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Abstract	
	

Photosynthesis	was	first	observed	being	performed	by	sacoglossan	slugs	in	the	1960’s.	
However,	 there	 is	still	 little	known	about	 the	cellular	processes	 that	give	sacoglossans	
their	unique	photosynthetic	ability.	In	the	past	few	decades	the	literature	written	about	
photosynthesis	 in	 sacoglossans	has	been	contradictory	 regarding	whether	or	not	 they	
are	 able	 to	 photosynthesize	 at	 all,	 and	whether	 this	 is	 an	 example	 of	 horizontal	 gene	
transfer	between	the	sacoglossans	and	their	algal	food	source.		The	goal	of	this	paper	is	
to	 analyze	 existing	 literature	 on,	 and	 determine	 whether	 sacoglossans	 benefit	 from	
photosynthesis	and	if	it	is	an	example	of	horizontal	gene	transfer.	This	paper	examines	
literature	on	six	sacoglossan	species	and	the	impacts	photosynthesis	has	on	them.	These	
impacts	 include;	 change	 in	weight	 during	 starvation,	 survival	 rates,	 yield	 of	 offspring,	
and	 the	 influence	 of	 non-native	 algal	 food	 sources.	 Past	 sacoglossan	 research	 has	
focused	on	 three	or	 fewer	 species	 at	 a	 time.	Lack	of	 comparison	between	 species	 and	
lack	of	data	compilation	caused	the	benefits	of	photosynthesis	to	sacoglossans	not	to	be	
apparent.	 The	 benefits	 of	 photosynthesis	 become	 clear	 after	 data	 compilation,	 which	
shows	that	there	is	variation	of	photosynthetic	abilities	between	sacoglossan	species.	In	
those	 sacoglossans	 that	 can	 photosynthesize	 it	 has	 been	 shown	 that	 they	 maintain	
plastids	 from	 their	 algal	 food	 source	 and	 that	 their	 photosynthetic	 abilities	 are	 an	
example	of	horizontal	gene	transfer.		

	
1.	Introduction	
	
Sacoglossan	(sap-sucking	sea	slugs)	are	unique	organisms	in	the	animal	kingdom	because	they	
are	the	only	animals	able	to	perform	photosynthesis	similar	to	that	found	in	plants.	
Sacoglossan	species	are	able	to	take	in	plastids	from	their	algal	food	source	and	incorporate	
them	into	their	digestive	tract,	which	allows	them	to	perform	a	kind	of	photosynthesis	called	
kleptoplasty.	Once	the	plastid	is	incorporated	into	the	digestive	tract	it	is	referred	to	as	a	
kleptoplast.	Researchers	believe	that	sacoglossans	ability	to	maintain	functioning	kleptoplasts	
is	a	result	of	horizontal	gene	transfer	between	the	sacoglossan	and	their	algal	food	source,	
which	gives	the	sacoglossan	the	ability	to	produce	the	enzymes	and	proteins	essential	to	
maintain	the	kleptoplast	(Pierce	2015).	Horizontal	gene	transfer	is	the	transfer	of	genes	
between	organisms	of	different	species	as	opposed	to	genes	that	are	inherited	through	the	
reproduction	of	one	species.		
	
Many	evolutionists	believe	that	horizontal	gene	transfer	is	how	early	life	forms	evolved	on	
earth.	Horizontal	gene	transfer	in	Achaea	and	Bacteria	has	been	observed	in	modern	times	
(Stefano	2015).	However,	it	was	believed	that	eukaryotic	organisms	had	lost	the	ability	to	
perform	gene	transfer	between	organisms,	until	the	discovery	of	kleptoplasty	in	sacoglossans	
(Pierce	2015).	Understanding	how	more	complex	forms	of	life	perform	horizontal	gene	
transfer	can	impact	all	branches	of	biology.	Failure	to	study	the	benefit	of	kleptoplasty	could	
lead	scientists	to	miss	opportunities	to	better	understand	early	evolutionary	history	on	earth.	



C.	Beck	\	Oceans	First,	Issue	4,	2017,	pgs.	1-8	 2	

A	better	understanding	of	horizontal	gene	transfer	and	the	processes	required	for	one	
organism	to	take	on	the	cellular	processes	of	another	could	also	change	the	fields	of	genetics	
and	cellular	biology.		
	
Although	the	scientific	community	has	largely	accepted	kleptoplasty	since	the	1960s,	recent	
studies	have	questioned	whether	sacoglossan	species	benefit	from	or	perform	kleptoplasty	at	
all.	There	have	been	multiple	studies	on	different	sacoglossan	species	to	see	how	the	slugs	
benefit	from	kleptoplasty.	Most	of	these	studies	found	that	kleptoplasty	does	not	help	
sacoglossan	species	maintain	weight	in	times	of	starvation	and	therefore	concluded	that	all	
sacoglossan	species	either	do	not	benefit	from	or	do	not	perform	kleptoplasty	at	all	(Gregor	
2013).	However,	these	studies	used	small	sample	sizes	with	only	a	few	sacoglossan	and	algal	
species.	Almost	all	of	the	studies	based	their	conclusions	on	the	benefit	of	kleptoplasty	in	
regards	to	weight	gain/retention	instead	of	looking	at	other	benefits	such	as	survival	or	
reproductive	success.		
	
Different	sacoglossan	species	are	separated	geographically	so	it	is	often	hard	to	study	more	
than	one	species	at	a	time.	Each	species	also	feeds	on	a	different	algal	species	from	their	native	
location.	It	has	not	been	determined	whether	the	species	of	algae	could	have	an	influence	on	
kleptoplasty.	Although	there	have	been	many	studies	of	how	kleptoplasty	effects	individual	
sacoglossan	species	there	have	been	very	few	instances	where	two	or	more	species	are	
compared.	There	has	also	only	been	one	study	on	a	sacoglossan	species	that	spans	over	
multiple	generations	and	focuses	on	other	benefits	of	kleptoplasty	such	as	benefit	on	
reproductive	success	(Schmitt	2014).	
	
The	purpose	of	this	paper	is	to	determine	the	benefit	kleptoplasty	has	on	six	sacoglossan	
species,	discuss	why	some	of	these	sacoglossan	species	are	better	at	maintaining	kleptoplasts	
than	others,	and	highlight	areas	of	future	research.	This	will	be	done	by	reviewing	the	
methods,	data,	and	conclusions	used	to	research	the	effect	kleptoplasty	has	on	survival,	weight	
retention,	and	reproductive	success	of	six	sacoglossan	species.		
	
2.	E.	timida,	P.	ocellatus	&	E.	trisunata		grown	under	different	light	conditions	during	
starvation	
	
Specimens	of	the	sacoglossan	species	E.	timida,	P.	ocellatus,	and	E.	trisunata	were	collected	
for	experiments	that	measured	weight	change	during	times	of	starvation	under	different	
levels	of	light	(Gregor	2013	&	Yamamoto	2012).	E.	timida	and	P.	ocellatus	specimens	were	
starved	for	50	days	with	two	slugs	in	high,	medium,	and	low	light	environments	for	both	
species.	After	a	50-day	period	all	specimens	had	declined	in	weight	regardless	of	the	
amount	of	light	they	received	(Gregor	2013).	However,	the	specimens	left	in	the	dark	
experienced	a	more	linear	descent	in	mass	while	the	specimens	kept	in	light	environments	
maintained	their	weight	for	five	days	before	a	sudden	drop	and	then	losing	mass	linearly	
similar	to	the	specimens	kept	in	the	dark	(Gregor	2013).		

Gregor	and	associates	concluded	that	kleptoplasts	must	be	a	stored	food	source	
rather	than	a	source	of	kleptoplasty	in	these	species	because	all	specimens	lost	mass	
regardless	of	their	light	environment.	This	experiment	also	found	that	when	slugs	were	
kept	in	the	dark	they	fixed	87%	less	CO2	than	when	left	in	light	conditions	(Gregor	2013).	
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A	21-day	experiment	was	done	on	E.	trisunata	specimens	that	were	starved	and	kept	in	the	
light	or	dark	conditions	(Yamamoto	2012).	Similar	to	the	experiment	by	Gregor	(2013)	this	
experiment	showed	individuals	in	the	light	maintaining	their	weight	for	seven	days	before	
a	rapid	drop	in	mass	followed	by	linear	descent	similar	to	individuals	kept	in	the	dark	
(Yamamoto	2012).	This	research	concluded	that	since	E.	trisunata	lost	mass	regardless	of	
the	amount	of	light	it	received	it	does	not	benefit	from	kleptoplasty.			
	
Although	specimens	under	both	light	and	dark	conditions	experienced	similar	patterns	of	
weight	loss	the	sacoglossans	that	were	kept	in	the	dark	experienced	their	sudden	weight	
drop	faster	than	those	in	lighted	conditions.	This	suggests	that	the	sacoglossans	that	were	
kept	in	lit	environments	maintained	their	mass	because	of	their	kleptoplasts.	When	
compared	to	other	sacoglossan	species	like	E.	chlorotica	that	can	maintain	weight	for	4	
months	during	starvation	it	may	seem	that	E.	timida,	P.	ocellatus,	and	E.	trisunata	do	not	
share	the	ability	to	perform	kleptoplasty	(Green	2000).	However,	the	longevity	of	
kleptoplasty	that	can	be	performed	during	starvation	and	the	sudden	weight	loss	in	these	
species	when	compared	to	E.	chlorotica	can	be	explained	by	natural	variation	between	
species.		
	
3.	Survival	rates	of	E.	atroviridis	and	E.	trisinuata	in	light	and	dark	conditions	when	
fed	or	starved	
	
Akimoto	(2014)	compared	specimens	of	both	E.	atroviridis	and	E.	trisinuata	under	light	and	
dark	conditions	during	times	of	starvation	and	non-starvation	over	a	16-day	period	with	
different	algal	food	sources.	This	research	found	that	survival	rate	was	up	to	40%	higher	in	
both	species	when	fed	and	kept	in	light	conditions,	and	specimens	that	were	starved	had	
similar	survival	rate	regardless	of	the	light	condition	they	were	kept	in	(Akimoto	2014).	
Over	the	16	day	period	both	specimens	that	were	fed	in	the	dark	lost	up	to	50%	of	their	
weight	when	compared	to	specimens	that	were	fed	in	light	environments	(Akimoto	2014).	
There	was	also	no	statistical	difference	between	any	of	the	groups	who	were	fed	different	
food	sources.	This	experiment	concluded	that	the	presence	of	light	had	positive	effects	on	
survival	and	weight	maintenance	of	both	E.	trisinuata	and	E.	atrovirdis.		
	
This	experiment	shows	that	kleptoplasty	is	required	to	maintain	sacoglossans.	
Sacoglossans	depend	equally	on	algae	and	light	to	sustain	them.	If	kleptoplasts	were	only	a	
stored	food	source	as	suggested	by	Gregor	et	al	(2013)	the	sacoglossans	would	not	require	
light	to	benefit	from	the	kleptoplasts.	Instead,	the	sacoglossans	require	light	because	light	
is	required	for	kleptoplasts	to	perform	kleptoplasty.	It	is	just	as	bad	for	sacoglossans	to	be	
fed	and	kept	in	the	dark	as	it	is	for	them	to	be	starved	and	kept	in	the	light	(Akimoto	2014).	
	
4.	E.	clarki	chlorophyll	concentration	during	starvation	
	
Every	2	weeks	samples	from	starved	E.	clarki	specimens	went	through	chromatography,	
which	is	a	process	that	uses	light	waves	to	detect	substance	concentration.	The	
concentrations	of	chlorophyll	A	and	B	were	tested	every	2	weeks	over	a	14-week	period.	
This	research	showed	that	E.	clarki	retained	production	of	both	chlorophyll	A	and	B	for	two	
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weeks	before	a	significant	drop.	After	this	drop	chlorophyll	production	slowed	until	there	
was	no	chlorophyll	production	by	week	14	(Middlebrooks	2012).	Middlebrooks	and	
associates	concluded	that	E.	clarki	is	able	to	maintain	chloroplasts	for	longer	than	other	
sacoglossan	species,	and	that	chlorophyll	production	would	not	have	stopped	if	the	E.	clarki	
had	a	constant	source	of	algae	to	eat	and	perform	horizontal	gene	transfer	with	
(Middlebrooks	2012).	
	
The	research	by	Middlebrooks	et	al	(2012)	shows	that	a	constant	intake	of	algae	is	needed	
to	maintain	functioning	kleptoplasts.	During	starvation	sacoglossans	are	deprived	of	the	
enzymes	and	proteins	from	their	algal	food	source	that	are	required	for	kleptoplast	
maintenance.	Without	algae	the	production	of	chlorophyll	A	and	B	is	maintained	for	a	short	
amount	of	time	before	a	sudden	drop.	Although	the	amount	of	time	varies	between	species	
the	sudden	drop	in	chlorophyll	production		
Is	similar	to	the	sacoglossans	sudden	loss	of	weight	in	the	research	done	by	Gregor	et	al	
(2013)	and	Yamamoto	et	al	(2012).		
	
5.	E.	chlorotica	and	horizontal	gene	transfer	
	
A	nine-month	study	looked	at	the	relationship	between	E.	chloroticas	ability	to	maintain	
kleptoplasty	and	its	algal	food	source	V.	litorea.	Juvenile	E.	chlorotica	specimens	were	kept	
in	a	laboratory	culture	and	fed	V.	litorea	for	1	month,	which	was	then	followed	by	an	8-
month	starvation	period	until	they	reached	maturity.	Every	month	a	specimen	was	frozen	
and	samples	from	these	specimens	were	used	to	perform	DNA	spectroscopy.	The	DNA	
spectroscopy	found	that	juvenile	E.	chlorotica	shared	no	similar	genetic	sequences	with	V.	
litorea	and	therefore	did	not	contain	the	genes	required	to	produce	the	enzymes	or	
proteins	required	to	maintain	kleptoplasts.	However,	after	the	juvenile	E.	chlorotica	fed	on	
V.	litorea	for	a	month	the	two	species	showed	similar	DNA	sequences.	As	the	E.	chlorotica	
ate	V.	litorea	they	gained	the	DNA	sequences	for	kleptoplast	maintenance	through	
horizontal	gene	transfer	(Green	2000).	Horizontal	gene	transfer	allowed	E.	chlorotica	to	
maintain	fully	functional	kleptoplasts	for	4	months	and	partially	functioning	kleptoplasts	
for	up	to	9	months.	After	nine	months	there	was	mass	mortality	in	the	E.	chlorotica	
suggesting	that	they	lost	their	ability	to	maintain	their	kleptoplasts.	The	conclusion	of	this	
study	was	that	genes	were	transferred	from	V.	litorea	to	E.	chlorotica	after	ingestion	and	
that	is	why	E.	chlorotica	is	able	to	maintain	functioning	kleptoplasts	over	a	9-month	period	
(Green	2000).	
	
This	research	shows	that	a	constant	source	of	algae	is	required	for	horizontal	gene	transfer,	
which	is	used	to	maintain	kleptoplasts.	Althrough	E.	chlorotica	can	maintain	kleptoplasts	
for	many	months	due	to	horizontal	gene	transfer	with	V.	litorea	other	sacoglossans	such	as	
E.	timida,	P.	ocellatus,	and	E.	trisunata	maintain	kleptoplasts	for	shorter	amounts	of	time.	
This	could	be	due	to	species	variation,	or	the	difference	in	natural	food	sources.	
	
6.	Reproductive	success	of	E.	timida	due	to	different	food	sources	
Over	250	days	Schmitt	et	al	raised	three	generations	of	E.	timida	that	were	separated	into	
four	groups	with	different	feeding	conditions.	Figure	1	outlines	the	full	life	cycle	of	one	
generation	of	E.	timida	feeding	on	their	natural	food	source,	A.	acetabulum.	The	second	
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group	of	E.	timida	was	starved,	and	the	last	two	groups	fed	on	V.	litorea	and	C.	verticillata	
respectively.	V.	litorea	and	C.	verticillata	were	chosen	because	they	are	the	natural	food	
source	of	E.	chlorotica	and	E.	clarki	who	maintain	functional	kleptoplasts	from	14	weeks	up	
to	9	months,	which	is	longer	than	most	sacoglossan	species	(Schmitt	2014).	
	
Although	V.	litorea	and	C.	verticillata	are	responsible	for	increased	kleptoplast	function	in	
other	sacoglossan	species	it	was	found	that	E.	timida	that	were	fed	A.	acetabulum	as	
juveniles	had	a	higher	survival	rate	when	compared	to	individuals	that	fed	on	their	non-
native	food	source	(Schmitt	2014).	When	given	the	choice	between	two	algal	species	
juvenile	E.	timida	fed	on	A.	acetabulum.	Over	three	generations	the	E.	timida	who	fed	off	of	
A.	acetabulum	had	faster	rates	of	maturation,	higher	survival	rates	during	starvation,	and	
an	increase	in	offspring	yield	from	eggs	(Schmitt	2014).	The	higher	overall	health	of	E.	
timida	when	fed	on	A.	acetabulum	shows	that	the	algal	food	source	has	an	effect	on	the	
survival	of	the	sacoglossans	and	could	impact	the	longevity	of	kleptoplast	maintenance	and	
therefore	kleptoplasty.	Although	E.	timida	showed	many	positive	benefits	from	feeding	on	
A.	acetabulum,	there	was	no	noticeable	change	in	the	lifespan	of	E.	timida	as	a	result	of	food	
source	except	for	during	starvation	(Schmitt	2014).	
	
Schmitt	and	colleagues	concluded	that	although	food	source	does	not	impact	the	lifespan,	E.	
timida	does	benefit	from	performing	kleptoplasty.	These	benefits	include	but	are	not	
limited	to;	increased	reproductive	success,	survival	during	times	with	low	food	availability,	
and	faster	maturation.		
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7.	Conclusion	
	
After	compiling	and	comparing	different	studies	it	is	clear	that	determining	the	benefit	that	
kleptoplasty	has	on	the	sacoglossan	species	reviewed	in	this	paper	requires	a	more	in	
depth	understanding	of	each	species	ability	to	maintain	kleptoplasts.	Initially	sacoglossan	
weight	loss	during	starvation	regardless	of	light	conditions	makes	it	difficult	to	understand	
how	sacoglossans	benefit	from	kleptoplasty.		
	
Although	there	is	variability	between	the	amounts	of	time	each	species	is	able	to	maintain	
kleptoplasts	it	is	likely	that	each	species	decrease	in	survival	rate	during	times	of	starvation	
can	be	attributed	to	the	loss	of	their	algal	food-source.	Without	the	algae,	which	are	their	
source	of	horizontal	gene	transfer,	sacoglossans	cannot	maintain	kleptoplasts	and	
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therefore	lose	their	ability	to	perform	kleptoplasty	(Middlebrooks	2012,	Akinmoto	2014,	
Gregor	2013,Yamamoto	2012,	Green	2000).	 	
	
Sacoglossan	species	that	are	able	to	maintain	functional	kleptoplasts	for	long	periods	of	
time	produce	essential	proteins	and	enzymes	for	kleptoplast	maintenance,	which	makes	
horizontal	gene	transfer	an	essential	aspect	of	kleptoplasty	(Green	2000).		Although	
requiring	further	research	it	appears	that	algal	species	has	an	effect	on	the	longevity	of	
kleptoplasty	as	well	as	impacting	development	and	yield	of	offspring	(Schmitt	2014).	
	
When	studied	individually	the	benefit	of	kleptoplasty	on	sacoglossans	is	not	immediately	
apparent	due	to	the	variation	in	the	amount	of	time	the	sacoglossans	can	maintain	
functional	kleptoplasts.	However,	when	the	results	from	each	study	are	compiled	it	is	clear	
that;	horizontal	gene	transfer	is	required	to	maintain	kleptoplasts	(Pierce	2015),	different	
species	are	better	at	performing	horizontal	gene	transfer	resulting	in	greater/lesser	ability	
to	maintain	kleptoplasts	in	different	species	(Green	2000),	there	is	a	decrease	in	survival	
rates	when	sacoglossans	are	prevented	from	acquiring	kleptoplasts	(Middlebrooks	2012),	
and	there	is	a	positive	influence	on	reproductive	success	when	sacoglossans	have	
kleptoplasts	and	are	performing	kleptoplasty	(Schmitt	2014).	
	
In	conclusion	kleptoplasty	is	beneficial	to	sacoglossan	species	survival,	and	requires	
horizontal	gene	transfer.	To	better	understand	the	phenomenon	of	kleptoplasty	and	
horizontal	gene	transfer	future	studies	should	focus	on	the	genetic	differences	between	
species	such	as	E.	chlorotica,	which	can	maintain	kleptoplasts	for	months	(Green	2000),	
and	E.	trisinuata,	which	can	maintain	kleptoplasts	for	only	a	few	days	(Yamamoto	2012).	
Pairing	up	sacoglossan	species	with	non-native	algal	food	sources	could	also	help	
researchers	understand	why	some	species	are	able	to	maintain	chloroplasts	for	so	much	
longer	than	others	(Schmitt	2014).	
	
Understanding	what	genetically	makes	one	species	more	successful	in	performing	
horizontal	gene	transfer	as	to	maintain	production	of	essential	proteins	and	enzymes	for	
maintenance	of	foreign	organelles	could	give	researchers	a	better	understanding	of	cellular	
process,	genetics,	and	the	early	evolutionary	tree.	
Researchers	focusing	on	ecology	should	tend	away	from	measuring	the	weight	change	of	
sacoglossans	in	regard	to	the	benefit	that	kleptoplasty	has	and	should	instead	look	into	the	
social	behaviors	that	kleptoplasty	affects	as	well	as	reproductive	success.	A	study	of	the	
benefits	of	kleptoplasty	would	also	be	improved	by	conducting	experiments	in	the	field	
rather	than	in	the	laboratory.	Research	focusing	on	how	kleptoplasty	affects	sacoglossans	
interaction	with	other	organisms	in	their	ecosystem	could	provide	more	evidence	of	the	
evolutionary	benefits	that	kleptoplasty	and	horizontal	gene	transfer	have	on	survival.		
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