonefthefless finfformaftfive as fthey shed flfighft on fthe 
fimporftance off phoftosynfthesfis regardfing fthe vfiftaflfifty off sflugs 

durfing sftarvaftfion. Fv/Fm raftfios, however, are noft sufiftabfle fto 

evafluafte fthe ftrue conftrfibuftfion off kflepftopflasfts fto fthe sflug’s 

overaflfl physfioflogy. Paramefters such as  CO2 fincorporaftfion 

fthroughouft sftarvaftfion, and afffter fthe sflugs were ffed on dfiffer-
enft aflgae ffood sources, are currenftfly flackfing ffor E. vfirfidfis.

In fthfis sftudy, we wanfted fto undersftand whefther fthe dfiffer-

ences off pflasftfid flongevfifty fin fthe sea sflug E. vfirfidfis are based 

on fthe aflgafl ffood source. For fthfis we anaflysed 47 findfivfiduafls 

off E. vfirfidfis fin ftoftafl fthaft were reared efifther soflefly on Bryop-

sfis hypnofides or Cfladophora sp. Anfimafls were sftarved ffor 

21 days and Fv/Fm vaflues, 
14CO2 fincorporaftfion and chfloro-

phyflfl a fluorescence were monfiftored whfifle we aflso observed 

morphoflogficafl changes. We observed sftark dfifferences asso-

cfiafted wfifth fthe chofice off aflgae and, ffor finsftance, were noft 

abfle fto deftecft any phoftosynftheftficaflfly acftfive kflepftopflasfts fin E. 

vfirfidfis findfivfiduafls ffed on Cfladophora sp. Our resuflfts demon-

sftrafte fthaft fthe abfiflfifty fto fincorporafte ffuncftfionafl kflepftopflasfts 

depends on fthe ffood source.

Mafterfiafls and mefthods

Coflflecftfion and cuflfturfing off sea sflugs and aflgae

Specfimens off Eflysfia vfirfidfis were coflflecfted aft fthe finfterftfidafl 

zone  fin  Aguda,  Porftugafl  (41°02′53.1″N,  8°39′12.0″W) 

ftogefther wfifth fthefir naftfive ffood source Codfium ftomenftosum 

and Cfladophora sp. Aflfl specfimens were ftransfferred fto fthe 

flaboraftory and a maxfimum off 3 sflugs were kepft fin flarge 
gflass Peftrfi dfish (ø off 120 mm) fin arftfificfiafl sea wafter (ASW, 

Tropfic  Marfine)  wfifth  a  saflfinfifty  off  35  PSU  under  a  12-h 
flfighft/12-h dark cycfle aft a flfighft finftensfifty off 25 µmofl phoftons 

 m−2  s−1  (SoflarSftfinger®, Econflux) and aft a ftemperafture off 
15 °C. The wafter was changed aft mfinfimum off fthree ftfimes 

a week. The ffood aflgae Cfladophora sp. and Bryopsfis hyp-

nofides were grown under fthe same condfiftfions buft fin ASW 

enrfiched wfifth Gufiflflard’s F/2 medfium (Gufiflflard and Ryfther 

1962; Gufiflflard 1975). Aflfl sflugs coflflecfted on Cfladophora 

sp. (n = 12) were excflusfivefly ffed on fthfis aflgae specfies, whfifle 

onfly fthe specfimens coflflecfted ffrom C. ftomenftosum (n = 35) 

were ftransfferred onfto B. hypnofides and soflefly ffed on fthe 

flaftfter aflga. Prfior fto any experfimenft, fthe sflugs were ffed fthe 

respecftfive ffood source ffor a mfinfimum off 1 monfth. Afffter fthfis 
flaboraftory accflfimaftfion perfiod, fthe sflugs were separafted finfto 

findfivfiduafl Peftrfi dfishes and deprfived off fthefir ffood ffor 21 days 

under fthe same condfiftfions.

Gene ampflfificaftfion and phyflogeneftfic reconsftrucftfion

To excflude fthe possfibfiflfifty off havfing coflflecfted crypftfic Eflysfia 
vfirfidfis specfies, we perfformed a phyflogeneftfic reconsftrucftfion 

ffor one sampfle coflflecfted ffrom each ffood source usfing parftfiafl 

COI. DNA was exftracfted usfing  DNeasy® Pflanft Mfinfi Kfift 

(Qfiagen) and sftored aft − 20 °C. Ampflfificaftfions were per-

fformed usfing sftandard PCR proftocofls and as descrfibed fin 

more deftafifl fin Chrfisfta eft afl. (2014b). Anneaflfing ftemperafture 

off 48 °C ffor COI was used. Sampfles were sequenced by 

Eurofins Genomfics (Ebersberg, Germany) and anaflysed wfifth 
Genefious (v. R7.1, Bfiomaftfters, New Zeafland). Sequences off 

severafl ofther cflosefly reflafted Eflysfia specfies were obftafined 

ffrom GenBank and fincfluded fto finvesftfigafte fthe reflaftfion-

shfip beftween E. vfirfidfis sampfles ffrom dfifferenft coflflecftfion 

sfiftes wfifth Pflakobranchus oceflflaftus van Hasseflft, 1824 used 

as fthe ouft-group (Suppflemenftary Tabfle 1). COI aflfignmenft 

was perfformed usfing fthe G-INSI-mode fin MAFFT (Kaftoh 

eft afl. 2002), finspecfted and, fiff requfired, manuaflfly edfifted. 

Phyflogeneftfic reconsftrucftfion was perfformed usfing PhyML 

(v. 3.0; Gufindon eft afl. 2010) and 1000 booftsftraps wfifth fthe 

GTR+G+I modefl as proposed by jModeflftesft (Gufindon and 

Gascuefl 2003).

Measurfing off phoftosysftem II acftfivfifty and carbon 
fixaftfion

Durfing fthe experfimenfts, sflugs fin fthe presence or absence off 

fthe phoftofinhfibfiftor monoflfinuron (2 µg mfl−1 finafl concenftra-

ftfion; JBL GmbH) were measured fin reguflar finftervafls (0, 3, 

7, 11, 14, 17, 21 days off sftarvaftfion) wfifth regard fto fthe acftfiv-

fifty off fthe phoftosysftem II (PSII) off fthe kflepftopflasfts usfing a 

FfluorCam FC 800MF (Phofto Sysftems Insftrumenfts, Brno, 
Czech Repubflfic). For carryfing ouft fthe measuremenfts, fthe 

sflugs were ftransfferred ffrom cuflfturfing flfighft condfiftfions fto 

25 µmofl phoftons  m−2 s−1 moduflafted red flfighft (emfissfion peak 

aft 625 nm) and accflfimafted ffor 5 mfin fin fthe FfluorCam cham-

ber. Chflorophyflfl a fluorescence off flfighft-accflfimafted kflepfto-
pflasfts was measured and fthe effecftfive quanftum yfiefld off PSII 

was deftermfined by appflyfing a safturaftfing puflse (> 7500 µmofl 
phoftons  m−2 s−1, red flfighft) as ΔF/F′m (ΔF = F

′
m− Fs; Fs, 

F′m : mfinfimum and maxfimum fluorescence emfiftfted by flfighft 
adapfted sampfles, respecftfivefly). Subsequenftfly, fthe sflugs were 

dark accflfimafted ffor 5 mfin and fthe maxfimum PSII quanftum 
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yfiefld Fv/Fm was deftermfined (Fv = Fm − Fo; Fo, Fm: mfinfimum 

and maxfimum fluorescence emfiftfted by dark adapfted sam-

pfles, respecftfivefly). Images (512 × 512 pfixefls) were processed 

usfing fthe FfluorCam7 soffftware (Phofton Sysftem Insftrumenfts), 

by  definfing  areas  off  finfteresft  (AOI)  fincfludfing  fthe  whofle 
dorsafl surfface off each sflug. The vaflues off fthe fluorescence 

paramefters were caflcuflafted by averagfing aflfl pfixefl vaflues fin 

each AOI, and by averagfing fthe fluorescence finftensfifty dur-

fing fthe 2 s fimmedfiaftefly beffore (Fo, Fs) fthe safturaftfing puflse 

and durfing 0.6 s (Fm, F
′
m ) off exposure fto fthe safturaftfing puflse 

(ftoftafl duraftfion: 0.8 s). Aflfl measuremenfts were perfformed fin 

bfioflogficafl ftrfipflficaftes.

We deftermfined fthe 14CO2 fincorporaftfion ffor specfimens 

ffeedfing on Bryopsfis hypnofides and on Cfladophora sp. usfing 
a sflfighftfly modfified proftocofl based on Chrfisfta eft afl. (2014a). 

One—or when avafiflabfle ftwo—sflugs were fincubafted fin a 

2-mL pflasftfic ftube fthaft conftafined 1.2 mfl ASW suppflemenfted 

wfifth 0.4 mM  [14C]-NaHCO3 (25 µCfi per fincubaftfion, NEN-

radfiochemficafls, MA, USA) ffor 2 h aft room ftemperafture and 
fiflflumfinafted wfifth 72 µmofl phoftons  m−2 s−1 ffor reasons off 

compaftfibfiflfifty wfifth prevfious sftudfies (Chrfisfta eft afl. 2014b; 

de Vrfies eft afl. 2015). Afffter fthe fincubaftfion, fthe radfioacftfive 

medfium was removed, fthe sampfles were washed 5 ftfimes wfifth 

seawafter and fthen homogenfized fin a 1-mL gflass Poftfter–Eflve-

hjem ftfissue grfinder. The homogenaftes were removed and fthe 

poftfter was washed ftwfice wfifth 1 mfl  H2O. The ftoftafl off 3 mfl 

homogenfized sampfle was acfidfified wfifth 150 µfl 1 M HCfl and 

fthe open vfiafl was fincubafted overnfighft on a shaker fto remove 

aflfl vaporfizabfle subsftrafte. The nexft day, 12 mfl off LUMA-Gefl 

scfinftfiflflaftfion cockftafifl (LUMAC, The Neftherflands) was added 

and fincorporafted carbon was deftermfined wfifth a scfinftfiflflaftfion 

counfter. For each dafta pofinft, measuremenfts were perfformed 

ffor bfioflogficafl ftrfipflficaftes.

Imagfing

Whofle-mounft  fimages  were  made  wfifth  a  Canon  EOS6D 

(macro flens MP-E 65 mm 1:2.8 and a Canon macro ftwfin 

flfifte MT-24EX flashgun). Deftafifled chflorophyflfl a fluorescence 

fimages off fthe sflugs’ parapodfiafl rfims were ftaken wfifth a Zefiss 

LSM710 mficroscope; fthose off enftfire sflugs and off aflgae fifla-

menfts were ftaken wfifth a Nfikon Ecflfipse Tfi-E. We used Ffijfi 

(versfion 2.0.0) ffor fimage processfing. Aft ftwo dfifferenft ftfime 

pofinfts (0 and 10 days off sftarvaftfion) we sampfled sflugs fto 
screen ffor kflepftopflasfts fin fthe anfimafls’ ftfissue by ftransmfis-

sfion eflecftron mficroscopy (TEM). Sampfles off sflugs and aflgae 
were washed ftwfice wfifth PBS beffore fixaftfion wfifth 2.5% gflu-

ftarafldehyde + 0.1 M cacodyflafte buffer (pH 7.4) overnfighft 
aft 4 °C. Afffter fincubaftfion, fthe sampfles were washed ffour 

ftfimes fin 0.1 M cacodyflafte buffer. Sampfles were sftored fin 

fthe buffer ffor no more fthan 2 weeks and sftafined wfifth 2% 

osmfium  fteftraoxfide  suppflemenfted  wfifth  0.8%  poftassfium 

hexacynofferrafte ffor 1 h. Subsequenftfly, fthe sampfles were 

washed muflftfipfle ftfimes wfifth 0.1 M cacodyflafte buffer unftfifl 

fthe  OsO4 sofluftfion was enftfirefly removed. The sampfles were 

fthen suspended by genftfly shakfing fin preheafted 3.5% agar. 

The agar was hardened on fice and fthen separafted ffrom fthe 

sampfles wfifth a gufiflfloftfine reacftfion vessefl ftfip and poured finfto 
smaflfl gflass vessefls conftafinfing 1 mfl 0.1 M cacodyflafte buffer. 

Sampfles were dehydrafted by an ascendfing serfies off efthanofl 

(60, 70, 80%, ftwo ftfimes 90% and finaflfly 100% efthanofl). Aflfl 

dehydraftfion sfteps were perfformed on fice and ffor a mfinfi-

mum off 10 mfin. Afffterwards fthe sampfles were ftransfferred 

fto gflass jars wfifth epoxy resfin consfisftfing off ffreshfly prepared 

EPON mfixfture wfifth propyflene oxfide. The EPON–propyflene 

oxfide sampfles were kepft fin vacuum gflass vessefls overnfighft 

fto ffuflfly poflymerfize. Afffterwards, fthe sampfles were removed 
ffrom fthe EPON–propyflene oxfide mfixfture and cuft fto approxfi-

maftefly 2-mm-fthfick sflfides wfifth razor bflades. A sfingfle dfisc 

was pflaced fin a pflasftfic moufld and fiflfled wfifth EPON. The 

EPON bflocks and sampfles were poflymerfized fin fthe oven 

ffor 24 h aft 40 °C and 24 h aft 60 °C. The sampfles were fthen 
embedded ffor secftfionfing usfing fthe Uflftracuft E-mficroftome 

(Reficherft-Jung, New York, USA) and subsequenftfly vfisuafl-

fized on a Zefiss 902.

For scannfing eflecftron mficroscopy (SEM) we success-

ffuflfly fisoflafted sfix ftfimes fthe raduflae ffrom sflug ftfissue efifther 

ffed on Codfium ftomenftosum, Cfladophora sp. and Bryopsfis 

hypnofides by fincubaftfing fthe sflug heads fin 5–40% KOH ffor 

18 h. The cfleaned raduflae were fixed fin 2.5% gfluftarafldehyde 

ffor 1 h aft room ftemperafture. The sampfles were fthen washed 

ffour ftfimes ffor 10 mfin fin 0.1 M phosphafte-buffered saflfine 

(PBS, pH 7.2) beffore dehydraftfion by an ascendfing serfies 

off efthanofl (50, 70, 80, 90, 96 and 100%; each sftep 10 mfin). 

Afffterwards, fthe sampfles were washed ftwfice wfifth 100% ace-

ftone ffor 10 mfin and chemficaflfly drfied by pre-finfiflftraftfion fin 

1:1 aceftone–fteftramefthyflsfiflane (TMS) ffor 30 mfin and fin 1:2 

TMS ffor anofther 30 mfin wfifth a finafl fincubaftfion off 30 mfin fin 

pure TMS. A smaflfl amounft off TMS was exchanged and fthe 

sampfles were fleffft dryfing overnfighft. The nexft day, drfied sam-

pfles were gflued onfto SEM specfimen-mounfts by conducftfive 

adhesfive ftabs (Pflano), coafted wfifth gofld and fimaged usfing a 

Zefiss Leo 1430 VP aft an accefleraftfing voflftage off 18.00 kV.

Resuflfts

Eflysfia vfirfidfis fis a wfidefly dfisftrfibufted specfies, occurrfing 

aflong fthe coasft off fthe Aftflanftfic Ocean ffrom fthe norfth fin 
Denmark down fto Porftugafl fin fthe soufth, and aflso fthrough-

ouft fthe Medfifterranean Sea. Hence, we firsft conducfted a 
phyflogeneftfic anaflysfis off our sampfled sflugs fto compare 

fthem fto aflready avafiflabfle dafta and fto screen ffor a poften-

ftfiafl specfies compflex. In our phyflogeneftfic anaflyses, specfi-

mens coflflecfted ffrom fthe coasftflfine around Porftugafl cflusfter 

ftogefther wfifth fthose ffrom fthe coflflecftfion spofts aft Ferrofl, 
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Spafin and Roscoff,  France—fthfis  cflusfter  fforms  a  sfisfter 

cflade wfifth fthe Medfifterranean specfies sampfled aft Bany-

ufls, France (Ffig. 1). Yeft, based on fthe flow dfifferences off 

fthe paftrfisftfic dfisftances off fthe COI gene beftween fthe E. vfir-

fidfis popuflaftfions off Banyufls and fthe remafinfing coflflecftfion 
pflaces off 0.021 ± 0.005 (Tabfle 1), we excflude a specfies 

compflex. The dfisftances fto fthe cflosesft ofther Eflysfia, E. chflo-

roftfica fis 0.252 ± 0.01 (Tabfle 1).

The radufla off E. vfirfidfis dfiffers dependfing on fthe ffood 
source

In fifts nafturafl habfiftaft, specfimens ffrom fthe Aftflanftfic Ocean 

ffeed predomfinanftfly on Codfium ftomenftosum and on Cflad-

ophora sp., whfifle fthose ffrom fthe Medfifterranean ffeed on Bry-

opsfis hypnofides. Earflfier reporfts findficafte fthaft Sacogflossa can 
change fthe morphoflogy off fthefir radufla accordfing fto fthe aflgae 

upon whfich fthey prfimarfifly ffeed (Jensen 1993). We coflflecfted 

our specfimens ffrom Codfium ftomenftosum and Cfladophora 

sp., buft ffor fthose coflflecfted on Codfium fthe dfieft was changed 

fto B. hypnofides fin fthe flaboraftory. Thfis aflflows monfiftorfing 

a change fin radufla morphoflogy. Sflugs ffeedfing on B. hyp-

nofides (n = 4) and Cfladophora sp. (n = 5) were ffound fto have 

sfimfiflar, bflade-flfike raduflae, whfifle specfimens coflflecfted fin fthe 

fiefld on C. ftomenftosum (n = 1) had ffaflcafte-shaped raduflae 
(Ffig. 2).

Eflysfia vfirfidfis dfispflays dfifferenft fforms off kflepftopflasft 
ffuncftfionaflfifty dependenft on fthe ffood source

Specfimens fthaft were ffed on Bryopsfis hypnofides dfispflayed 

chflorophyflfl a fluorescence over fthefir enftfire body (Ffig. 3), 

wfifth  an  finfiftfiafl Fv/Fm vaflue off 0.729 ± 0.013  (Ffig. 4a). 

Throughouft sftarvaftfion, fthe fluorescence decflfined sfteadfifly 

(Ffig. 3) and afffter 21 days off sftarvaftfion fthe Fv/Fm vaflue had 

sfignfificanftfly dropped fto 0.491 ± 0.043 (Ffig. 4a, ANOVA, 

p < 0.05). For fthese specfimens, fthe ΔF/F′m decflfined equaflfly 
and aflso sfignfificanftfly ffrom 0.664 ± 0.016 fto 0.380 ± 0.22 

(Ffig. 4b, ANOVA, p < 0.05). When exposed fto fthe phofto-

synfthesfis bflocker monoflfinuron, fthe fluorescence fthroughouft 

fthe sflug was observed fto be sfimfiflar fto fthe specfimens sftarved 

wfifthouft fthe bflocker (Ffig. 3) and fthe kflepftopflasfts had compa-

rabfle finfiftfiafl Fv/Fm vaflues off 0.698 ± 0.038 (Ffig. 4a). Durfing 

sftarvaftfion fthe overaflfl fluorescence decflfined sfimfiflarfly, buft 

fthe Fv/Fm vaflue was reduced sfignfificanftfly fto 0.242 ± 0.187 

afffter 11 days off sftarvaftfion (Ffig. 4a; ANOVA, p < 0.05). We 

coufld noft measure any Fv/Fm vaflue ffor fthe remafinfing sftarva-

ftfion perfiod, aflfthough fthe chflorophyflfl fluorescence was sftfiflfl 
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Ffig. 1  Phyflogeneftfic reflaftfionshfip off fthe Eflysfia vfirfidfis findfivfiduafls cofl-
flecfted  aft  dfifferenft  sampflfing  sfiftes.  Dependfing  on  fthe  ffood  source  fift 
consumes and accordfing fto fthe flfifterafture, E. vfirfidfis fis efifther consfid-
ered a flong-fterm (LftR) or a non-fincorporaftfion (NI) fform. For deftafifls 
on fthe flaftfter, pflease reffer fto fthe mafin ftexft. Node flabefl represenfts booft-
sftrap  supporft  vaflues  off  fthe  maxfimum  flfikeflfihood  ftree  reconsftrucftfion. 
Onfly vaflues above 50 are dfispflayed

Tabfle 1  p-dfisftances off parftfiafl COI sequences beftween fthe specfimens off Eflysfia vfirfidfis and Eflysfia chfloroftfica 

Eflch E. chfloroftfica, Eflvfi (BY) E. vfirfidfis (Banyufls, France), Eflvfi (AG) E. vfirfidfis (Aguda, Porftugafl), Eflvfi (FE) E. vfirfidfis (Ferrofl, Spafin), Eflvfi (RO) 
E. vfirfidfis (Roscoff, France). The number fin fthe specfies name findficaftes dfifferenft findfivfiduafls. Hfighflfighfted fin fiftaflfics are aflfl E. vfirfidfis specfies

Eflch Eflvfi (BY) Eflvfi (AG 1) Eflvfi (FE 1) Eflvfi (FE 2) Eflvfi (AG 2) Eflvfi (RO)

Eflch 0.234 0.252 0.252 0.252 0.263 0.257

Eflvfi (BY) 0.234 0.018 0.018 0.018 0.029 0.023

Eflvfi (AG 1) 0.252 0.018 0.000 0.000 0.014 0.009

Eflvfi (FE 1) 0.252 0.018 0.000 0.000 0.014 0.009

Eflvfi (FE 2) 0.252 0.018 0.000 0.000 0.014 0.009

Eflvfi (AG 2) 0.263 0.029 0.014 0.014 0.014 0.017

Eflvfi (RO) 0.257 0.023 0.009 0.009 0.009 0.017
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deftecftabfle (Ffig. 3). In conftrasft fto fthe conftrofl, fthe ΔF/F′m dfid 
noft exhfibfift any vaflue fthaft was above fthe background nofise off 

fless fthan 0.2 (Ffig. 4b). Surprfisfingfly, ffor specfimens fthaft were 

ffed on Cfladophora sp. we coufld noft deftermfine any chfloro-

phyflfl a fluorescence (Ffig. 3). For anfimafls sftarved ffor 4 days, 

and even fthose ffreshfly ffed, Fv/Fm vaflues dfid noft exceed 

vaflues off 0.25 (Ffig. 4a). Afffter 4 days off sftarvaftfion Fv/Fm 

raftfios were no flonger measurabfle. Wfifth regard fto ΔF/F′m we 
were noft abfle fto measure any noftabfle vaflue efifther, even fin 

sflugs fthaft were ffreshfly ffed (Ffig. 4b). 

Nexft, we finvesftfigafted fthe capacfifty off sflugs ffed on B. hyp-
nofides fto fix 14CO2 fthrough fthe kflepftopflasfts. We measured 

RaduflaeoffE.vfirfidfisfthaftffedon:

B.hypnofidesCfladophorasp. C.ftomenftosum

10µm 10µm

Ffig. 2  The  raduflae,  fin  Sacogflossa  specfiaflfized  fteefth  organfized  fin  a  row,  off Eflysfia  vfirfidfis  are  hfighfly  varfiabfle  and  dfiffer  dependfing  on  fthe  ffood 
source
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Ffig. 3  Macroscopfic chflorophyflfl fluorescence fimages off specfimens off 
Eflysfia vfirfidfis ffed ffor 1 monfth on efifther Bryopsfis hypnofides or Cflad-
ophora  sp.  (T0)  and  afffter  fthe  number  off  days  off  sftarvaftfion.  Kflepfto-
pflasfts off Bryopsfis hypnofides are presenft fthroughouft fthe body fin Efly-
sfia vfirfidfis whfich gfive fthe sflugs fthefir dfisftfincft green cofloraftfion. Durfing 

sftarvaftfion,  fthe  overaflfl  fluorescence  sfignafl  decflfines  fin  sflugs  ffed  wfifth 
B.  hypnofides,  whfich  happens  fto  fthe  same  degree  (based  on  vfisuafl 
finspecftfion) fin fthe specfimens reared fin fthe presence off fthe phoftosyn-
fthesfis bflocker monoflfinuron. No measurabfle chflorophyflfl fluorescence 
was deftecfted fin specfimens ffed on Cfladophora sp.
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14CO2  fincorporaftfion  off  ffreshfly  ffed  sflugs  and  ffor  fthose 

sftarved ffor 7, 14 and 21 days. In ffreshfly ffed specfimens, we 

ffound 14CO2 fincorporaftfion off 18.0 ± 17.5 nmofl fthaft had 

aflready decflfined fto 5.6 ± 1.5 nmofl, fi.e. a drop off aflmosft 

70%, afffter onfly 7 days off sftarvaftfion (Ffig. 4c). In fthe ffoflflow-
fing 2 weeks off sftarvaftfion fthe 14CO2 fincorporaftfion sftabfiflfized 

(4.0 ± 2.1 and 5.3 ± 3.3 afffter 14 and 21 days, respecftfivefly; 

Ffig. 4c). Furfthermore, and fin flfine wfifth fthe fluorescenft meas-

uremenfts, we coufld noft deftecft any 14CO2 fincorporaftfion ffor 

specfimens fthaft had soflefly ffed on Cfladophora sp. (Ffig. 4c).

Eflysfia vfirfidfis does noft sequesfter ffuncftfionafl pflasftfids 
off Cfladophora sp.

The resuflfts off fthe phoftosynftheftfic measuremenfts and fthe 
14CO2 fincorporaftfion showed fthaft fthe kflepftopflasfts gafined 

ffrom Bryopsfis hypnofides are ffuflfly ffuncftfionafl fin fthe cyfto-

sofl off Eflysfia vfirfidfis, aft fleasft ffor a ffew days afffter sftarvaftfion 

commences (Ffig. 4). Pflasftfids fthaft sftem ffrom Cfladophora 
sp., however, are noft ffuncftfionaflfly fincorporafted. To finvesftfi-

gafte whefther fthe dfifferences wfifth regard fto Fv/Fm and  CO2 

fixaftfion beftween kflepftopflasfts ffrom B. hypnofides and Cflad-

ophora sp. are due fto a more pronounced degradaftfion or 

dfigesftfion off fthe flaftfter, we fimaged fthe aflgae and sflugs by 

TEM and compared fthe morphoflogy off fthe fincorporafted 

kflepftopflasfts fin fthe ceflfls flfinfing fthe dfigesftfive ftubufles. In fthe 

aflga, fthe pflasftfids off B. hypnofides are ovafl shaped and dfis-

ftrfibufted fthroughouft fthe coenocyftfic organfized aflgae (Ffig. 5; 

B. hypnofides). In fthe sea sflugs, fthe kflepftopflasfts flose fthefir 

ovafl-shaped morphoflogy and appear more roundfish (Ffig. 5; 

ffreshfly ffed). A sfimfiflar kflepftopflasft phenoftype was deftecfted 

fin sflugs ftreafted wfifth monoflfinuron (Ffig. 5; 10 days sftarva-

ftfion + monoflfinuron). In Cfladophora sp., fthe pflasftfids are 

reftficuflafted and organfized parfieftaflfly (Ffig. 5; Cfladophora 

sp.). We coufld noft fidenftfiffy any sftrucftures resembflfing finftacft 

kflepftopflasfts fin E. vfirfidfis, when fthe specfimens had soflefly 

been ffeedfing on Cfladophora sp. (Ffig. 5; ffreshfly ffed), consfisft-

enft wfifth fthe flack off deftecftabfle 14CO2 fixaftfion (Ffig. 4c). The 

flarge, round sftrucftures fidenftfified fin some epfiftheflfiafl ceflfls off 

ffreshfly ffed and sftarved anfimafls, flack fthe sftrucftures resem-

bflfing kflepftopflasfts, fin parftficuflar fthyflakofids, and are mosft 

flfikefly dfigesftfive vacuofles (Ffig. 5; Cfladophora sp, ffreshfly ffed 

and 10 d sftarvaftfion).

Dfiscussfion

Eflysfia vfirfidfis represenfts an fimporftanft specfies when expflor-
fing ffuncftfionafl kflepftopflasfty fin sacogflossan sea sflugs (Cruz 

eft afl. 2013; Serôdfio eft afl. 2014; de Vrfies eft afl. 2014a). Ifts 

poflyphagous flfiffesftyfle, whfich fincfludes dfiefts ffrom Codfium 

spp. (Hfinde and Smfifth 1972; Trench and Gooday 1973; 

Trench eft afl. 1973; Everftsen and Johnsen 2009; Chrfisfta eft afl. 
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Ffig. 4  Maxfimum quanftum yfiefld (Fv/Fm), phoftosynftheftfic yfiefld and 
14CO2 

fixaftfion off kflepftopflasfts fin Eflysfia vfirfidfis durfing a 21-day sftarvaftfion perfiod. 
a The maxfimum quanftum yfiefld Fv/Fm off kflepftopflasfts derfived ffrom Bry-
opsfis hypnofides (bflue cfircfles) sftarfts fto decflfine afffter 11 days off sftarvaftfion, 
whfifle  fthe Fv/Fm  vaflues  off  kflepftopflasfts  off  monoflfinuron-ftreafted  anfimafls 
(bflue  squares)  decflfine  fimmedfiaftefly  durfing  sftarvaftfion  and  was  no  flonger 
measurabfle afffter 14 days off sftarvaftfion. In anfimafls ffed on Cfladophora sp. 
(yeflflow  hexagons), Fv/Fm  vaflues  where  onfly  measurabfle  ffor  4 days  (and 
whfich  never  exceeded  background  nofise),  beffore  no  more  sfignafls  were 
deftecftabfle. b  The  phoftosynftheftfic  yfiefld ΔF/F′m  off  kflepftopflasfts  derfived 
ffrom Bryopsfis  hypnofides  (bflue  cfircfles)  sftarfted  fto  decflfine  afffter  17 day 
off  sftarvaftfion,  whfifle  fthe ΔF/F′m  off  monoflfinuron  ftreafted  anfimafls  (bflue 
squares)  never  reached  beyond  background  nofise.  No ΔF/F′m  off  anfimafls 
ffed  wfifth Cfladophora  sp.  coufld  be  measured. c  Afffter  onfly  a  ffew  days  off 
sftarvaftfion, fthe flevefl off 14CO2 fixaftfion by kflepftopflasfts fthaft sftem ffrom Bry-
opsfis  hypnofides  drops  fto  abouft  30%  off  fthe  finfiftfiafl  vaflue.  Specfimens  ffed 
wfifth Cfladophora sp. showed no measurabfle flevefls off 14CO2 fincorporaftfion 
fthaft exceeded fthose off background nofise
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2014a), Bryopsfis hypnofides (Händefler eft afl. 2009), Chaefto-

morpha spp. and Cfladophora spp. (Baumgarftner and Tofth 

2014; Baumgarftner eft afl. 2014), and fifts wfide geographficafl 

dfisftrfibuftfion makes fift a sufiftabfle modefl fto sftudy fthe effecfts 

dfifferenft aflgafl ffood sources (and fthefir pflasftfid bfioflogy) have 

on fthe reftenftfion rafte off kflepftopflasfts and fifts effecft on endur-

fing sftarvaftfion. Hence, E. vfirfidfis compflemenfts fthe aflready 

esftabflfished sysftem off fthe ftwo congener specfies Eflysfia ftfimfida 

Rfisso, 1818 and Eflysfia cornfigera Nuftftafl, 1989, whfich ffeed 

on fthe same aflga (Aceftabuflarfia aceftabuflum) buft wfifth onfly 

fthe fformer endurfing sftarvaftfion flong fterm (de Vrfies eft afl. 
2015; Rauch eft afl. 2017a; Laeftz eft afl. 2017; Jerschabek Laeftz 

and Wägefle 2017).
Prevfious sftudfies based on E. vfirfidfis specuflafted fthaft fthe 

ffood source off fthe sflug fis whaft deftermfines fthe reftenftfion 

fform, fthaft fis, fthe span off ftfime fthe kflepftopflasfts remafins pho-

ftosynftheftficaflfly acftfive wfifthfin sflug ceflfls. Wfifth regard fto PSII 

acftfivfifty, fthe kflepftopflasfts off fthe sflugs ffed on Codfium ftomen-

ftosum were ffound fto reftafin acftfivfifty 20–80 days afffter fthe 

sflugs were deprfived off fthefir ffood source (Hfinde and Smfifth 
1972, Vfiefira eft afl. 2009; Cruz eft afl. 2014). Kflepftopflasfts 

off B. hypnofides were suggesfted fto onfly have a shorft-fterm 

ffuncftfionaflfifty (Händefler eft afl. 2009). The sequesftered kflep-

ftopflasfts off Cfladophora rupesftrfis were ffound fto be off flfimfifted 

ffuncftfionaflfifty aflftogefther (Baumgarftner eft afl. 2015), aflfthough 

E. vfirfidfis was predomfinanftfly ffound on Cfladophora fin fthe 

wfifld (where fthey were aflso observed fto be flarger fin sfize fthan 

fthose ffound on Codfium) and ffrom whfich fift was concfluded 

fthaft “Cfladophora mfighft represenft a superfior hosft reflaftfive fto 

Codfium” (Baumgarftner eft afl. 2015).

Our Fv/Fm vaflues ffrom E. vfirfidfis ffeedfing on Bryopsfis 

hypnofides were on average abouft 30% above fthose prevfi-

ousfly pubflfished (Händefler eft afl. 2009). The sequesftered pflas-
ftfids ffrom B. hypnofides were, ffurfthermore, ffound fto remafin 

ffuncftfionafl sfimfiflarfly flong wfifth regard fto PSII acftfivfifty dur-
fing sftarvaftfion, as fthose fthaft sftem ffrom Codfium ftomenftosum 

(Serôdfio eft afl. 2010; Cruz eft afl. 2014). Hence, when ffed 

on B. hypnofides, E. vfirfidfis fis, durfing sftarvaftfion under our 

flfighft condfiftfions by fthe definfiftfion off reftenftfion fforms (Hän-

defler eft afl. 2009), a LftR specfies. In conftrasft, specfimens fthaft 

we ffed on fthfis parftficuflar Cfladophora sp. dfid noft reftafin any 

ffuncftfionafl kflepftopflasfts, as demonsftrafted by Fv/Fm vaflues off 

0.25 and fless [fi.e. background nofise and even flower fthan 

whaft was descrfibed ffor C. rupesftrfis (Baumgarftner eft afl. 
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Ffig. 5  Transmfissfion  eflecftron  mficroscopy  (TEM)  fimages  off  fthe  ffood 
aflgae Bryopsfis and Cfladophora and off fthe dfigesftfive ftracft ceflfls off fthe 
sea sflugs fthaft had ffed on fthe respecftfive aflgae. Nofte fthe dfisftfincft dfiffer-
ence beftween sflugs fthaft had ffed on Cfladophora and fthose fthaft had ffed 
on Bryopsfis.  Onfly  ffrom  fthe  flaftfter,  kflepftopflasfts  are  sequesftered  and 
refleased finfto fthe cyftosofl off fthe sea sflug’s ceflfls, where fthe sftroma off 

fthe kflepftopflasfts fis separafted ffrom fthe cyftosofl by ftwo membranes, fthaft 
fis fidenftficafl fto whaft fift fis flfike fin fthe aflga fiftseflff. Aflso nofte fthaft no sftarch 
fis deftecftabfle fin fthe kflepftopflasfts off sflugs ftreafted wfifth monoflfinuron, as 
seen fin Laeftz eft afl. (2017). Ld flfipfid dropfleft, cw ceflfl waflfl, n nucfleus, pfl 
pflasftfid, kp kflepftopflasft, fl dfigesftfive ftracft flumen
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2015)], 14CO2 fincorporaftfion measuremenfts and TEM fimag-

fing (Ffigs. 4a, 5). No ffuncftfionafl kflepftopflasfts off Cfladophora 

sp. were ffound fto be sequesftered by E. vfirfidfis, fleftftfing us 

fto concflude fthaft fthfis sacogflossan sflug fis kflepftopflasft ffree, 

or non-fincorporaftfing (NI), when ffeedfing on our specfies off 
Cfladophora sp. Thfis does noft excflude, however, fthaft ofther 

specfies off Cfladophora mfighft very weflfl be fincorporafted fin 

a ffuncftfionafl sftafte. Moreover, smaflfl E. vfirfidfis specfimens off 

approxfimaftefly 2 mm fin flengfth fthaft we coflflecfted fin fthe wfifld, 

grew fto fthe sfize off 1–1.5 cm under our flaboraftory condfiftfions 

by soflefly ffeedfing on Cfladophora sp. and fin fthe absence off 

phoftosynfthesfizfing kflepftopflasfts—an ouftcome sfimfiflar fto fthaft 

off specfimens ffeedfing on B. hypnofides. From whaft we can 

fteflfl, fthfis fis fthe firsft reporft fthaft demonsftraftes fthaft a Saco-
gflossa can be cflassfified efifther as a LftR or a NI fform, firsft and 

fforemosft dependfing on fthe ffood source fift consumes.

The non-finvasfive measuremenft off PSII acftfivfifty by means 

off PAM fluoromeftry fis a vafluabfle ftoofl fto deftermfine fthe pres-

ence off ffuncftfionafl kflepftopflasfts fin Sacogflossa. By now fift fis 
arguabfly fthe mosft commonfly used ftoofl fto sftudy kflepftopflasfty 

fin Sacogflossa (Everftsen and Johnsen 2009; Händefler eft afl. 

2009; Serôdfio eft afl. 2010; Cruz eft afl. 2013; Serôdfio eft afl. 

2014; Cruz eft afl. 2015) and fift aflso provfides fthe vaflues fthaft 

are used fto deftermfine fthe reftenftfion cflass (Händefler eft afl. 

2009). Due fto fifts ease off use, fift aflmosft compfleftefly super-

seded measurfing 14CO2 fincorporaftfion sfince fift was used ffor 

fthe firsft ftfime some 15 years ago fto finvesftfigafte fthe phofto-

bfioflogy off sacogflossan kflepftopflasfts (Rauch eft afl. 2017b). 

PAM fluoromeftry, however, wfifthouft fthe measuremenft off fthe 

ffracftfion off absorbed fincfidenft flfighft (or absorpftfion cross sec-

ftfion) cannoft provfide absoflufte esftfimaftes off eflecftron ftransporft 

raftes aft PSII and fthus no finfformaftfion dfirecftfly reflaftabfle fto fthe 

quanftfifty off phoftosynftheftficaflfly fixed carbon. Onfly dfirecft  CO2 

fincorporaftfion measuremenfts provfide a readfing fthaft one can 

use fto finfterpreft fthe nuftrfiftfionafl benefift off kflepftopflasft phofto-

synfthesfis, whfich fis surprfisfingfly flow ffor Sacogflossa (Rauch 

eft afl. 2017b). Independenft off fthe mefthod used, fthe caftegorfi-

zaftfion off sacogflossan sflugs finfto dfifferenft fforms off reftenftfion 

(fi.e. LftR versus SftR) shoufld be ftreafted wfifth cauftfion. Many 

ofther ffacftors, such as fthe ffood source (fthfis sftudy, Baum-

garftner and Tofth 2014) or fthe flfighft condfiftfions (Vfiefira eft afl. 

2009), flfikefly finfluence kflepftopflasft flongevfifty more fthan fthe 

sflugs fiftseflff. Thus, aflfthough fthe caftegorfies are heflpffufl, fthey 

mfighft be mfisfleadfing and aflfternaftfive definfiftfions shoufld be 
consfidered fin fthe ffufture.

In E. vfirfidfis, fthe kflepftopflasft-dependenft fixaftfion off 14CO2 
was deftermfined a ffew ftfimes aflready, buft wfifth varyfing resuflfts 

and fin aft fleasft one case hfigher vaflues were measured fin fthe 
dark fthan fin fthe flfighft (Hfinde and Smfifth 1972; Trench and 

Gooday 1973; Trench eft afl. 1973; Hfinde and Smfifth 1975). 

We ffound fthaft kflepftopflasfts off B. hypnofides fix abouft 18 nmofl 

off 14CO2 fin ffreshfly ffed sflugs, buft once deprfived off fthefir 

ffood source, fthfis vaflue dropped sfignfificanftfly wfifthfin fthe firsft 

coupfle off days (Ffig. 4a). These resuflfts are sfimfiflar fto whaft 

was observed ffor ftwo ofther sacogflossan specfies fthaft had ffed 

on A. aceftabuflum (de Vrfies eft afl. 2015). Here, ftoo, 14CO2 

fixaftfion dropped wfifthfin fthe firsft ffew days fto approxfimaftefly 

40% off fthe finfiftfiafl vaflues, beffore a ffurfther decflfine decefler-
afted. Ift mfighft ftake a ffew days beffore sftarvaftfion ftrfiggers a 

change fin fthe sflug’s meftaboflfism and fin how aflso kflepftopflasfts 

are handfled. When ffeedfing on Cfladophora sp., no 14CO2 

fixaftfion was measurabfle, whfich fis consfisftenft wfifth fthe PAM 

fluoromeftry measuremenfts (Ffig. 4) and fthe absence off any 

kflepftopflasfts fin fthe ceflfls off fthe sflug’s dfigesftfive ftracft (Ffig. 5). 

Maybe due fto fthe reftficuflafted parfieftafl morphoflogy off fthe 

pflasftfids fin Cfladophora sp., fthe sflugs are noft abfle fto sequesfter 

finftacft sfingfle pflasftfids fto begfin wfifth. The finfiftfiafl fluorescence 
sfignafls deftecfted flfikefly ftrace back fto ffree chflorophyflfls or fto 

chflorophyflfl sftfiflfl connecfted fto ffragmenfted fthyflakofid mem-

branes, buft noft finftacft pflasftfids.

Symbfiosfis ffor fthe reason off profiftfing ffrom producfts off 

phoftosynfthesfis can be qufifte beneficfiafl ffor an anfimafl hosft. 
In corafls, up fto 95% off fthe ftoftafl energy budgeft sftems ffrom 

fthe phoftoftrophfic symbfionfts such as fthe dfinoflageflflafte Sym-

bfiodfinfium (Muscaftfine eft afl. 1981; Edmunds and Davfies 

1986). Buft fthe sfiftuaftfion fis noft aflways fthaft cflearfly cuft and 

fthe case off fthe endosymbfioftfic aflga Oophfifla ambflysftomaftfis 

(F.D. Lamberft ex N. Wfiflfle, 1909) fthaft resfides fin ceflfls off fthe 

spoftfted Saflamander Ambysftoma macuflaftum (Shaw, 1802) 

(Kerney eft afl. 2011) serves as a good exampfle. Aflfthough 

fthese amphfibfians are someftfimes refferred fto as “soflar safla-

manders” (Peftherfick 2010), fthe endosymbfionfts flfikefly fix no 

carbon ffor fthe anfimafl and mfighft even experfience a meftaboflfic 

shfiffft ffrom phoftoftrophy fto ffermenftaftfion (Burns eft afl. 2017).

From readfing fthe flfifterafture on Sacogflossa—fthe “pho-

ftosynftheftfic sflugs”—one can qufickfly gafin fthe fimpressfion 

fthaft fthese marfine moflfluscs flfive phoftoauftoftrophficaflfly flfike 

a pflanft (Peflfleftreau eft afl. 2012; Rumpho eft afl. 2011; Cruz 

eft afl. 2013; Pfierce eft afl. 2015). Ift appears a kfind off deffauflft 

expecftaftfion regardfing fthe finfteracftfion off a phoftoftroph wfifth 

a hefteroftroph, buft (fi) fthe conftrfibuftfion off kflepftopflasfts fto fthe 

nuftrfiftfion off sea sflugs fis onfly poorfly undersftood and (fifi) a 

comparfison fto fthe afforemenftfioned anfimafl–aflga symbfiosfis 

needs fto be ftreafted wfifth cauftfion. Sacogflossa do noft engage 

fin a symbfiosfis wfifth aflgae, buft onfly sequesfter fthefir pflasftfids. 

Negflecftfing fthese dfifferences ffor now, ffor E. vfirfidfis fift was 

posftuflafted fthaft 36% off fthe phoftosynftheftficaflfly fixed carbon 
fis used by fthe sflugs (Hfinde 1978) and fincorporafted finfto varfi-

ous meftaboflfiftes (Trench eft afl. 1970; Greene and Muscaftfine 
1972; Hfinde 1978). Those numbers, unfforftunaftefly, fteflfl us 

flfiftftfle abouft how much off fthe ftoftafl carbon requfiremenft fis saft-
fisfied by kflepftopflasfts fin LftR Sacogflossa. Recenft caflcuflaftfions 

ffor Eflysfia ftfimfida provfide an esftfimafte fthaft fift fis fless fthan 1% 

(Rauch eft afl. 2017b)—a rafther bfleak esftfimaftfion. Consfider-

fing fthaft fthe quanftfifty off fixed carbon fthaft was measured ffor 

E. vfirfidfis ffeedfing on B. hypnofides fis comparabfle, fift expflafins 
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why E. vfirfidfis fis abfle fto survfive and grow when ffeedfing on 

Cfladophora: carbon fixaftfion off fthe kflepftopflasfts aflone fis noft 

fthe reason fto overcome sftarvaftfion perfiods, aft fleasft fin fthe case 

off fthfis LftR Sacogflossa.

Some Sacogflossa such as Eflysfia chfloroftfica (LftR), E. ftfim-
fida (LftR) or E. cornfigera (SftR) ffeed on a sfingfle aflga spe-

cfies (Chrfisfta eft afl. 2014b; Pfierce eft afl. 2015; de Vrfies eft afl. 

2015), whfifle ofthers such as Pflakobranchus oceflflaftus (LftR), 

Eflysfia crfispafta (LftR) and E. vfirfidfis (SftR/LftR) are poflypha-

gous (Chrfisfta eft afl. 2014b; Baumgarftner eft afl. 2015). Thus, 

ffeedfing on a sfingfle specfies does noft necessarfifly correflafte 

wfifth fthe flong-fterm reftenftfion off kflepftopflasfts as fthe case off 

E. ftfimfida and E. cornfigera fiflflusftraftes (de Vrfies eft afl. 2015). 

The dfifferenft fforms off reftenftfion are maybe assocfiafted wfifth 
ffood prefferences and dfifferences fin habfiftafts (Chrfisfta eft afl. 

2013b; de Vrfies eft afl. 2015). In some geographficafl flocaftfions, 

fthe seasonafl changes are more pronounced fthan fin ofthers: 

E. cornfigera (SftR) has fifts sofle ffood source, Aceftabuflarfia 

crenuflafta, avafiflabfle fthe whofle year round fin fthe Carfibbean, 
whfifle E. ftfimfida (LftR) has fto deafl wfifth seasonafl absence off 

fifts ffood source A. aceftabuflum fin fthe Medfifterranean durfing 

wfinfter (Marín and Ros 1992). However, Cosftasfieflfla ocefl-

flfiffera and Eflysfia crfispafta are bofth LftR specfies, and fthey are 

occurrfing sympaftrfic fin fthe Carfibbean wfifth Eflysfia cornfigera, 

an SftR specfies (Chrfisfta eft afl. 2015), despfifte fthe ffacft fthaft 

fthefir ffood sources are avafiflabfle fthroughouft fthe year. Thus, 

fto whaft degree fthe habfiftaft shapes fthe reftenftfion fform durfing 

fthe evofluftfion off ffuncftfionafl kflepftopflasfty fin Sacogflossa fis sftfiflfl 

eflusfive.

Poflyphagy mfighft aflso depend on fthe abfiflfifty fto adapft fthe 

radufla fto dfifferenft ffood sources flfike shown ffor E. vfirfidfis 

beffore (Jensen 1993), buft fift was aflso shown fthaft juvenfifle E. 

vfirfidfis rafised on Codfium were noft abfle fto swfiftch fto Cflad-

ophora (Trowbrfidge and Todd 2001). Furfther, poflyphagy 

mfighft be flfimfifted fin ofther specfies such as P.  dendr fiftfica due 

fto hfigh energeftfic cosfts fthaft come aflong wfifth swfiftchfing ffood 

(Trowbrfidge 1998). We coflflecfted our specfimens fin fthe fiefld 

ffrom efifther C. ftomenftosum or Cfladophora sp. and observed 

fthaft dependfing on whfich sfingfle ffood source fthey were ffed 

under flaboraftory condfiftfions, fthe raduflae dfiffered (Ffig. 2). 

The raduflae ffrom fthose ffeedfing on Cfladophora sp. and Bry-

opsfis hypnofides showed very sfimfiflar morphoflogfies (fthficker 

and shorft, ftanfto knfiffe-flfike), whfifle raduflae ffrom sflugs ffeedfing 

on C. ftomenftosum (fthfinner and flonger, hawksbfiflfl or ftaflon 
bflade-flfike) dfiffered (Ffig. 2). These dfifferences fin raduflae 

morphoflogy mosft flfikefly reflecft fthe dfifferences fin aflgae mor-
phoflogy: Bryopsfis hypnofides and Cfladophora sp. have eflon-

gafted, flaftftened sfiphons fthaft can probabfly onfly be pfierced 
flafteraflfly, whfifle fthe fthaflflfi off C. ftomenftosum consfisft off severafl 

fiflamenfts fthaft are densefly branched ftowards fthe perfiphery 

where fthey fform fthe uftrficfles. Iff fthese resuflfts reflecft ftrue 

adapftfion fto a specfific sorft off ffood aflga, fthen fift occurred 

wfifthfin fthe perfiod off 4 weeks, fi.e. fthe ftfime beftween sampflfing 

(and fthe ftransffer fto fthe flab and a sfingfle ffood source) and fthe 

fisoflaftfion off fthe raduflae. However, fift remafins fto be shown fiff 

a radufla adapftaftfion mfighft work fin bofth dfirecftfions, fthaft fis, 

ffrom Cfladophora or Bryopsfis fto Codfium, or fiff fthe reduced 

growfing and ffeedfing capacfifty off specfimens ffrom Codfium ffed 
wfifth Cfladophora (Trowbrfidge and Todd 2001) are based on 

ofther ffacftors such as fthe “flearnfing” fto ffeed on a specfific ffood 

source afffter a swfiftch as proposed by Jensen (1989).

Concflusfion

Unraveflflfing fthe reasons off pflasftfid sequesftraftfion fin Saco-
gflossa and fthe conftrfibuftfion off phoftosynfthesfis fto sflug sur-

vfivafl durfing sftarvaftfion fis no easy underftakfing. On fthese 

grounds,  fift  fis  fimporftanft  fto  fidenftfiffy  bofth  sflug  and  aflgae 

specfies fthaft aflflow a comparaftfive anaflysfis fto sysftemaftficaflfly 

fidenftfiffy fthe ffacftors fthaft medfiafte flong-fterm reftenftfion and 
provfide a raftfionafle ffor why pflasftfids are sequesftered fto begfin 

wfifth. Based on PAM fluoromeftry measuremenfts, TE and 

SE mficroscopy, and 14CO2 fincorporaftfion measuremenfts, we 

demonsftrafte fthaft whefther Eflysfia vfirfidfis fis abfle fto fincorpo-

rafte and reftafin kflepftopflasfts, fift depends firsft and fforemosft on 

fthe ffood source. Imporftanftfly, E. vfirfidfis fis abfle fto flfive and 

reproduce fin fthe presence and absence off phoftosynfthesfiz-

fing kflepftopflasfts and can ffurfthermore adapft fifts radufla fto an 

avafiflabfle ffood source wfifthfin weeks. These resuflfts underscore 

fthe compflexfifty off sacogflossan bfioflogy and fthaft fthe conftrfibu-

ftfion off kflepftopflasfts fto fthe physfioflogy off fthe sflugs fis flfikefly 

noft expflafined by phoftosynfthesfis and carbon fixaftfion aflone. 

Through E. vfirfidfis, we have access fto a sysftem fthaft aflflows 

a deftafifled sftudy dedficafted fto comparfing fthe survfivafl rafte 

durfing sftarvaftfion and dependence on fthe ffood source and 

fifts assocfiafted pflasftfid bfioflogy.
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6.		Summary	off	resuflfts	

Parft	 I,	 chapfter	 3.1:	 RNA	 sequencfing	 dafta	 are	 avafiflabfle	 ffor	 severafl	 specfies	 off	 sflugs	

(Rumpho	eft	afl.	2011;	Wägefle	eft	afl.	2010;	Pfierce	eft	afl.	2012	and	de	Vrfies	eft	afl.	2015).	In	

aflfl	cases,	fthe	sequencfing	reads	findficafte	ftranscrfipft	off	flafteraflfly	ftransfferred	genes	(flafterafl	

gene	ftransffer;	LGT)	fthaft	are	cflose	fto	zero.	For	exampfle,	Pfierce	eft	afl.	(2012)	perfformed	

RNA-seq	dafta	anaflyses	off	fthe	flong	fterm	reftenftfion	specfies	Eflysfia	chfloroftfica	and	reporfted	

ftwo	among	fthe	98,238,204	reads	ffor	a	sfingfle	aflgafl	nucflear	gene	fthaft	were	probabfly	fthe	

resuflfts	 off	 LGT.	 In	 reflaftfion	 fto	 fthe	 percenftage	 off	 nucflear	 mRNA	 ftranscrfipft	 flfinked	 wfifth	

phoftosynfthesfis	fin	pflanfts,	whfich	fis	20%	(Bhaflerao	eft	afl.	2013)	as	compared	fto	0.0001%	

fin	 fthe	 here	sftudfied	sflugs.	 de	 Vrfies	 and	 coflfleagues	 (2015)	 sequenced	 fthe	 reads	 ffor	 fthe	

specfies	Eflysfia	cornfigera	and	Eflysfia	ftfimfida	and	fthfis	resuflfted	fin	an	ouftpuft	off	proftfisft	reads	

exceedfing	fthe	reads	off	aflgafl	orfigfin.	Besfides	fthe	aflgafl	reads	decflfined	over	fthe	perfiod	off	

sftarvaftfion	(de	Vrfies	eft	afl.	2015;	Rauch	eft	afl.	2017b).		

Parft	I,	chapfter	3.2:	The	absence	off	aflgae	genes	fin	fthe	sflugs’	nucflear	genome	quesftfioned	

fthe	 phoftosynftheftfic	 abfiflfifty	 off	 fthe	 ‘crawflfing	 fleaves’.	 By	 comparfing	 fthe	 CO2	fffixaftfion	 dafta	

ffrom	 fformer	 sftudfies	 fthe	 percenftage	 off	 carbon	 conftrfibuftfion	off	 fthe	 kflepftopflasfts	fto	 fthe	

sflugs	were	caflcuflafted	(Rauch	eft	afl.	2017a).	The	exampfle	specfies	used	here,	E.	ftfimfida,	has	

on	 average	deveflopmenftafl	 ftfime	 off	 84	 days	 (Schmfiftft	 eft	 afl.	 2014).	 Durfing	 fthaft	 ftfime	 fthe	

fincorporafted	 kflepftopflasfts	 conftrfibufte	 abouft	 1%	 fto	 fthe	 overaflfl	 sflugs’	 carbon	 (540	 ng	 off	

carbon	a	day	or	0.01%	off	ftoftafl	carbon)	(fffigure	6.11;	Chrfisfta	eft	afl.	2014b).	Incfludfing	fthe	

sfize	off	E.	ftfimfida	(0.5%)	and	fthe	carbon	fturnover	rafte	off	12-days	(van	der	Zanden	eft	afl.	

2015),	 fift	 fturns	 ouft	 fthaft	roughfly	 0.25%	 carbon	fis	 conftrfibufted	 by	fthe	 CO2	fffixaftfing	

kflepftopflasfts	(fffigure	6.12).	

Ffigure	 6.11.	 CO2	fffixaftfion	 dafta	 off	 fthe	

LftR	 specfies	 Eflysfia	 ftfimfida	 and	

Pflakobranchus	oceflflaftus	 (Chrfisfta	 eft	

afl.	 2014b).	For	E.	 ftfimfida	fthfis	 reads	

roughfly	30	nmofl	14CO2	fincorporaftfion	fin	

2	hours	ffor	ffour	anfimafls.	Thfis	ftransflaftes	

finfto	45	nmofl	C	per	anfimafl,	whfich	fis	540	

ng	off	Carbon	per	12	hour-dayflfighft	days	

(Rauch	eft	afl.	2017a).	
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7.		Concfludfing	remarks	

Parft	 I,	 chapfter	 3.1:	 The	 RNA	 sequencfing	 resuflfts	 off	Eflysfia	chfloroftfica,	Eflysfia	ftfimfida	and	

Eflysfia	cornfigera	(Pfierce	eft	afl.	2012;	de	Vrfies	eft	afl.	2015)	resuflfted	fin	sequencfing	reads	off	

aflgae	flafterafl	gene	ftransffer	(LGT)	orfigfin	cflose	fto	zero.	Furfthermore,	fthe	sflugs	coflflecfted	

and	anaflysed	are	ffrom	fthe	wfifld	and	kepft	fin	open	aquarfia	wfifth	fthefir	aflgae	ffood	source;	

fthe	 sflugs	 are	 everyfthfing	 excepft	 axenfic.	 These	 ffacftors	 pofinft	 cflearfly	 ftowards	 a	 resuflft	 off	

conftamfinaftfion	 rafther	 fthan	 prooff	 off	 LGT.	 The	 52	 genes	 descrfibed	 by	 Pfierce	 and	

coflfleagues	 (2012),	 fiff	 ftransfferred	 fto	 fthe	 sflugs’	 nucflear	 genome,	 are	 expressed	 200,000	

ftfimes	flower	fthan	fthe	mfinfimum	needed	ffor	phoftosynfthesfis	(Bhaflerao	eft	afl.	2003;	Pfierce	

eft	 afl.	 2012;	Rauch	eft	 afl.	 2015).	 Anofther	 sftudy	 off	 fthe	 same	 specfies	 (E.	chfloroftfica;	

Bhaftftacharya	eft	afl.	2013)	flfikewfise	ffound	no	evfidence	off	aflgafl	LGT	fto	fthe	sflugs’	genome.	

These	resuflfts	expflafin	fthaft	fthere	are	no	flafteraflfly	ftransfferred	genes	off	aflgae	orfigfin	fin	fthe	

sflugs’	nucflear	genome	(Rauch	eft	afl.	2015).		

Parft	 I,	 chapfter	 3.2:	 The	 prevfious	 chapfter	 goes	 ftogefther	 wfifth	 fthe	 observaftfion	 fthaft	 fthe	

sflugs	 are	 noft	 phoftoauftoftrophfic	 when	 fift	 comes	down	 fto	 fthe	 carbon	 conftrfibuftfion	 off	 fifts	

kflepftopflasft;	a	mere	0.25%	off	carbon	(Rauch	eft	afl.	2017a).	Thfis	very	weflfl	expflafins	why	

pflasftfid-harbourfing	sflugs	have	been	observed	fto	flose	wefighft	fin	fthe	flfighft	aft	fthe	same	rafte	

as	fin	fthe	dark	or	when	chemficaflfly	finhfibfifted	durfing	sftarvaftfion	(Chrfisfta	eft	afl.	2014b).	Ift	

seems	 fthaft	 fthe	research	ffocus	 on	 fthe	 phoftosynftheftfic	 capacfifty	 off	 fthe	 kflepftopflasfts	 and	

fthefir	conftrfibuftfion	as	a	source	off	carbon	fis	graduaflfly	changfing.		

Parft	 II,	 chapfter	 4.1:	 Sftarvaftfion	 finvoflves	 more	 fthan	 jusft	 fthe	 kflepftopflasfts;	sfince	 fift	 was	

observed	fthaft	fthe	gene	expressfion	off	fthe	oxfidaftfive	phosphoryflaftfion	(OXPHOS)	pafthway	

fin	some	sflug	specfies	fis	befing	upreguflafted	durfing	sftarvaftfion	(de	Vrfies	eft	afl.	2015;	Rauch	

eft	afl.	2017b).	Thfis	pofinfts	ftowards	kflepftopflasfts	fthaft	coufld	ffuncftfion	as	an	exftra	source	off	

reducfing	 equfivaflenfts	 or	as	an	 exftra	 source	off	ceflfl	sfignaflflfing	reacftfive	 oxygen	 specfies	

(ROS).	Ift	seems	fthaft	E.	ftfimfida	fis	abfle	fto	recognfize	ROS	off	bofth	fthe	kflepftopflasfts	and	fifts	

own	 mfiftochondrfia.	 Afffter	 recognfiftfion	 fift	efifther	caftaflases	fthe	 ROS	and/or	reacfts	 by	

fincreasfing	 fthe	proftefin	 fturn	 over	 off	fifts	OXPHOS	 pafthways,	 whfich	 on	 fifts	 fturn	resuflfts	 fin	

reduced	ROS	producftfion	by	fthe	mfiftochondrfia.	By	conftroflflfing	eflevafted	ROS	flevefls	caused	

by	sftress,	E.	ftfimfida	fis	fthereffore	abfle	fto	endure	ceflfluflar	sftarvaftfion	flonger	fthan	fifts	sfisfter	

specfies	E.	cornfigera	(de	Vrfies	eft	afl.	2015;	Rauch	eft	afl.	2017b).		
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Parft	II,	chapfter	4.2:	Wfifth	fthe	mosft	recenft	sftudy,	fift	was	observed	how	fthe	sea	sflug	Eflysfia	

vfirfidfis	fis	 onfly	 abfle	 fto	 fincorporafte	 pflasftfids	 dependfing	 on	 fthe	 aflgae	 ffood	 source	 fift	

consumes.	 When	 ffeedfing	 on	Cfladophora	sp.	 no	 Fv/Fm	 and	 CO2	fffixaftfion	 vaflues	 were	

deftecfted.	Thfis	was	flafter	confffirmed	by	fthe	use	off	ftransmfissfion	eflecftron	mficroscopy;	no	

kflepftopflasfts	 ffrom	Cfladophora	sp.	 were	 observed.	 Whfich	 made	fift	 cflear	 fthaft	E.	vfirfidfis	fis	

unabfle	 fto	 sequesfter	 pflasftfids	 ffrom	Cfladophora	sp.	 Thfis	 makes	 fift	 fthe	 fffirsft	 sacogflossan	

specfies	 fthaft	 fis	 abfle	 fto	 survfive	 and	 proflfifferafte	 wfifth	 and	 wfifthouft	 kflepftopflasfts.	 These	

resuflfts	 show	 fthaft	 fthe	 reason	 ffor	 fthe	 sequesftraftfion	 off	 ffuncftfionafl	 kflepftopflasfts	 fis	 noft	

expflafined	by	phoftosynfthesfis	and	carbon	fffixaftfion	aflone	(Rauch	eft	afl.	2018).		

The	afim	off	fthfis	dfisserftaftfion	was	fto	(fi)	finvesftfigafte	whaft	fthe	kflepftopflasft	conftrfibuftfions	are	

fto	mafinftafin	phoftosynftheftficaflfly	acftfive	and	(fifi)	address	fthe	quesftfion	off	whaft	benefffifts	fthe	

sflugs	reap	ffrom	fthe	kflepftopflasfts.	The	fffirsft	chapfter	presenfted	a	generafl	finftroducftfion	fto	

fthe	ftopfic	(chapfter	2,	de	Vrfies	eft	afl.	2014a),	fincfludfing	a	dfiscourse	concernfing	fthe	many	

mfisconcepftfions	finherenft	 fto	fthe	 ftopfic	 when	 fift	 comes	 fto	 LGT.	The	 ffoflflowfing	 chapfter	

demonsftrafted	 fthaft	onfly	 0.25%	off	 fthe	 carbon	 needs	 off	 fthe	 sflugs	are	 saftfisfffied	 by	 CO2	

fffixaftfion	fin	kflepftopflasfts	(chapfter	3,	Rauch	eft	afl.	2015;	Rauch	eft	afl.	2017a).		

The	 flasft	 chapfter	 off	 fthe	 dfisserftaftfion	deaflft	 wfifth	fthe	 possfibfle	 conftrfibuftfions	 off	 fthe	

kflepftopflasfts	fto	 fthe	 bfioflogy	 off	 fthe	 sflugs	 (chapfter	 4,	 Rauch	 eft	 afl	 2017b)	by	 comparfing	

mRNA	 ftranscrfipft	 abundance	 under	 dfifffferenft	 physfioflogficafl	 condfiftfions.	Ift	 was	observed	

fthaft	fthe	 sflugs’	 capabfiflfifty	 fto	 reduce	 ROS	 by	 fincreasfing	 proftefin	 fturnover	 off	 fifts	 OXPHOS	

pafthway	 resuflfted	 fin	 a	 flonger	 flfiffespan	 durfing	 sftarvaftfion.	 In	 fthfis	 flasft	 chapfter	 fift	 fis	 aflso	

shown	fthaft	fthe	poflyphagous	specfies	Eflysfia	vfirfidfis	fis	abfle	fto	flfive	and	proflfifferafte	wfifthouft	

fincorporafted	kflepftopflasfts.	Taken	ftogefther	fthe	fffindfings	off	fthfis	dfisserftaftfion	suggesft	fthaft	

ffuncftfionafl	kflepftopflasfty	off	fthe	Sacogflossa	durfing	sftarvaftfion	fis	noft	a	necessfifty	ffor	survfivafl	

(Rauch	eft	afl,	2018).	

For	ffufture	sftudfies,	fift	fis	fimporftanft	fto	ffocus	on	new	specfies	fin	comparfison.	Specfies	such	

as	E.	vfirfidfis,	whfich	onfly	fincorporaftes	kflepftopflasfts	fin	a	ffood	source	dependenft	manner,	

show	cflear	dfifffferences	fto	specfies	such	as	E.	cornfigera	and	E.	ftfimfida,	whfich	ffeed	on	fthe	

same	 pflasftfids	and	sequesfter	 fthem	 as	 kflepftopflasfts.	Sacogflossa	are	 ffascfinaftfing,	 buft	

ftherefin	flfies	a	rfisk:	The	sfighft	off	a	beauftfiffufl	anfimafl	fffiflfled	wfifth	brfighft	green	finftacft	pflasftfids	

makes	one	wanft	fto	beflfieve	fthey	are	phoftosynftheftfic.	Buft	we	have	fto	remafin	crfiftficafl,	noft	
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fthe	 fleasft	 ftowards	 our	 own	 observaftfions	 and	 fthe	 ftempftaftfion	 fto	 draw	 sensaftfionafl	

concflusfions,	because	fin	scfience	sftfiflfl	ftoday	fthe	concflusfion	need	fto	be	supporfted	by	fthe	

dafta.		
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