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Summary	

	

Several	heterokont	algae	have	emerged	as	model	organisms,	due	to	their	ability	

to	produce	and	store	large	amounts	of	lipids,	which	are	of	interest	as	a	resource	

for	fuel	and	food	production.	The	photosynthetic	machineries	of	heterokont	

algae	are,	however,	not	as	well	understood	as	the	ones	of	their	plant	and	green	

algal	counterparts.	

One	part	of	this	thesis	reviews	lipid	metabolism	in	heterokont	algae	and	

develops	a	computational	model	to	explore	and	compare	chloroplast	lipid	

metabolism	in	the	heterokont	algae	Nannochloropsis	and	Phaeodactylum,	and	in	

the	green	alga	Chlamydomonas.	This	chloroplast	model	also	includes	a	detailed	

representation	of	the	photosynthetic	electron	transport	chain	and	carbon	

fixation.	

The	main	focus	of	the	thesis	is	the	exploration	of	the	photosynthetic	machinery	

of	the	heterokont	algae	Nannochloropsis	and	Phaeodactylum	using	chlorophyll	

fluorescence	techniques.		

The	results	indicate	that	the	photosynthetic	machinery	of	the	investigated	

heterokont	algae	is	tuned	fundamentally	differently	than	in	green	algae	and	

plants.	In	heterokont	algae,	pulses	of	light	that	exceed	the	light	intensity	of	

maximum	sunlight	do	not	provoke	a	complete	reduction	of	the	photosynthetic	

electron	transport	chain.	The	reduction	state	of	the	photosynthetic	electron	

transport	chain	modulates	the	distribution	of	excitation	energy	between	the	two	

photosystems	in	plants	and	green	algae.	However,	this	tuning	response	termed	a	

state	transition,	has	not	been	identified	in	heterokont	algae.	Having	revealed	

that	the	photosynthetic	machinery	of	heterokont	algae	is	not	completely	

reduced	by	bright	light,	I	manipulated	the	photosynthetic	machinery	of	

Nannochloropsis	oceanica	and	Phaeodactylum	tricornutum	by	oxygen	depletion	

and	the	application	of	inhibitors	to	achieve	a	completely	reduced	photosynthetic	

electron	transport	chain.	These	studies	demonstrate	a	redistribution	of	

excitation	energy	that	appears	to	be	redox-mediated.	To	demonstrate	the	

dynamic	distribution	of	excitation	energy	in	heterokont	algae,	chlorophyll	

fluorescence	emission	at	77	K	was	used,	a	technique	that	also	I	specifically	

reviewed	for	heterokont	algae.		
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The	work	presented	in	this	thesis	contributes	significantly	to	the	understanding	

of	the	photosynthetic	machineries	of	heterokont	algae.	In	particular,	the	work	

performed	in	this	thesis	demonstrates	for	the	first	time	the	redox-dependent	

distribution	of	excitation	energy	between	the	two	photosystems	of	heterokont	

algae.	The	results	have	an	impact	on	understanding	the	evolution	and	eco-

physiological	adaptations	of	heterokont	algae,	and	also	clarify	the	use	of	

chlorophyll	fluorescence	techniques	in	heterokont	algae.	 	
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1.			Introduction	

	

1.1.			Microalgae	

	

Microalgae	are	unicellular	algae	that	can	be	found	in	almost	any	environment	on	

earth	(Borowitzka	&	Moheimani,	2013).	They	are	an	extremely	diverse	group	of	

organisms,	and	may	range	in	size	from	a	few	micrometres	up	to	several	hundred	

micrometres.	Although	nobody	knows	how	many	species	of	microalgae	actually	

exist,	it	has	been	estimated	that	the	number	could	be	between	200,000	and	

800,000	(Kim,	2015).	

Microalgae	can	grow	in	oceans,	rivers,	ponds	and	lakes,	and	the	different	species	

thrive	in	a	wide	range	of	light	intensities,	temperatures,	salinities	and	pH	values.	

Microalgae	are	extremely	important	for	primary	production.	About	half	of	the	

total	global	primary	production	occurs	in	the	oceans	(Boyd,	et	al.	2014),	and	

unicellular	phytoplankton	is	responsible	for	almost	the	entire	oceanic	primary	

production	(Falkowski	et	al.	2004).	Diatoms	alone	are	thought	to	have	a	primary	

production	comparable	to	all	the	world’s	rainforests	(Lucentini,	2005).	

Microalgae	also	form	the	basis	of	several	food	chains,	making	them	the	source	of	

70	%	of	the	world’s	biomass	(Kim,	2015).		

In	recent	years,	microalgae	have	moved	into	the	spotlight	and	been	the	subject	

of	an	increasing	number	of	studies	due	to	their	potential	and	versatility.	

Many	microalgae	are	able	to	produce	and	store	very	high	amounts	of	fatty	acids.	

Certain	species	of	microalgae	can	store	an	amount	of	lipids	equivalent	to	more	

than	half	their	own	weight.	This	makes	them	an	interesting	source	of	biodiesel,	

since	these	fatty	acids	could	be	used	as	substrate	in	the	transesterification	

reaction	that	produces	biodiesel	(Lam	&	Lee,	2012).	Microalgae	are	much	better	

suited	for	biodiesel	production	than	the	crops	that	are	currently	being	used,	as	

microalgae	have	higher	growth	rates,	higher	rates	of	lipid	production,	and	

higher	photosynthetic	efficiency	(Miao	et	al.	2004).	In	addition,	they	do	not	

occupy	arable	land,	which	is	already	scarce	and	desperately	needed	for	food	

production	for	an	ever-increasing	human	population	(Johnson	&	Wen,	2009).	

Microalgae	also	produce	carbohydrates,	which	in	most	cases	can	be	found	in	the	

outer	layer	of	their	cell	walls	(Chen	et	al.	2013).	These	carbohydrates	could	be	
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fermented	in	order	to	produce	bioethanol,	which	is	an	alternative	biofuel	to	

fossil-resource	derived	gasoline	(Naik	et	al.	2010).	

The	algal	lipids	that	are	relevant	for	biodiesel	production	are	mostly	

unsaturated.	But	most	microalgae	also	have	an	impressive	production	of	poly-

unsaturated	fatty	acids	(PUFAs).	This	makes	microalgae	a	potential	ingredient	

both	in	human	food	and	in	fish	feed	(Patil	et	al.	2007;	Vanthoor-Koopmans	et	al.	

2013).	

Microalgae	also	produce	valuable	chemicals,	and	several	species	of	algae	have	

been	the	subjects	of	studies	aimed	at	screening	for	bioactive	compounds,	such	as	

anti-cancer	and	antimicrobial	agents	(Borowitzka,	1995;	Shanab	et	al.	2012).	

Due	to	their	photosynthetic	abilities,	algae	are	also	eager	producers	of	pigments	

that	could	be	utilized	as	antioxidants	in	food,	pharmaceuticals	and	cosmetics	

(Lubián	et	al.	2000).	

While	the	applications	of	microalgae	for	generating	biomolecules	are	almost	

endless,	one	additional	important	field	of	usage	worth	mentioning	here	is	their	

ability	to	capture	nutrients	from	wastewater	(Kim,	2015).	Valuable	nutrients	

escaping	into	the	oceans	is	an	increasing	problem,	especially	if	these	nutrients	

are	a	limited	resource,	such	as	phosphorous.	Algal	biomass	derived	from	

nutrient	trapping	could	subsequently	be	used	as	a	fertilizer,	thus	allowing	re-use	

of	the	nutrients	(Aslan	&	Kapdan,	2006).	 	
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1.2.			Evolution	of	microalgae	

	

All	microalgae	are	thought	to	have	developed	as	a	result	of	one	or	several	

endosymbiotic	events	(McFadden,	2001),	and	until	very	recently,	it	has	been	

assumed	that	all	organisms	with	a	chloroplast	are	descendants	of	one	particular	

cyanobacterium	(Keeling,	2004;	McFadden,	2001).	

Fossil	records	indicate	that	cyanobacteria	have	existed	for	between	2.72	and	3.5	

billion	years	(Hohmann-Marriott	&	Blankenship,	2011),	while	the	history	of	

microalgae	started	around	1.6	billion	years	ago,	when	a	non-photosynthetic	

eukaryote	engulfed	a	cyanobacterium	and	kept	it	as	an	organelle	(Yoon	et	al.	

2004).	This	initial	photosynthetic	eukaryote	gave	rise	to	green	algae,	red	algae,	

and	glaucophytes	(Keeling,	2004).	A	secondary	endosymbiotic	event	involving	

red	algae	gave	rise	to	the	chromalveolates,	including	the	heterokont	algae.	This	

is	assumed	to	have	occurred	approximately	1.3	billion	years	ago	(Yoon	et	al.	

2004).	Green	algae,	on	the	other	hand,	later	gave	rise	to	land	plants	about	5	

million	years	ago	(Morris	et	al.	2018).	

The	cyanobacterium	that	was	engulfed	in	a	eukaryotic	cell	has	over	time	lost	or	

transferred	most	of	its	original	genes	to	its	eukaryotic	host.	Current	chloroplasts	

depend	on	several	proteins	that	are	now	encoded	in	the	nuclear	genome.	These	

are	synthesized	in	the	cytoplasm,	tagged	with	a	transit	peptide,	and	targeted	to	

the	chloroplast	(Keeling,	2004).	The	chloroplast,	however,	still	encodes	most	of	

the	gene	products	that	are	needed	for	building	the	protein	complexes	involved	

in	the	photosynthetic	electron	transport	chain	(Pfannschmidt	et	al.	1999).	 	
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1.3.			Photosynthesis	

	

Photosynthesis	is	the	most	important	biological	process	on	Earth,	as	it	is	the	

foundation	of	all	ecosystems	on	the	Earth’s	surface.	If	it	were	not	for	the	first	

photosynthetic	microorganisms	(Hohmann-Marriott	&	Blankenship,	2011),	

there	would	be	no	oxygen	in	the	atmosphere,	and	since	the	majority	of	the	

organisms	inhabiting	this	planet	depend	on	oxygen	as	their	primary	electron	

acceptor,	an	atmosphere	without	oxygen	would	have	prevented	the	evolution	of	

most	complex	organisms.	

Photosynthesis	has	traditionally	been	seen	as	two	distinct,	yet	connected	set	of	

reactions;	the	light	reactions	and	the	carbon	reactions.	The	light	reactions	are	

those	carried	out	by	the	protein	complexes	of	the	photosynthetic	electron	

transport	chain	taking	place	in	the	thylakoids,	while	the	reactions	of	carbon	

fixation	involved	in	the	Calvin-Benson	cycle,	are	referred	to	as	the	carbon	

reactions.	

The	ultimate	goal	of	the	light-dependent	reactions	is	to	create	adenosine	

triphosphate	(ATP)	and	reduced	nicotinamide	adenine	dinucleotide	phosphate	

(NADPH),	which	is	subsequently	being	used	in	the	Calvin-Benson	cycle	to	fix	

CO2.	The	Calvin-Benson	cycle	is	a	cyclic	pathway	consisting	of	13	reactions.	A	

critical	step	in	this	cycle	is	the	reaction	which	is	responsible	for	binding	CO2,	

which	is	catalysed	by	the	enzyme	Ribulose-1,5-bisphosphate	

carboxylase/oxygenase	(RuBisCO)	(Gong	et	al.	2018).	

The	product	of	the	Calvin-Benson	cycle	is	the	three-carbon	molecule	

glyceraldehyde-3-phosphate	(alternatively	dihydroxyacetonephosphate),	which	

is	the	basic	building	block	for	all	organic	components	in	autotrophic	algae.	 	
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1.3.1.			The	photosynthetic	electron	transport	chain	

	

Before	an	alga	can	use	the	chemical	and	redox	energy	contained	in	ATP	and	

NADPH	for	carbon	fixation	and	glyceraldehyde-3-phosphate	production,	these	

molecules	must	first	be	produced,	or	more	precisely	re-generated	from	

adenosine	diphosphate	(ADP)	and	nicotinamide	adenine	dinucleotide	phosphate	

(NADP+),	respectively.	Algae	and	plants	do	this	by	utilizing	the	energy	contained	

in	sunlight.	

The	photosynthetic	electron	transport	chain	uses	the	energy	in	sunlight	to	split	

water	into	molecular	oxygen	and	protons,	while	sending	the	electrons	derived	

from	water-splitting	on	a	journey	through	three	membrane-bound	electron-

transporting	protein	complexes:	photosystem	II	(PSII),	the	cytochrome	b6f	

complex,	and	photosystem	I	(PSI).	In	the	photosynthetic	electron	transport	

chain,	electrons	are	passed	from	a	donor	molecule	with	higher	energy	to	an	

acceptor	molecule	with	lower	energy	until	it	reaches	PSI,	where	the	energy	from	

sunlight	is	used	to	move	the	electrons	to	high-energy	iron-sulphur	clusters	

within	PSI.	

In	summary,	the	photosynthetic	electron	transport	chain	increases	the	redox	

energy	of	the	electrons	passing	through	it	from		~0.8	eV	(when	bound	to	water)	

to	~	–	0.3	eV	(when	bound	to	NADPH)	(Govindjee	et	al.	2017).	 	



	 17	

1.3.1.1.			Light-harvesting	antennae	

	

Light-harvesting	complexes	come	in	so	many	different	shapes	and	sizes	that	it	is	

likely	that	they	have	evolved	several	times	during	the	course	of	evolution	

(Hohmann-Marriott	&	Blankenship,	2011).	Their	function,	however,	is	

conserved,	as	they	are	all	united	in	one	task	–	to	collect	sunlight	and	funnel	the	

captured	light-energy	to	the	photosystem	they	are	connected	to.	

In	eukaryotes,	the	main	classes	of	light-harvesting	complexes	(LHCs)	consist	of	

transmembrane	proteins	with	three	hydrophobic	transmembrane	alpha-helix	

domains	that	bind	chlorophylls	and	carotenoids.	The	light-harvesting	complexes	

coupled	to	PSII	(LHCII)	in	green	algae	and	plants	usually	have	a	size	of	~	25	kDa,	

and	each	bind	12	–	16	pigment	molecules	(Croce	&	Van	Amerongen,	2014).	The	

light-harvesting	complexes	of	green	algae	contain	chlorophyll	a	and	b,	while	

heterokont	algae	usually	contain	chlorophyll	a	and	c.	As	an	example;	in	

Phaeodactylum,	a	light-harvesting	complex	typically	contains	6	chl	a,	4	chl	c	and	

5	–	6	carotenoids,	which	in	diatoms	could	be	fucoxanthin,	lutein,	diadinoxanthin	

or	diatoxanthin	(Gundermann	&	Büchel,	2014).	

LHCII	complexes	are	coupled	to	PSII	through	the	proteins	CP43	(PsbC)	and	CP47	

(PsbB),	which	funnel	the	excitation	energy	to	the	reaction	center	core	of	PSII	

(Drop	et	al.	2014).	

Several	classes	of	light-harvesting	complexes	exist,	and	the	naming,	function	and	

pigment	composition	of	these	varies	from	organism	to	organism	(further	

described	in	sections	1.5.1,	1.5.2	and	1.5.3).	

Studies	of	energy	transfer	within	light-harvesting	complexes	have	shown	that	

the	excitation	energy	within	them	can	be	transferred	from	xanthophylls	to	

chlorophyll	b	to	chlorophyll	a	via	Förster	energy	transfer	(Van	Amerongen	&	

Van	Grondelle,	2001).	

In	green	algae	and	land	plants,	LHCIIs	usually	exists	as	trimeric	complexes	(Drop	

et	al.	2014,	Nagao	et	al.	2013),	and	on	average,	four	trimers	are	present	per	

reaction	center	of	PSII	(Van	Amerongen	&	Van	Grondelle,	2001).	Light-

harvesting	complexes	contain	~	70	%	of	the	pigments	involved	in	

photosynthesis	(Croce	et	al.	1999),	and	even	though	PSII	also	contains	
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chlorophylls,	and	would	continue	working	even	in	the	absence	of	its	light-

harvesting	complexes,	its	light-harvesting	efficiency	would	be	strongly	reduced.	

	

	

1.3.1.2.			Photosystem	II	

	

PSII	in	most	organisms	consists	of	approximately	20	protein	subunits	(Gimpel	et	

al.	2015).	The	overall	function	of	PSII	is	to	generate	electrons	from	water	

splitting.	Electrons	are	subsequently	passed	on	to	electron	carriers	embedded	in	

the	protein	complex,	linking	the	PSII	reaction	center	with	the	plastoquinone	pool	

(Lubitz	et	al.,	2008).	

The	water	splitting	activity	of	PSII	is	catalysed	within	the	oxygen-evolving	

complex,	which	is	situated	at	the	lumenal	side	of	the	thylakoid	membrane.	It	

contains	a	manganese	cluster,	which	is	the	catalytic	site	where	water	splitting	

occurs.	In	order	to	split	water,	the	manganese	cluster	cycles	through	a	

continuous	loop	of	five	steps,	called	the	S-cycle.	In	each	S-cycle	step,	four	

electrons	are	generated	from	two	molecules	of	water,	while	four	protons	are	

released	into	the	thylakoid	lumen	and	one	molecule	of	oxygen	is	generated	(Cox	

et	al.	2014).	

Each	electron	released	as	a	result	of	S-cycle	activity	is	passed	on	to	a	tyrosine	

residue,	termed	YZ,	which	is	situated	between	the	oxygen-evolving	complex	and	

the	reaction	center	of	PSII	(Shinopoulos	&	Brudvig,	2012).	

The	PSII	reaction	center	core	houses	a	pair	of	chlorophyll	molecules,	commonly	

termed	P680,	which	are	situated	at	the	interface	between	the	proteins	D1	(PsbA)	

and	D2	(PsbD).	Peripheral	light-harvesting	complexes	channel	the	excitation	

energy	to	P680	via	the	core	antennae	proteins	CP47	(PsbB)	and	CP43	(PsbC),	

which	combined	contain	around	35	molecules	of	chlorophyll	a	(Umena	et	al.	

2011).	When	P680	is	excited,	one	electron	escapes	the	reaction	center	chlorophyll	

pair,	and	is	donated	to	a	series	of	downstream	electron	carriers.	The	empty	

electron	‘hole’	in	P680	is	filled	with	an	electron	from	Yz.	When	leaving	P680,	the	

electron	first	reaches	pheophytin,	which	is	a	chlorophyll	molecule	where	the	

central	magnesium	atom	is	replaced	by	two	protons.	From	pheophytin,	the	

electron	travels	further	to	the	PSII-bound	QA,	and	subsequently	to	QB.	The	two	
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latter	electron	acceptors	are	both	quinones.	QA	is	permanently	bound	to	PSII,	

while	QB	is	mobile,	and	leaves	PSII	when	it	is	fully	loaded	with	two	electrons	and	

two	protons,	and	becomes	part	of	the	plastoquinone	pool	(Pospíšil,	2009).	

Even	though	P680+	is	usually	reduced	by	YZ,	which	facilitates	electron	transfer	

from	the	oxygen-evolving	complex	to	the	oxidized	reaction	center,	P680+	could	

also	be	reduced	by	a	plastoquinol	molecule	from	the	plastoquinone	pool	

(Pospíšil,	2009).	This	alternative	electron	pathway	in	PSII	occurs	via	the	PSII	

donor	side	cytochrome	b559		and	a	carotenoid	molecule	(the	two	alternative	

electron	pathways	of	PSII	are	shown	in	Figure	1).	It	is	assumed	that	this	

alternative	electron	transport	pathway	in	PSII	serves	as	a	safety	valve	that	could	

be	used	to	prevent	the	accumulation	of	P680+,	which	is	extremely	oxidizing,	and	

could	lead	to	the	formation	of	reactive	oxygen	species,	which	in	turn	could	

damage	the	photosynthetic	machinery	(Pospíšil,	2009).	

In	conditions	where	the	plastoquinone	pool	is	highly	reduced	and	QA	is	unable	to	

pass	on	its	electron,	electrons	could	also	move	backwards	from	the	reaction	

center,	via	YZ,	and	eventually	end	up	back	where	they	came	from,	in	the	

manganese	cluster	of	the	oxygen	evolving	complex	(Lomoth	et	al.	2006).	This	

process	is	called	charge	recombination	(Rappaport	et	al.	2002).	

Charge	recombination,	occurring	on	a	time	scale	of	milliseconds,	is	a	much	

slower	process	than	the	electron	transfer	occurring	from	the	reaction	center	to	

QA.	Charge	recombination	is	therefore	more	likely	to	occur	if	the	electron	is	

blocked	from	moving	to	QB.		The	manganese	cluster	is	more	prone	to	accept	an	

electron	from	YZ	when	it	is	in	its	S2	state,	moving	it	back	to	S1	(Rappaport	et	al.	

2002).	

Molecules	resembling	plastoquinones	can	also	be	bound	to	the	QB	binding	

pocket	of	PSII.	The	molecule	3-(3,4-dichlorophenyl)-1,1-dimethylurea	(DCMU)	

has	a	structure	similar	to	a	plastoquinone	molecule,	and	binds	strongly	to	the	QB	

binding	pocket.	However,	DCMU	will	not	be	reduced	by	QA.	DCMU	will	therefore	

remain	in	the	binding	pocket,	and	block	the	electron	flow	between	QA	and	QB.	
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Figure	1:	The	two	alternative	electron	transport	pathways	of	PSII	(figure	taken	

from	Shinopoulos	&	Brudvig,	2012)

1.3.1.3.			The	plastoquinone	pool

Plastoquinone	is	the	first	mobile	electron	carrier	of	the	photosynthetic	electron	

transport	chain,	being	responsible	for	transporting	electrons	between	PSII	and	

the	next	photosynthetic	protein	complex,	the	cytochrome	b6f complex.	

Plastoquinones	are	quite	abundant	in	the	thylakoid	membrane,	with	about	10	

plastoquinone	molecules	per	PSII	(Tikhonov,	2014).

An	oxidized	plastoquinone	molecule	can	bind	to	the	QB binding	pocket	of	PSII,	

which	is	situated	towards	the	stromal	side	of	the	thylakoid	membrane	(Rochaix,	

2011).	There,	it	undergoes	two	rounds	of	reductions	by	receiving	electrons	from	

QA.	After	receiving	electrons,	two	protons	from	the	stromal	side	of	the	

membrane	are	bound	to	keep	the	electron	carrier	charge-neutral.

The	reduced	plastoquinone	molecule	(plastoquinol)	has	a	lower	affinity	for	the	

QB binding	site	than	an	oxidized	plastoquinone	molecule	(Müh	et	al.	2012).	The	

plastoquinol	therefore	leaves	PSII	and	travels	through	the	thylakoid	membrane	

to	the	cytochrome	b6f complex,	where	it	binds	to	the	Qo site	situated	on	the	

lumenal	side	of	the	complex	(Tikhonov,	2014).

One	function	of	the	plastoquinone	pool	is	of	course	to	transport	electrons	

between	two	of	the	photosynthetic	protein	complexes,	but	it	also	has	another	
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important	function	–	it	translocates	protons	from	the	stromal	side	of	the	

thylakoid	membrane	to	the	lumenal	side.	When	the	two	protons	were	bound	

during	the	reduction	of	plastoquinone,	these	protons	were	taken	from	the	

stromal	side	of	the	membrane.	When	the	protons	are	released	again	upon	

binding	of	plastoquinol	to	the	cytochrome	b6f	complex,	the	same	protons	are	

released	on	the	lumenal	side	of	the	membrane.	

This	imbalance	in	proton	concentration	between	the	two	sides	of	the	thylakoid	

membrane	serves	two	important	purposes.	Firstly,	it	is	used	for	generating	ATP	

from	ADP	(see	section	1.3.1.7	about	ATP	synthase).	Secondly,	the	magnitude	of	

the	proton	concentration	on	the	lumenal	side	of	the	thylakoid	membrane	plays	

an	important	role	in	the	onset	of	mechanisms	involved	in	photoprotection	(see	

section	1.3.2).	

	

	

1.3.1.4.			The	cytochrome	b6f	complex	

	

The	cytochrome	b6f	complex	is	the	second	electron	transferring	protein	complex	

in	the	photosynthetic	electron	transport	chain,	but	unlike	PSII	and	PSI,	it	is	not	

driven	by	light.	The	cytochrome	b6f	complex	is	a	homodimer,	with	each	

monomer	consisting	of	eight	protein	units.	The	four	major	subunits	of	each	

monomer	are	the	Rieske	iron-sulphur	protein,	cytochrome	f,	cytochrome	b6	and	

subunit	IV	(Kurisu	et	al.	2003).	

The	electron	transfer	pathway	through	the	b6f	complex	is	commonly	referred	to	

as	the	Q-cycle,	and	was	discovered	by	Peter	Mitchell	in	1976	(Mitchell,	1976).	

There	are	two	possible	pathways	an	electron	can	follow	through	the	b6f	complex,	

and	during	the	Q-cycle,	both	electron	routes	are	used.	

When	a	fully	reduced	plastoquinol	molecule	docks	to	the	Qo	binding	site	of	the	

cytochrome	b6f	complex,	the	two	electrons	carried	by	the	plastoquinol	follow	

different	paths.	The	first	electron	transferred	from	plastoquinol	to	the	b6f	

complex	reduces	the	iron-sulphur	cluster	of	the	Rieske	protein.	From	the	

reduced	iron-sulphur	cluster	of	the	Rieske	protein,	the	electron	is	passed	on	to	

cytochrome	f,	which	again	passes	it	on	to	one	of	the	mobile	electron	carrier	
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plastocyanin	(in	some	algae	cytochrome	c6)	(Tikhonov,	2014,	Nelson	&	Yocum,	

2006).	

The	second	electron	on	the	semiquinone	that	is	still	docked	to	the	Qo	site	of	the	

cytochrome	b6f	complex	is	transferred	to	heme	bl,	which	passes	on	its	electrons	

to	a	pair	of	hemes,	heme	bh	and	heme	ci.	This	heme	pair	is	able	to	accept	two	

electrons	and	subsequently	use	these	to	reduce	an	oxidized	plastoquinone	

molecule	at	the	Qi	site	of	the	cytochrome	b6f	complex,	which	is	located	towards	

the	stromal	side	of	the	thylakoid	membrane.	During	a	full	Q-cycle,	the	b6f	

complex	therefore	uses	two	plastoquinol	molecules,	which	are	oxidized	at	the	Qo	

site,	in	order	to	generate	one	additional	plastoquinol	molecule	at	the	Qi	site.	The	

protons	used	to	keep	the	plastoquinol	molecule	generated	at	the	Qi	site	charge-

neutral	are	taken	from	the	stromal	side	of	the	thylakoid	membrane.	The	

plastoquinol	molecule	is	released	back	into	the	plastoquinone	pool,	and	when	it	

is	oxidized	again	at	the	Qo	site,	the	protons	are	released	into	the	thylakoid	

lumen.	The	activity	of	the	Q-cycle	therefore	increases	the	proton	gradient	build-

up	over	the	thylakoid	membrane	(Joliot	&	Joliot	1994;	Kurisu	et	al.	2003).	The	

detailed	mechanism	of	the	Q-cycle	is	shown	in	Figure	2.	

During	normal	cytochrome	b6f	complex	function,	the	Rieske	iron-sulphur	

protein	oscillates	between	two	positions	within	the	cytochrome	b6f	complex	

(Brugna	et	al.	2000;	Darrouzet	et	al.	2000).	These	oscillations	bring	different	

prosthetic	groups	into	proximity	with	each	other,	and	allow	for	different	

possible	electron	transfers.	Since	the	Q-cycle	depends	on	two	different	electron	

transport	routes	through	the	cytochrome	b6f	complex,	this	continuous	

movement	of	the	Rieske	protein	is	essential	for	normal	Q-cycle	function.	

Most	inhibitors	of	the	cytochrome	b6f	complex	have	molecular	shapes	

resembling	plastoquinol,	and	target	the	Qo	site	of	the	complex.	One	inhibitor	

frequently	used	to	stop	electron	transport	at	the	Qo	site	is	2,5-dibromo-6-

isopropyl-3-methyl-1,4-benzoquinone	(DBMIB).	

In	conditions	that	generally	lead	to	a	reduced	plastoquinone	pool,	such	as	

anaerobic	conditions	(Diner	&	Mauzerall	1973),	the	plastoquinone	reduction	

process	occurring	at	the	Qi	site	will	be	impaired,	due	to	the	lack	of	available	

plastoquinones.	In	these	conditions,	it	has	been	shown	that	both	the	cytochrome	

bc1	complex	of	mitochondria	(Wikström	&	Krab	1986)	and	the	cytochrome	b6f	
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complex	of chloroplasts	(Joliot	&	Joliot,	1994)	can	use	a	semiquinone	molecule	

from	the	Qo site	in	order	to	keep	generating	plastoquinol	at	the	Qi site.	This	

process	is	called	the	semiquinone	cycle,	and	although	the	semiquinone	cycle	will	

yield	a	smaller	proton	gradient	than	the	Q-cycle,	it	will	keep	the	electron	

transport	through	the	complex	functional.

Figure	2:	The	mechanism	of	the	Q-cycle,	depending	on	two	alternative	electron	

transport	pathways	through	the	cytochrome	b6f complex.	During	the	oxidation	

of	one	plastoquinol	molecule	at	the	Qo site,	one	electron	will	be	transferred	to	

plastocyanin	via	cytochrome	f,	while	the	other	will	be	transported	to	heme	bl

and	further	to	the	heme	pair	consisting	of	heme	bh and	heme	ci close	to	the	Qi

site.	At	the	Qi site,	the	electron	will	be	used	to	reduce	a	plastoquinone	molecule	

in	the	first	half-cycle	of	the	Q-cycle,	while	the	semiquinone	created	during	the	

first	half-cycle	will	be	further	reduced	to	a	plastoquinol	during	the	completion	of	

the	cycle.
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1.3.1.5.			Plastocyanin		

	

From	the	cytochrome	b6f	complex,	electrons	are	loaded	onto	the	mobile	electron	

carrier	plastocyanin,	a	copper-binding	monomeric	protein	with	the	tertiary	

shape	of	a	β-barrel	(Moore	et	al.	1988),	having	a	size	of	10,5	kDa	(Grossman	et	

al.	1982).	Plastocyanin	receives	electrons	from	the	cytochrome	f	subunit	of	the	

cytochrome	b6f	complex,	and	subsequently	travels	through	the	lumenal	space	to	

PSI,	transporting	one	electron	at	a	time.	

Usually,	plastocyanin	transport	between	the	cytochrome	b6f	complex	and	PSI	is	

not	a	rate	limiting	step	in	the	photosynthetic	electron	transport	chain,	but	it	has	

been	shown	that	certain	external	factors,	for	example	osmotic	stress,	are	able	to	

reduce	the	space	between	the	thylakoid	membranes	of	a	granum	from	about	50	

Å	to	approximately	15	Å.	Under	these	circumstances,	plastocyanin,	which	has	an	

approximate	size	of	40	x	32	x	28	Å,	could	become	a	major	bottleneck	for	electron	

transport	(Cruz	et	al.	2001).	

	

	

1.3.1.6.			Photosystem	I	

	

Photosystem	I	is	the	second	light-driven	protein	complex	in	the	photosynthetic	

electron	transport	chain.	Its	exact	protein	composition	varies	between	different	

oxygenic	organisms.	In	cyanobacteria,	PSI	usually	contains	11	–	12	subunits,	

while	in	higher	plants,	the	number	of	subunits	is	usually	14	–	15	(Nelson	&	

Yocum,	2006;	Karapetyan	et	al.	1999).	The	core	complex	also	binds	from	~	90	to	

~	160	chlorophyll	molecules	(in	higher	plants,	PSI	contains	167	chlorophylls,	

and	192	light	harvesting	pigments	altogether),	2	phylloquinones	and	3	Fe4S4	

clusters	(Ben-Shem	et	al.	2003;	Mazor	et	al.	2017).	

The	reaction	center	of	PSI	possesses	a	chlorophyll	pair	commonly	referred	to	as	

P700,	which	is	located	at	the	interface	between	the	heterodimeric	PsaA	and	PsaB.	

When	P700	is	excited,	it	donates	an	electron	to	the	PSI	primary	electron	acceptor	

A0,	which	is	a	chlorophyll	molecule.	The	electron	hole	in	P700	is	filled	by	a	

reduced	plastocyanin.	The	reduced	A0	transfers	its	electron	to	the	phylloquinone	

A1,	and	A1	transfers	it	further	to	the	first	of	three	Fe4S4	clusters	of	PSI,	Fx	
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(Jagannathan	&	Golbeck,	2009;	Nelson	&	Yocum,	2006).	From	the	reaction	

center	chlorophyll	pair	to	Fx,	there	are	two	pseudo-symmetrical	electron	

transport	routes,	one	located	within	PsaA,	and	one	located	within	PsaB.	These	

two	alternative	routes	both	include	the	cofactors	A0 and	A1 (Nelson	&	Yocum,	

2006).	Fx	is	the	first	common	electron	acceptor,	and	the	point	where	the	two	

alternative	electron	paths	meet.	From	Fx,	the	electron	is	transferred	via	the	iron-

sulphur	clusters	FA and	FB,	(Jagannathan	&	Golbeck,	2009;	Nelson	&	Yocum,

2006)	to	a	ferredoxin.	The	electron	path	through	PSI	is	shown	in	Figure	3.

Figure	3: Electron	

transport	path	through	

PSI.	When	receiving	

excitation	energy	from	

the	peripheral	antennae,	

the	reaction	center	P700

donates	an	electron	to	

A0,	while	P700+ is	re-

reduced	by	plastocyanin.	

From	A0,	the	electron	is	

transported	through	the	

complex	by	A1,	Fx,	FA and	

FB,	before	being	used	to	

reduced	ferredoxin	

(figure	taken	from	

Nelson	&	Yocum,	2006)
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FA	and	FB	are	located	within	the	PsaC	subunit	on	the	stromal	side	of	PSI.	PsaC,	

along	with	the	adjacent	subunits	PsaD	and	PsaE,	form	a	docking	site	for	the	

soluble	electron	acceptor	ferredoxin	(or	in	certain	algae	flavodoxin)	(Sétif	et	al.	

2002),	which	transfers	electrons	to	the	stromal	enzyme	Ferredoxin-NADP+	

reductase	(FNR).	FNR	accepts	two	electrons	from	ferredoxins,	and	uses	these	to	

generate	NADPH	from	NADP+	(Kurisu	et	al.	2001).	

In	higher	plants,	PSI	exist	as	monomeric	complexes,	while	in	cyanobacteria,	PSI	

usually	operate	as	trimers	(Nelson	&	Yocum,	2006;	Karapetyan	et	al.	1999).	PSI	

also	has	external	light-harvesting	complexes	(in	higher	plants,	PSI	has	four	

associated	light-harvesting	complexes),	which	are	closely	energetically	linked	to	

the	reaction	center	by	approximately	20	strategically	placed	chlorophyll	

molecules	(Ben-Shem	et	al.	2003;	Qin	et	al.	2015).	The	PSI-associated	light-

harvesting	complexes	are	distinctly	different	from	those	associated	with	PSII	

(for	details	on	the	light-harvesting	complexes	of	Nannochloropsis,	

Phaeodactylum	and	Chlamydomonas,	see	sections	1.5.1	–	1.5.3).	There	is	also	

evidence	that	in	most	photosynthetic	organisms,	the	light-harvesting	complexes	

associated	with	PSI	are	bound	more	strongly	to	the	core	complex	than	the	light-

harvesting	complexes	associated	with	PSII	(Basso	et	al.	2014;	Gardian	et	al.	

2007;	Caffarri	et	al.	2009).	

	

	

1.3.1.7.			ATP	synthase	

	

ATP,	along	with	NADPH,	is	the	product	of	the	light	reactions	that	fuel	carbon	

fixation.	What	drives	the	regeneration	of	ATP	from	ADP	is	the	difference	in	

proton	concentration	between	the	thylakoid	lumen	and	the	stroma.	This	proton	

gradient	is	generated	by	the	proton	release	from	the	PSII-mediated	water	

oxidation,	the	transport	of	protons	across	the	thylakoid	membrane,	with	

plastoquinone	acting	as	a	proton	shuttle	between	PSII	and	the	cytochrome	b6f	

complex,	and	from	the	activity	of	the	Q-cycle.	

ATP	contains	a	large	amount	of	chemical	energy	stored	in	the	bonds	linking	its	

three	phosphate	groups	together.	The	process	of	re-generating	ATP	from	ADP	is	

carried	out	by	the	protein	complex	ATP	synthase	in	a	three-step	reaction.	



	 27	

Photosynthetic	ATP	synthases	consist	of	two	main	protein	domains,	the	catalytic	

F1	domain,	and	the	F0	domain,	which	is	responsible	for	powering	the	F1	domain	

while	it	is	performing	the	highly	energy-demanding	reaction	of	ATP	generation.	

The	catalytic	F1	domain	consists	of	the	5	subunits	α,	β,	γ,	δ,	and	ε	in	a	3:3:1:1:1	

ratio	(Seelert	et	al.	2000).	The	α	and	β	subunits	form	three	catalytic	seats	where	

ADP	can	be	bound,	while	the	γ,	δ	and	ε	subunits	form	the	basis	for	connection	

between	the	two	domains	of	the	enzyme	complex.	

The	F0	domain	consists	of	a,	b	and	c	subunits	in	the	ratio	1:2:10-14	(Arechaga	et	

al.	2002),	where	the	amount	of	c-subunits	depends	on	the	organism	in	question.	

Compared	to	the	other,	rather	static	protein	complexes	involved	in	

photosynthesis,	ATP	synthase	is	different.	It	resembles	a	molecular	machine,	and	

contains	a	rotor	and	a	stator	(Seelert	et	al.	2000;	Stock	et	al.	2000).	

The	rotor	is	made	up	by	the	ring-structured	c-units	of	the	F0	domain	and	the	γ	

and	ε	subunits	of	the	F1	domain	(Nakamoto	et	al.	2008).	The	c-ring	is	coupled	to	

an	ion	channel,	and	when	protons	escape	back	to	the	stroma	through	this	ion	

channel,	it	gives	the	c-ring	movement,	which	is	transmitted	to	the	ε	and	γ	

subunits.	The	γ	subunit	is	partially	incorporated	in	the	catalytic	domain	made	up	

by	α	and	β	units.	When	the	γ	subunit	rotates	with	the	c-ring,	it	introduces	

conformational	changes	in	the	catalytic	subunits.	These	conformational	changes	

drive	the	three-step	ATP-generating	reaction.	

	

	

1.3.1.8.			Cyclic	electron	transport	around	PSI	

	

Cyclic	electron	transport	is	an	alternative	to	the	linear	electron	transport.	The	

pathway	for	linear	electron	transport	starts	with	water	splitting	at	PSII,	and	

ends	with	the	reduction	of	NADP+	downstream	of	PSI.	

However,	the	ratio	of	ATP	production	to	NADPH	production	during	linear	

electron	transport	is	fixed,	and	it	therefore	does	not	allow	for	dynamic	ATP	and	

NADPH	requirements.	In	conditions	where	the	cell	might	need	a	higher	

ATP:NADPH	ratio	than	linear	electron	transport	is	able	to	produce,	cyclic	

electron	transport	might	occur.	Cyclic	electron	transport	‘recycles’	electrons	by	

sending	them	back	to	the	plastoquinone	pool	instead	of	using	them	to	reduce	
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NADP+.	This	diminishes	the	NADPH	production	while	increasing	the	proton	

gradient	over	the	thylakoid	membrane,	which	in	turn	increases	ATP	production.		

There	is	evidence	of	two	distinct	cyclic	electron	transport	pathways	in	plants,	

the	PGR5/PGRL1	pathway,	and	the	NDH	dependent	pathway	(Yamori	&	

Shikanai,	2016).	

The	main	pathway,	the	PGR5/PGRL1	pathway,	features	the	proteins	Proton	

Gradient	Regulation	5	(PGR5)	and	PGR5-like	Photosynthetic	Phenotype	1	

(PGRL1),	and	is	proposed	to	be	able	to	reduce	the	plastoquinone	pool	using	

NADPH	as	its	electron	donor	(Johnson,	2011).	In	Chlamydomonas,	a	

supercomplex	consisting	of	the	PSI	supercomplex,	light-harvesting	complexes,	

the	cytochrome	b6f	complex,	ferredoxin-NADP	reductase	and	PGRL1,	has	been	

isolated,	and	this	has	been	proposed	to	be	responsible	for	cyclic	electron	

transport	via	the	PGR5/PGRL1	pathway	(Iwai	et	al.	2010).	This	finding	has,	

however,	been	disputed	(Nawrocki	et	al.	2019).	The	same	supercomplex	has	not	

been	detected	in	higher	plants.	The	exact	mechanism	of	the	PGR5/PGRL1	

pathway	is	still	being	debated	(Yamori	&	Shikanai,	2016).	

The	other	pathway	shown	to	be	involved	in	cyclic	electron	transport	in	plants	is	

the	NDH	pathway.	This	pathway	is	driven	by	the	multisubunit	complex	NADH	

oxidase-like	complex	(NDH)	(Johnson,	2011).	This	complex	accepts	electrons	

directly	from	ferredoxin,	and	subsequently	reduces	the	plastoquinone	pool.	

In	plants,	drought,	extreme	temperatures	and	light	of	high	intensity	have	been	

shown	to	trigger	cyclic	electron	transport	(Johnson,	2011).	Conditions	that	

trigger	state	transitions	(see	section	1.3.2.1),	such	as	high-intensity	light	and	

anaerobic	conditions,	have	also	been	shown	to	increase	the	ratio	between	cyclic	

and	linear	electron	transport	in	several	organisms	(Finazzi	et	al.	1999;	Johnson,	

2011;	Yamori	&	Shikanai,	2016).	
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1.3.1.9.			Carbon	fixation

The	ultimate	goal	of	the	photosynthetic	electron	transport	chain	is	to	generate	

energy	for	the	Calvin-Benson	cycle,	which	is	responsible	for	carbon	fixation.	

Carbon	fixation	is	costly	for	the	cells,	and	the	cycle	is	driven	by	ATP	and	NADPH	

created	by	the	photosynthetic	electron	transport	chain.	The	Calvin-Benson	cycle	

was	discovered	around	1950	(Calvin	&	Benson,	1949;	Benson	et	al.	1950),	and is	

a	branched	cyclic	pathway	consisting	of	13	reactions	(Figure	4).	The	most	

important	reaction	within	this	cycle	is	the	reaction	responsible	for	capturing	

CO2,	which	is	catalysed	by	the	enzyme	Ribulose-1,5-bisphosphate	

carboxylase/oxygenase	(RuBisCO)	(Yeates	&	Wheatley,	2017).

As	the	name	implies,	this	particular	enzyme	is	able	to	bind	not	only	CO2,	but	also	

O2.	The	reaction	of	binding	O2 instead	of	CO2 to	Ribulose-1,5-bisphosphate	is	the	

starting	point	of	photorespiration,	which	competes	with	the	Calvin-Benson	

cycle.	

Figure	4: The	reactions	of	the	Calvin-Benson	cycle	(Figure	taken	from	Tymoczko	

et	al.	2011)
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Since	the	Calvin-Benson	cycle	is	essential	for	the	growth	of	all	oxygen-producing	

organisms,	one	would	think	that	there	would	have	been	a	strong	evolutionary	

pressure	to	eliminate	photorespiration.	However,	photorespiration	is	an	

important	reaction	pathway	in	its	own	right,	being	the	main	pathway	for	

production	of	the	amino	acids	glycine	and	serine	in	plants	and	algae	(Betsche,	

1983).	Photorespiration	may	be	a	necessary	compromise,	since	the	atmosphere	

contains	more	oxygen	than	CO2,	making	photorespiration	hard	to	control,	

especially	as	O2	and	CO2	are	similar	in	size.	

The	most	important	feature	of	RuBisCO	is	undoubtedly	its	carboxylase	activity,	

and	its	participation	in	the	Calvin-Benson	cycle.	For	every	three	CO2	molecules	

fixed,	the	Calvin-Benson	cycle	produces	one	molecule	of	glyceraldehyde-3-

phosphate	/	dihydroxyacetonephosphate,	and	uses	9	molecules	of	ATP	and	6	of	

NADPH.	

Glyceraldehyde-3-phosphate	and	dihydroxyacetonephosphate	are	three-carbon	

compounds	that	are	the	basis	for	all	organic	matter	in	plants	and	algae,	including	

lipids	(Guschina	&	Harwood,	2006).	

	

	

1.3.1.10.			Lipid	biosynthesis	in	algae	

	

Glyceraldehyde-3-phosphate	and	dihydroxyacetonephosphate	are	both	

intermediates	of	the	glycolysis.	They	can	thus	be	converted	into	pyruvate,	which	

in	turn	can	be	converted	into	acetyl-coenzyme	A	(CoA).	Acetyl-CoA	can	be	

converted	into	malonyl-CoA	by	the	enzyme	Acetyl-CoA	carboxylase,	and	

malonyl-CoA	serves	as	the	starting	point	for	the	de	novo	synthesis	of	fatty	acids	

taking	place	in	the	chloroplasts	of	algae	(Figure	5).	In	this	process,	the	malonyl	

group	is	linked	to	an	acyl-carrier	protein	(ACP),	and	malonyl-ACP	is	

subsequently	elongated	by	two	carbon	atoms	(coming	from	acetyl-CoA)	at	a	

time,	in	a	sequence	of	four	reactions	steps	(Blatti	et	al.	2013).	The	original	

malonyl-ACP	is	elongated	to	C16:0,	and	subsequently	transferred	from	the	acyl-

carrier	protein	and	back	to	coenzyme	A.	Palmitoyl-CoA	(C16:0)	can	be	elongated	

further	to	stearoyl-CoA	(C18:0),	and	the	acyl-CoA	molecules	are	then	
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transported	to	cytosol,	and	subsequently	to	the	smooth	endoplasmic	reticulum.	

Here,	both	the	enzymes	involved	in	the	synthesis	of	long-chain	polyunsaturated	

fatty	acids	(LC-PUFAs)	as	well	as	the	enzymes	involved	in	the	synthesis	of	

triacylglycerols	(TAGs)	are	located	(Mühlroth	et	al.	2013).	Elongated	PUFAs	can	

be	transported	back	to	the	chloroplast,	and	used	in	the	synthesis	of	the	

glycolipids	monogalactosyldiacylglycerol	(MGDG),	digalactosyldiacylglycerol	

(DGDG)	or	the	sulfolipid	sulfoquinovosyldiacylglycerol	(SQDG)	(Guschina	&	

Harwood,	2006).	

In	certain	algae,	such	as	Nannochloropsis,	eicosapentaenoic	acid	(EPA,	C20:5	
Δ5,8,11,14,17)	is	the	endpoint	of	the	LC-PUFA	synthesis	(Vieler	et	al.	2012),	while	

others	are	able	to	produce	docosahexaenoic	acid	(DHA,	C22:6	Δ4,7,10,13,16,19).	An	

example	of	a	group	of	microalgae	that	are	able	to	produce	relatively	large	

amounts	of	DHA,	are	thraustochytrids	(Chang	et	al.	2013).	

Several	factors	are	known	to	affect	the	lipid	production	of	algae,	and	much	

research	has	also	been	carried	out	on	this	particular	topic	with	regards	to	

optimizing	overall	lipid	yield,	or	the	production	of	certain	classes	of	lipids.	

As	lipids	can	serve	as	an	energy	reserve	for	an	alga,	several	stress	conditions,	for	

example	low	availability	of	nutrients,	are	known	to	increase	the	production	of	

storage	triacylglycerols	(Guihéneuf	&	Stengel,	2013).	Osmotic	stress,	pH	and	

temperature	are	also	factors	that	are	known	to	have	an	effect	on	the	production	

and	storage	of	triacylglycerols	(Sharma	et	al.	2012).	The	production	of	LC-

PUFAs,	on	the	other	hand,	is	known	to	increase	in	low	temperatures	(Schüller	et	

al.	2017).	LC-PUFAs	have	lower	melting	points	than	saturated	fatty	acids	of	the	

same	lengths,	and	they	are	thus	used	by	cells	to	increase	the	fluidity	of	

membranes.	When	the	temperature	is	decreased,	algae	therefore	increase	their	

LC-PUFA	production,	to	retain	their	membrane	fluidity.	
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Figure	5: Organelle	localization	of	different	parts	of	lipid	metabolism	in	algae	

(Figure	taken	from	Mühlroth	et	al.	2013)
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1.3.2.			Photoprotection	mechanisms	

	

For	marine	microalgae,	efficient	photoprotection	is	essential.	

In	the	ocean,	microalgae	are	continuously	subjected	to	rapidly	changing	light	

environments.	Within	minutes,	an	alga	being	transported	by	the	current	can	

travel	from	shadow	to	full	sunlight	(MacIntyre	et	al.	2000).	Additionally,	waves	

can	act	like	lenses,	and	the	light	intensity	an	alga	might	experience	can	exceed	

even	the	full	intensity	of	sunlight	(Schubert	et	al.	2001).	Because	of	these	ever-

changing	light	environments	in	the	ocean,	marine	algae	have	developed	

mechanisms	helping	them	stabilize	the	amount	of	photons	that	eventually	reach	

the	reaction	centers	of	their	photosystems.	

Several	modes	of	photoprotection	are	present	in	algae	(Malnoë,	2018),	with	

state	transitions	(Haldrup,	2001;	Wollman,	2001),	the	xanthophyll	cycle	(Jahns	&	

Holzwarth,	2012;	Demming-Adams	&	Adams,	1996),	xanthophyll-dependent	

photoprotection	(Jahns	&	Holzwarth,	2012;	Derks	et	al.	2015,	Bína	et	al.	2017,	

2),	and	the	photoprotective	effect	of	cyclic	electron	flow	(Huang	et	al.	2015;	

Huang	et	al.	2016;	Ananyev	et	al.	2017)	being	the	most	extensively	explored	

(Figure	6).	

PSII	is	more	prone	to	light-induced	damage	than	PSI.	Both	state	transitions	and	

the	actions	of	the	xanthophyll	cycle	and	qE	are	therefore	initiated	in	conditions	

where	PSII	is	susceptible	to	light-induced	damage	(Derks	et	al.	2015),	while	

cyclic	electron	flow	is	able	to	protect	both	photosystems	(Huang	et	al.	2016).	

Which	photoprotective	mechanism	is	utilized	during	light	stress	varies	between	

different	algae.	In	Chlamydomonas,	the	main	photoprotective	mechanism	is	state	

transitions	(Takahashi,	2006;	Depège	et	al.	2003),	while	Nannochloropsis	utilizes	

heat	dissipation	by	xanthophyll	cycle	pigments	(Lubián	&	Montero,	1998;	

Gentile	&	Blanch,	2001),	and	has	so	far	been	thought	to	not	carry	out	state	

transitions.	Phaeodactylum,	on	the	other	hand,	carries	out	a	parallel	version	of	

the	xanthophyll	cycle	converting	diadinoxanthin	into	diatoxanthin	in	conditions	

of	increased	light	stress	(Schumann,	2007).	Phaeodactylum,	as	Nannochloropsis,	

has	also	been	assumed	not	to	carry	out	state	transitions	(Owens,	1986).	 	
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Figure	6:	Regulation	of	electron	transport	by	photoprotection	mechanisms

In	the	photosynthetic	electron	transport	chain,	PSII	is	prone	to	damage	by	

reactive	oxygen	species,	which	will	occur	if	the	complex	receives	more	excitation	

energy	than	it	needs	for	driving	charge-separation.	Therefore,	most	plants	and	

algae	have	evolved	mechanisms	for	regulating	how	much	excitation	energy	is	

transferred	to	the	PSII	reaction	center.	One	of	these	mechanisms	is	the	

xanthophyll	cycle,	where	the	light	harvesting	pigment	violaxanthin	is	converted	

to	the	photoprotective	pigment	zeaxanthin.	The	other	major	photoprotective	

mechanism	is	state	transitions,	where	light-harvesting	complexes	associated	

with	PSII	are	disconnected	from	the	complex,	and	in	some	cases	instead	coupled	

to	PSI.

1.3.2.1.			State	transitions

State	transitions	have	been	extensively	studied	in	plants	and	green	algae	

(Takahashi	et	al.	2006;	Shapiguzov et	al.	2010;	Ünlü	et	al.	2014;	Nawrocki	et	al.	

2016) and	in	cyanobacteria	(Calzadilla	et	al.	2019).

While	changes	in	phycobilisome	association	between	PSI	and	PSII	are	the	basis	

of	state	transition	in	cyanobacteria (Joshua	&	Mullineaux,	2004),	in	plants	and	

green	algae,	state	transitions	involve	a	rearrangement	of	the	light-harvesting	
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complexes	associated	with	PSII	and	PSI.	In	what	is	traditionally	viewed	as	state	

1,	the	LHCII	complexes	are	functionally	linked	to	PSII.	In	conditions	where	

electrons	cannot	be	effectively	disposed	of	by	PSII	due	to	a	reduced	

plastoquinone	pool,	LHCIIs	dissociate	from	PSII	and	are	instead	coupled	to	PSI	

(Haldrup	et	al.	2001;	Snellenburg	et	al.	2017).	This	mechanisms	gives	the	plants	

and	algae	using	this	mode	of	photoprotection	an	opportunity	to	fine-tune	the	

excitation	energy	balance	between	their	two	photosystems	(Nawrocki	et	al.	

2016).	

Recent	studies	indicate	that	during	state	2,	LHCII	complexes	could	also	form	

fluorescence	quenching	aggregates	instead	of	being	coupled	to	PSI	(Miloslavina	

et	al.	2009;	Goss	&	Lepetit,	2015).	

In	Chlamydomonas,	state	transitions	are	one	of	the	most	important	mechanisms	

the	alga	uses	to	protect	itself	against	light	stress	(Kargul	et	al.	2005;	Takahashi	

et	al.	2006;	Iwai	et	al.	2008;	Ünlü	et	al.	2014).	

In	Chlamydomonas	reinhardtii,	the	mechanism	of	state	transitions	has	been	the	

subject	of	many	independent	studies	(Wollman,	2001;	Snellenburg	et	al.	2017;	

Fujita	et	al.	2018).	Studies	focusing	on	the	mechanism	of	initiation	have	shown	

that	in	Chlamydomonas,	the	structural	dynamics	of	the	cytochrome	b6f	complex	

and	the	presence	of	reduced	plastoquinone	molecules	are	key	participants.	

The	Rieske	protein	of	the	b6f	complex	alternates	between	being	proximal	and	

distal	to	the	thylakoid	membrane,	as	described	earlier	(Brugna	et	al.	2000;	

Darrouzet	et	al.	2000).	When	the	Rieske	protein	is	in	its	proximal	position,	it	is	

able	to	activate	the	kinase	responsible	for	state	transitions.	When	the	Rieske	

protein	oscillates	back	to	its	distal	position,	the	kinase	is	released	and	can	

phosphorylate	the	LHCII	complexes.	The	kinase	phosphorylates	LHCII	at	amino	

acid	residues	located	towards	the	stromal	side	of	the	thylakoid	membrane	

(Wollman,	2001).	

The	identity	of	the	kinase	responsible	for	initiating	state	transitions	remained	

unknown	until	2003,	when	it	was	identified	as	the	Stt7	protein	(Depège	et	al.	

2003).	In	Arabidopsis	thaliana,	the	STN7	kinase,	which	is	a	homologue	to	the	Stt7	

protein,	has	been	identified	(Shapiguzov	et	al.	2010),	while	the	phosphatase	

reversing	the	process	has	been	identified	as	the	Tap38/Pph1	protein	

(Shapiguzov	et	al.	2010).	
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Once	phosphorylated,	LHCIIs	dissociate	from	PSII,	and	thus	make	PSII	less	

susceptible	to	light-induced	damage.	The	physical	movement	of	phosphorylated	

light-harvesting	complexes	is	proposed	to	occur	because	of	electrostatic	

repulsion	that	arises	between	the	light-harvesting	complexes,	which	are	

negatively	charged	because	of	the	phosphorylation,	and	PSII,	which	is	also	

negatively	charged	(Wollman,	2001).	In	Chlamydomonas,	there	is	also	a	physical	

separation	between	the	majority	of	PSII	and	PSI	complexes.	The	grana	stacks	are	

enriched	in	PSII,	while	most	PSI	complexes	reside	in	the	stroma	lamellae	

(Finazzi	et	al.	2002).	Grana	stacks	are	more	negatively	charged	than	the	stroma	

lamellae,	which	might	also	be	one	of	the	reasons	for	the	physical	movement	of	

the	phosphorylated	light-harvesting	complexes	away	from	the	grana	stacks.	

In	Chlamydomonas,	the	cytochrome	b6f	complexes	can	be	found	both	in	the	grana	

stacks	and	in	the	stroma	lamellae.	In	state	1,	most	cytochrome	b6f	complexes	

reside	in	the	grana	stacks,	while	in	state	2,	a	fraction	of	the	cytochrome	b6f	

complexes	will	also	travel	to	the	stroma	lamellae	(Wollman,	2001).	In	state	2,	

the	stroma	lamellae	will	thus	contain	the	majority	of	LHCII,	cytochrome	b6f	

complexes,	and	PSI.	These	are	the	main	components	of	the	complex	proposed	to	

be	responsible	for	cyclic	electron	transport	via	the	PGR5/PGRL1	pathway	in	

Chlamydomonas	(Iwai	et	al.	2010),	and	as	a	result,	the	rate	of	cyclic	electron	

transport	to	linear	electron	transport	increases	during	a	state	transition	(Finazzi	

et	al.	2002).	

In	Nannochloropsis,	state	transitions	have	so	far	not	been	reported,	and	in	

Phaeodactylum,	state	transitions	have	been	declared	to	be	absent	(Owens,	

1986).	A	state	transition	in	a	heterokont	alga	would	moreover	have	a	different	

underlying	structural	mechanism	than	the	state	transitions	carried	out	by	plants	

and	green	algae,	as	the	architecture	of	their	thylakoid	membranes	are	quite	

distinct.	The	secondary	plastids	of	heterokont	algae	have	been	shown	to	form	

lamellae	consisting	of	three	thylakoids	(Bedoshvili	et	al.	2009),	instead	of	the	

usual	grana	stacks	and	stroma	lamellae	observed	in	green	algae	and	plants.	In	

heterokont	algae,	PSII	and	PSI	have	also	not	been	thought	to	occupy	different	

areas	of	the	thylakoid	(Bína	et	al.	2017,	1),	even	though	large	membrane	areas	

enriched	in	PSI	have	recently	been	demonstrated	in	red	light-treated	cells	of	

Phaeodactylum	tricornutum		(Bína	et	al.	2016).	A	state	transition	in	a	heterokont	
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algae,	would	thus	likely	involve	a	re-coupling	of	light-harvesting	complexes	

between	the	two	photosystems,	rather	than	a	physical	movement	of	light-

harvesting	complexes	from	one	area	of	the	thylakoid	to	another.	

	

	

1.3.2.2.			The	xanthophyll	cycle	

	

The	xanthophyll	cycle	is	a	photoprotective	process	occurring	internally	in	the	

light	harvesting	antennae	usually	associated	with	PSII.	

A	single	light-harvesting	complex	usually	contains	3	–	4	carotenoids	(Croce	et	al.	

1999).		In	certain	algae,	such	as	Nannochloropsis,	violaxanthin	is	one	of	the	

pigments	frequently	found	in	both	the	light-harvesting	complexes	as	well	as	in	

the	minor	monomeric	antenna	proteins	(Goss	&	Lepetit,	2015).	Violaxanthin	is	a	

light-harvesting	pigment,	but	it	can	be	converted	to	the	photoprotective	pigment	

zeaxanthin	via	the	intermediate	antheraxanthin	in	a	two-step	de-epoxidation	

process	termed	the	xanthophyll	cycle.	

The	enzyme	responsible	for	this	two-step	de-epoxidation	is	Violaxanthin	de-

epoxidase,	which	is	located	in	the	thylakoid	lumen.	Its	pH	optimum	is	around	5.2	

in	most	algae	performing	the	xanthophyll	cycle,	and	it	requires	ascorbate	as	a	

cofactor	(Goss	&	Jakob,	2010).	In	high-intensity	light	conditions,	the	rate	of	

water	splitting	and	plastoquinone	transport	will	increase,	resulting	in	a	

decreased	pH	in	the	thylakoid.	When	the	lumenal	pH	drops	below	~	6.2	(Pfündel	

&	Dilley,	1993;	Hager	&	Holocher,	1994),	Violaxanthin	de-epoxidase	will	be	

activated	and	start	converting	violaxanthin	into	zeaxanthin.	It	has	also	been	

proposed	that	the	PsbS	protein,	which	is	protonated	at	low	pH	values,	and	is	

known	to	act	like	a	pH	sensor	(Jahns	&	Holzwarth,	2012),	plays	an	important	

role	in	the	onset	of	the	xanthophyll	cycle.	

Current	models	suggest	that	excitation	energy	captured	by	chlorophylls	can	be	

transferred	to	zeaxanthin	and	subsequently	dissipated	as	heat,	via	both	

excitation	energy	transfer	and	charge	transfer	(Park	et	al.	2019).	The	proposed	

mechanism	of	heat	dissipation	is	described	in	Figure	7.	
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Figure	7:	Energy	level	diagram	and	absorption	spectrum	for	violaxanthin,	

chlorophyll	a and	zeaxanthin.

The	s1 band	of	violaxanthin	is	located	above	the	QY band	for	chlorophyll	a,	while	

the	S1 band	for	zeaxanthin	lies	below	the	QY band	of	chlorophyll	a.	Violaxanthin	

can	therefore	transfer	energy	to	chlorophyll	a,	and	chlorophyll a can	transfer	

excitation	energy	to	zeaxanthin	via	excitation	energy	transfer.	Energy	can	also	

be	dissipated	as	heat	via	charge	transfer	between	chlorophyll	a and	zeaxanthin	

(Park	et	al.	2019).	The	latter	pathway	for	heat-dissipation	is	not	shown	in	this	

figure.

Values	of	the	S1 energy	levels	for	violaxanthin	and	zeaxanthin,	and	the	value	of	

the	QY level	of	chlorophyll	awere	extracted	from	Frank	et	al.	1994.	The	

absorption	data	for	violaxanthin	was	extracted	from	Takaichi	&	Shimada,	1992,	

absorption	data	for	zeaxanthin	was	extracted	from	Kuwabara	et	al.	1999,	

absorption	data	for	chlorophyll	awas	extracted	from	Chen	&	Blankenship,	2011,	

and	the	fluorescence	data	for	chlorophyll	a	was	taken	from	Prahl,	2017.
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Violaxanthin	de-epoxidase	exists	as	a	monomer	located	in	the	thylakoid	lumen	

(Jahns	et	al.	2009),	but	once	activated,	the	enzyme	forms	active	dimers,	and	

binds	to	the	thylakoid	membrane.	In	its	dimeric,	activated	state,	a	catalytic	site	

forms,	which	is	able	to	bind	one	molecule	of	violaxanthin	and	two	molecules	of	

the	cofactor	ascorbate	(Goss	&	Lepetit,	2015).	The	conversion	of	violaxanthin	

into	zeaxanthin	does	not	only	depend	on	the	presence	of	activated	Violaxanthin	

de-epoxidase	enzymes,	but	also	on	the	presence	of	the	galactolipid	

monogalactosyldiacylclycerol	(MGDG),	which	solubilizes	the	violaxanthin	

molecules,	and	makes	them	available	for	the	enzyme	(Schaller	et	al.	2010).	

The	conversion	of	violaxanthin	into	the	photoprotective	pigment	zeaxanthin	

occurs	on	a	time	scale	of	10	–	30	minutes	(Jahns	et	al.	2009),	and	when	

zeaxanthin	has	been	formed,	this	is	incorporated	into	the	light	harvesting	

antennae.	Experiments	performed	on	spinach	have	confirmed	that	especially	the	

minor	PSII	antennae	proteins	CP29	and	CP26	are	enriched	in	xanthophyll	cycle	

pigments	(Goss	et	al.	1997).		

When	the	cell	is	no	longer	in	need	of	photoprotection,	zeaxanthin	will	be	

converted	back	to	light-harvesting	violaxanthin	by	adding	the	same	two	epoxy-

groups	that	Violaxanthin	de-epoxidase	removed	in	its	step-wise	conversion	of	

violaxanthin	into	antheraxanthin,	and	from	antheraxanthin	into	zeaxanthin.	The	

reverse	reactions,	from	zeaxanthin	to	antheraxanthin,	and	from	antheraxanthin	

back	to	violaxanthin,	are	driven	by	the	enzyme	Zeaxanthin	epoxidase,	(Jahns	et	

al.	2009).	Zeaxanthin	epoxidase	is	located	at	the	stromal	side	of	the	thylakoid	

membrane,	possibly	weakly	bound	to	the	membrane	(Goss	&	Lepetit,	2015).	The	

enzyme	has	a	broad	pH	optimum	around	pH	7.5	in	most	organisms	carrying	out	

the	xanthophyll	cycle	(Jahns	et	al.	2009),	and	is	strongly	inhibited	at	pH	values	

below	6	(Gilmore	et	al.	1994).	The	enzyme	requires	NADPH	and	molecular	

oxygen	as	cofactors,	which	means	that	the	back-reaction	from	zeaxanthin	to	

violaxanthin	will	be	impaired	in	anaerobic	conditions.	Several	studies	have	also	

shown	that	Zeaxanthin	epoxidase	in	general	is	sensitive	to	stress.	Both	light	

stress	and	cold	stress	might	severely	limit	the	activity	of	the	enzyme	(Öquist	&	

Huner,	2003;	Reinhold	et	al.	2008).	Generally,	the	conversion	of	zeaxanthin	back	

to	violaxanthin	carried	out	by	Zeaxanthin	epoxidase	takes	5	to	10	times	longer	
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than	the	de-epoxidation	reactions	carried	out	by	Violaxanthin	de-epoxidase	

(Jahns	et	al.	2009),	which	means	that	the	photoprotection	provided	by	the	

presence	of	zeaxanthin	can	be	relatively	long-lasting.	

The	normal	xanthophyll	cycle	and	its	driving	enzymes,	Violaxanthin	de-

epoxidase	and	Zeaxanthin	epoxidase,	can	be	found	in	higher	plants,	ferns,	

mosses	and	the	species	belonging	to	the	Chlorophyta	division	(Jahns	et	al.	2009).	

Diatoms,	belonging	to	the	class	of	Bacillariophyceae,	have	a	similar,	yet	distinct	

xanthophyll	cycle.	Diatoms	contain	the	light	harvesting	pigment	diadinoxanthin,	

which	is	converted	directly	to	the	photoprotective	pigment	diatoxanthin	during	

light	stress.	This	conversion	is	driven	by	the	enzyme	Diadinoxanthin	de-

epoxidase,	which,	as	Violaxanthin	de-epoxidase,	is	activated	by	acidification	of	

the	thylakoid	lumen	caused	by	extensive	water	splitting	and	electron	transport.	

Diadinoxanthin	de-epoxidase	is,	however,	activated	at	a	higher	pH	than	

Violaxanthin	de-epoxidase.	The	enzyme	has	a	pH	optimum	of	5.5	(in	contrast	to	

Violaxanthin	de-epoxidase’s	optimum	of	5.2),	and	it	is	activated	when	the	pH	

drops	below	6.5	(in	constrast	to	Violaxanthin	de-epoxidase,	which	is	activated	

when	the	pH	falls	below	6.2).	Some	Diadinoxanthin	de-epoxidase	activity	can	be	

demonstrated	even	at	neutral	pH	values	of	around	7	(Goss	&	Jakob,	2010).	The	

de-epoxidation	of	diadinoxanthin	also	requires	ascorbate	as	a	cofactor,	and	

depends	on	the	presence	of	the	galactolipid	MGDG.	

The	conversion	of	diatoxanthin	back	to	diadinoxanthin	is	driven	by	the	enzyme	

Diatoxanthin	epoxidase.	This	enzyme	shares	several	similarities	with	Zeaxanthin	

epoxidase.	It	is	a	stromal	enzyme,	and	it	requires	NADPH	and	oxygen	as	

cofactors.	However,	one	difference	between	the	two	epoxidation	enzymes	is	that	

Diatoxanthin	epoxidase	is	almost	completely	inhibited	in	high-intensity	light,	

while	Zeaxanthin	epoxidase	is	not	(Mewes	&	Richter,	2002).	The	rate	of	

epoxidation	is	also	faster	for	Diatoxanthin	epoxidase	than	for	Zeaxanthin	

epoxidase	(Goss	&	Jakob,	2010).	
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1.3.2.3.			PsbS-	/	Lhcx-dependent	photoprotection	

	

	

Zeaxanthin	might	be	able	to	dissipate	excitation	energy	as	heat,	but	the	exact	

mechanism	of	zeaxanthin-dependent	photoprotection	is	complex,	and	involves	

several	key	players	in	addition	to	zeaxanthin.	

Just	as	the	conversion	of	violaxanthin	to	zeaxanthin	by	violaxanthin	de-

epoxidase,	or	the	conversion	of	diadinoxanthin	to	diatoxanthin	by	

diadinoxanthin	de-epoxidase,	the	formation	of	the	quenching	sites	proposed	to	

be	involved	in	zeaxanthin-dependent	photoprotection	also	depends	heavily	of	

the	build-up	of	a	proton	gradient	(Goss	&	Lepetit,	2015).	

Even	though	the	exact	mechanism	of	zeaxanthin-dependent	photoprotection	is	

yet	unknown,	the	mechanism	of	initiation	has	been	increasingly	studied	in	the	

later	years.	It	has	been	revealed	that	zeaxanthin-dependent	photoprotection	

likely	involve	two	distinct	sites	in	the	thylakoid	membrane	where	excitation	

energy	is	dissipated	as	heat.	The	formation	of	these	is	proposed	to	be	mediated	

by	the	PSII	subunit	PsbS,	which	is	present	in	higher	plants	and	green	algae	

(Jahns	&	Holzwarth,	2012).	The	PsbS	protein	is	proposed	to	be	pigment	free,	and	

instead	functions	as	a	pH	sensor	(Dominici	et	al.	2002).	In	conditions	when	the	

lumenal	pH	decreases,	PsbS	is	protonated	at	two	glutamate	residues	situated	

towards	the	lumen	(Li	et	al.	2004).	This	protonation	triggers	conformational	

changes	of	the	thylakoid	membrane	(Kiss	et	al.	2008;	Betterle	et	al.	2009),	and	

also	leads	to	the	formation	of	two	quenching	sites,	termed	Q1	and	Q2,	which	

carries	out	separate	modes	of	photoprotection	occurring	at	different	time	scales	

(Jahns	&	Holzwarth,	2012;	Derks	et	al.	2015).	Q1	is	proposed	to	consist	of	light-

harvesting	complexes	having	detached	from	PSII	to	form	aggregates,	while	Q2	

can	be	found	in	minor	light-harvesting	complexes	being	functionally	linked	to	

PSII.	Both	these	quenching	sites	are	proposed	to	depend	completely	or	partially	

on	the	presence	of	zeaxanthin,	and	on	the	ability	of	this	particular	xanthophyll	to	

dissipate	excess	excitation	energy	as	heat	(Jahns	&	Holzwarth,	2012).	

The	presence	of	the	two	distinct	sites,	Q1	and	Q2,	related	to	photoprotection	in	

the	PSII-associated	light-harvesting	complex	have	also	been	detected	in	diatoms	

(Miloslavina	et	al.	2009).	As	in	the	case	of	higher	plants,	Q1	is	formed	by	
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aggregates	of	light-harvesting	complexes	detaching	from	PSII	during	conditions	

increasing	the	pH	gradient	over	the	thylakoid	membrane,	while	Q2	is	formed	in	

light-harvesting	complexes	still	attached	to	PSII	(Miloslavina	et	al.	2009).	

A	similar	pH	sensor	protein	as	PsbS	in	plants	has	so	far	not	been	detected	in	

diatoms,	but	photoprotection	has	been	shown	to	depend	heavily	on	the	Lhcx	

protein,	in	addition	to	the	heat-dissipative	xanthophyll	diatoxanthin	(Goss	&	

Lepetit,	2015).	

In	Nannochloropsis,	the	same	photoprotective	sites	as	in	higher	plants	and	

diatoms	have	not	been	identified.	Yet,	two	kinetically	different	modes	of	

zeaxanthin-dependent	photoprotection	have	been	demonstrated.	A	fast	mode	of	

photoprotection	seems	to	depend	both	on	the	concentration	of	zeaxanthin	

present,	and	on	the	pH	gradient,	while	a	slower	mode	of	photoprotection	seems	

to	be	directly	dependent	on	the	amount	of	zeaxanthin	(Bína	et	al.	2017,	2).	

Nannochloropsis,	just	like	Phaeodactylum,	contains	light-harvesting	complexes	of	

the	type	Lhcx,	and	it	is	assumed	that	Lhcx	proteins	are	important	for	the	fast	

mode	of	heat-dissipative	photoprotection	in	Nannochloropsis	(Bína	et	al.	2017,	

2).	

Green	algae	do	not	have	PsbS,	but	a	related	protein	called	LhcsR	(Bonente	et	al.	

2011).	This	protein	is	proposed	to	act	like	a	pH	sensor	in	a	similar	fashion	as	

PsbS	in	higher	plants,	and	to	initiate	a	change	in	the	light-harvesting	complexes	

from	a	light-harvesting	state	to	an	energy-dissipating	state	during	conditions	

triggering	a	low	lumenal	pH	(Liguori	et	al.	2013).	
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1.3.2.4.			The	role	of	cyclic	electron	flow	in	photoprotection	

	

In	several	plants	and	some	algae,	the	shift	from	linear	to	cyclic	electron	flow	has	

been	shown	to	play	a	major	role	in	photoprotection	(Huang	et	al.	2015).	The	

other	major	mechanisms	involved	in	photoprotection;	the	xanthophyll	cycle,	qE	

and	state	transitions,	are	all	aimed	at	preferentially	protecting	PSII	from	light	

stress.	Cyclic	electron	flow	stands	out	by	also	playing	a	role	in	photoprotection	

of	PSI.	

Especially	in	conditions	where	photosynthetic	carbon	fixation	is	limited,	such	as	

drought	stress	in	plants,	PSI	is	prone	to	photodamage	because	the	lack	of	NADP+	

in	these	conditions	will	lead	to	over-reduction	of	the	iron-sulphur	clusters	

downstream	of	P700	(Huang	et	al.	2012).	The	onset	of	cyclic	electron	transport	

will	lead	to	a	shift	in	the	ratio	of	NADPH	to	NADP+.	More	NADP+	will	be	available	

because	NADPH	can	now	donate	electrons	to	the	plastoquinone	pool,	and	this	

will	in	turn	relieve	the	redox	stress	on	the	iron-sulphur	clusters	within	PSI.	

Cyclic	electron	flow	does	not	only	protect	PSI,	but	also	PSII.	When	cyclic	electron	

transport	is	active,	protons	are	being	transported	across	the	thylakoid	

membrane	through	the	activity	of	the	Q-cycle,	and	this	increased	proton	

gradient	can	activate	the	xanthophyll	cycle	and	protonate	PsbS,	thus	protecting	

PSII	from	photodamage.	

It	has	also	been	shown	that	the	stability	of	the	oxygen-evolving	complex	of	PSII	

depends	on	the	presence	of	Ca2+,	and	that	the	increased	proton	concentration	in	

the	thylakoid	lumen	due	to	the	activity	of	cyclic	electron	flow	increases	the	

activity	of	H+/Ca2+	antiporters	pumping	Ca2+	into	the	lumenal	space	(Huang	et	al.	

2016).	

It	has	recently	been	shown	that	desert	microalgae,	which	are	especially	prone	to	

draught	stress,	can	maintain	high	growth	rates	in	extreme	light	intensities	with	

minimal	effect	of	light-harvesting	complex-based	photoprotection,	by	employing	

cyclic	electron	transport	(Ananyev	et	al.	2017).	
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1.3.3.			Chlorophyll	fluorescence	

	

According	to	Govindjee	(1995),	“chlorophyll	fluorescence	is	red	and	beautiful”.	

According	to	others,	it	is	merely	a	waste	product	of	light	harvesting.	Still,	what	

most	researchers	working	with	a	photosynthetic	organism	could	agree	upon	is	

that	the	assessment	of	chlorophyll	fluorescence	can	be	an	extremely	useful	tool	

when	trying	to	gain	insight	into	the	photosynthetic	machinery	of	an	organism.	

However,	interpreting	chlorophyll	fluorescence	data	is	a	complex	task,	as	

chlorophyll	fluorescence	is	modulated	by	many	physiological	processes	and	

physical	parameters	(Govindjee,	1995).	

When	one	of	the	light-harvesting	complexes	of	a	plant	or	an	alga	absorbs	a	

photon,	the	energy	of	the	photon	is	used	to	promote	an	electron	into	a	higher	

excited	state.	When	excited	electrons	return	to	their	ground	states,	the	energy	

can	be	emitted	as	fluorescence,	or	in	other	words,	as	a	photon	of	a	longer	

wavelength	than	the	original	photon	exciting	the	electron.	In	a	photosynthetic	

context,	fluorescence	is	a	waste	of	captured	energy	that	could	have	been	used	to	

drive	charge	separation.	In	photosynthetic	systems,	with	energetically	coupled	

pigments,	less	than	1%	of	the	captured	energy	is	lost	as	fluorescence	(Govindjee,	

1995).	

Excitation	energy	has	four	fates:	1)	It	can	be	used	to	drive	photochemistry,	2)	it	

can	be	disposed	of	as	heat	(see	section	1.3.2.2	on	the	xanthophyll	cycle),	3)	it	can	

contribute	to	the	formation	of	a	triplet-state	chlorophyll,	or	4)	it	can	be	sent	off	

as	light	with	a	shifted	wavelength	–	fluorescence.	 	
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1.3.3.1.			The	Kautsky	curve

The	chlorophyll	fluorescence	transient	that	can	be	observed	when	a	leaf	or	a	

solution	of	algae	is	subjected	to	continuous	light	after	having	been	acclimated	to	

darkness	was	first	observed	by	Hans	Kautsky	in	1931,	and	it	has	therefore	since	

been	called	a	Kautsky	curve	(Figure	8).

Figure	8:	A	standard	Kautsky	curve,	digitized	from	Govindjee	&	Papageorgiou	

(1971)

In	the	Kautsky	curve	in	Figure	8,	different	parts	of	the	curve	have	been	labelled,	

and	these	local	maxima	or	minima	can	be	related	to	events	occurring	in	the	

photosynthetic	electron	transport	chain	after	the	onset	of	illumination.	The	time	

points	of	the	local	minima	or	maxima	also	give	valuable	insight	into	the	kinetics	

of	electron	transfer	through	PSII,	as	approximately	90	%	of	the	fluorescence	

yield	at	room	temperature	originates	from	PSII	(Govindjee,	1995).

The	inflection	points	of	the	Kautsky	curve	are	thought	to	represent	different	

phases	of	electron	transport	and	fluorescence	quenching.

The	main	chlorophyll	fluorescence	modulator	of	the	photosynthetic	electron	

transport	chain	is	QA (Govindjee,	1995).	When	a	PSII	is	exposed	to	light,	a	charge	

separation	occurs,	and	an	electron	will	be	transferred	from	the	reaction	center	

chlorophyll	pair	to	the	primary	electron	acceptor	QA within	250	– 300	ps	
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(Krause,	1991).	When	QA	is	reduced,	the	reaction	center	is	said	to	be	closed,	as	a	

new	electron	cannot	be	transferred	to	QA	until	the	first	electron	is	transported	

further	in	the	electron	transport	chain.	An	electron	is	transferred	to	an	oxidized	

quinone	or	a	semiquinone	bound	to	the	QB	site	with	a	half	time	of	approximately	

300	µs,	or	1.3	–	2	ms	if	a	plastoquinone	is	not	already	present	at	the	QB	site	(De	

Wijn	&	Van	Gorkom,	2001).	While	the	reaction	center	is	closed,	the	energy	

trapped	by	the	light-harvesting	complexes	cannot	be	used	for	charge	separation.	

Therefore,	energy	captured	by	the	pigments	is	instead	disposed	of	as	

fluorescence.	When	a	leaf	or	an	alga	is	suddenly	exposed	to	light,	the	reduction	

of	QA	is	relatively	synchronized	across	all	PSIIs	present	in	the	sample.	As	the	

reaction	centers	are	gradually	closing,	the	fluorescence	is	gradually	rising,	until	

the	point	where	all	reaction	centers	are	closed	(inflection	point	I	in	the	Kautsky	

curve	shown	in	Figure	8).	Eventually,	the	electrons	sitting	on	QA	will	be	

transferred	further	to	QB,	and,	and	the	fluorescence	will	briefly	decrease	

(inflection	point	D	in	Figure	8).	This	brief	decrease	in	fluorescence	will	be	

enhanced	by	the	quenching	effect	of	oxidized	electron	donors,	in	particular	P680+,		

(Laisk	&	Oja,	2018).	From	the	local	minimum	D	to	the	overall	fluorescence	

maximum	P,	two	processes	are	prevailing.	Firstly,	a	second	(or	third)	round	of	

electrons	are	transferred	to	QA,	causing	the	fluorescence	to	rise,	and	secondly;	

the	initial	electrons	will	start	to	reach	the	plastoquinone	pool.	Even	though	QA	is	

considered	the	main	quencher	of	chlorophyll	fluorescence,	other	components	of	

the	photosynthetic	electron	transport	chain	can	also	modulate	fluorescence,	and	

one	important	component	known	be	directly	responsible	for	the	fluorescence	

yield	is	the	redox	state	of	the	plastoquinone	pool.	It	has	been	proposed	that	

oxidized	plastoquinones	are	able	to	quench	fluorescence	directly	(Vernotte	et	al.	

1979;	Haldimann	&	Tsimilli-Michael,	2005).	As	more	and	more	plastoquinone	

molecules	are	reduced,	this	quenching	effect	is	lost,	and	the	fluorescence	will	

therefore	gradually	increase	until	the	plastoquinone	pool	is	completely	reduced,	

at	point	P	in	the	Kautsky	curve.	This	will	occur	approximately	1	s	after	the	onset	

of	illumination	(Maxwell	&	Johnson,	2000).	Alternatively,	it	has	been	proposed	

that	oxidized	plastoquinones	do	not	quench	fluorescence	themselves,	but	rather	

that	the	presence	of	a	plastoquinone	or	semiquinone	bound	at	the	QB	site	is	able	

to	modulate	fluorescence	(Prášil	et	al.	2018).		
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The	OIDP	transient	is	also	commonly	called	the	fast	transient,	while	the	PSMT	

transient	that	follows,	occurring	on	the	time	scale	of	minutes,	is	referred	to	as	

the	slow	transient	(Govindjee,	1995).	

The	PSMT	transient	has	proved	more	difficult	to	elucidate	(Govindjee,	1995),	but	

it	is	generally	assumed	that	the	reduction	in	fluorescence	yield	occurring	

between	inflection	point	P	and	S	on	the	Kautsky	curve	is	due	to	the	light-induced	

activation	of	enzymes	involved	in	carbon	fixation,	and	the	onset	of	

photoprotection	mechanisms	(Maxwell	&	Johnson,	2000),	while	the	fluorescence	

increase	between	S	and	M	(at	least	in	Chlamydomonas	reinhardtii)	has	been	

shown	to	be	due	to	a	reverse	state	transition	(State	2	→	State	1)	(Kodru	et	al.	

2015).	

	

	

1.3.3.2.			Mechanisms	involved	in	photochemical	and	non-photochemical	

fluorescence	quenching	

	

The	most	important	use	of	excitation	energy	is	to	drive	charge	separation.	The	

amount	of	excitation	energy	that	is	not	used	for	charge	separation	has	been	

termed	non-photochemical	quenching	(NPQ),	and	can	be	further	divided	into	

fluorescence	quenching	categories.	

The	most	important	fluorescence	quenching	mechanisms	involved	in	non-

photochemical	quenching	in	photosynthetic	organisms	have	traditionally	been	

labelled	as	high-energy	state	quenching	(qE),	state	transitions	(qT)	and	

photoinhibitory	quenching	(qI)	(Lavaud	&	Lepetit,	2013).	These	quenching	

components	are	active	to	different	extents	in	different	organisms.	

The	high	energy	state	quenching,	qE,	is	a	fast	type	of	quenching,	usually	observed	

between	several	seconds	and	up	to	5	minutes	after	the	onset	of	illumination	

(Goss	&	Lepetit,	2015;	Erickson	et	al.	2015).	In	plants,	the	relaxation	of	qE	occurs	

on	the	same	time	scale:	several	seconds	to	several	minutes	(Erickson	et	al.	

2015).	In	diatoms,	however,	the	relaxation	has	been	shown	to	be	much	slower	

than	in	plants	(Goss	et	al.	2006).	

The	formation	of	qE	has	been	shown	to	depend	heavily	on	the	presence	of	a	pH	

gradient	(Goss	&	Lepetit,	2015),	although	the	exact	fluorescence	quenching	
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mechanism	is	still	under	investigation.	In	plants,	however,	it	has	been	shown	

that	the	PsbS	protein	plays	a	major	role	in	qE,	as	studies	have	shown	that	qE	

quenching	is	drastically	reduced	when	PsbS	is	missing	(Li	et	al.	2002).	

Zeaxanthin	has	also	been	shown	to	be	important	for	qE,	possibly	through	

interacting	with	PsbS	(Sylak-Glassman	et	al.	2014).	

Zeaxanthin	is	also	involved	in	a	different	type	of	quenching,	qZ	(Nilkens	et	al.	

2010),	which	can	be	separated	from	qE	mainly	due	to	the	differences	in	kinetics.	

qZ	is	slower	than	qE,	occurring	on	a	time	scale	of	10	–	15	minutes	(Nilkens	et	al.	

2010).	Since	qZ	depends	on	zeaxanthin,	which	again	depends	on	the	activation	of	

Violaxanthin	de-epoxidase,	qZ,	just	as	qE,	is	heavily	dependent	on	the	presence	of	

a	proton	gradient.	

The	most	recent	models	propose	that	qE	and	qZ	in	diatoms	originate	at	two	

different	quenching	sites	both	related	to	the	PSII	light-harvesting	complexes.	

The	fast	qE	component	has	been	localized	to	detached,	aggregated	PSII	light-

harvesting	complexes	(Miloslavina	et	al.	2009).	The	zeaxanthin-dependent	

quenching	qZ,	on	the	other	hand,	has	been	localized	to	the	minor	PSII	light-

harvesting	complexes	CP29,	CP26	and	CP24,	which	stay	attached	to	PSII	even	in	

conditions	where	PsbS	is	active	(Nilkens	et	al.	2010).	

The	quenching	components	qE	and	qZ	thus	have	certain	similarities,	as	both	are	

activated	by	an	increased	pH	gradient	across	the	thylakoid	membrane,	although	

through	different	mechanisms	and	on	different	time	frames.	

Another	quenching	mechanism,	qT,	is	assigned	to	state	transitions	(discussed	in	

section	1.3.2.1).	When	PSII-associated	light-harvesting	complexes	dissociate	

from	PSII	to	migrate	to	PSI,	less	fluorescence	is	emitted	by	the	former	PSII-

associated	light-harvesting	antennae,	since	PSI	is	more	efficient	in	charge	

separation	than	PSII.	

The	last	component	traditionally	included	in	the	concept	of	non-photochemical	

quenching	is	a	slow	quenching	component,	photoinhibitory	quenching,	or	qI.	

This	mode	of	quenching	occurs	over	a	time	frame	of	several	hours,	and	is	

thought	to	reflect	light	induced	damage	of	D1.	As	qI	is	the	slowest	fluorescence-

quenching	component	known	to	date,	it	has	not	gained	as	much	attention	as	the	

other	quenching	processes	working	on	shorter	time	scales.	However,	recent	

studies	on	qI	have	produced	evidence	that	what	has	been	thought	of	as	qI-type	



	 49	

quenching,	may	involve	more	than	one	process	(Lambrev	et	al.	2010;	Malnoë,	

2018).	

Even	though	not	defined	as	individual	modes	of	quenching	like	qE,	qZ,	qT	and	qI,	

other	cellular	processes	could	also	affect	the	fluorescence	yield	on	different	time	

scales.	

	

	

1.3.3.3.			Manipulation	of	the	redox	state	of	the	plastoquinone	pool	by	oxygen	

depletion		

	

The	redox	state	of	the	plastoquinone	pool	is	easily	modulated	by	the	availability	

of	oxygen.	Both	the	light-driven	oxygen	production	of	PSII,	and	oxygen	

consumption	by	cellular	respiration	in	the	dark,	thus	has	an	effect	on	the	redox	

state	of	the	plastoquinone	pool,	and	therefore	also	on	the	fluorescence	yield.	

In	darkness,	algal	cells	enclosed	in	an	airtight	vessel	consume	oxygen	by	

mitochondrial	respiration.	When	there	is	no	more	oxygen	to	consume,	electrons	

will	accumulate	within	the	mitochondrial	electron	transport	chain	(Catalanotti	

et	al.	2013).	The	mitochondria	solve	this	problem	by	turning	

phosphoenolpyruvate	into	malate	in	order	to	generate	ATP,	and	by	turning	

oxaloacetate	into	malate	in	order	to	generate	NAD+,	to	keep	glycolysis	going	

(Kennedy	et	al.	1992).	Malate	will	thus	accumulate	in	the	mitochondria,	and	it	

will	eventually	be	transferred	to	other	parts	of	the	cell,	such	as	the	chloroplast,	

via	the	malate	/	oxaloacetate	shuttle.	In	the	chloroplast,	the	reducing	power	of	

malate	can	be	transferred	to	the	plastoquinone	pool	by	the	NADPH	

dehydrogenase	(Ndh)	(Mus	et	al.	2005;	Faraloni	et	al.	2013).	

Oxidized	plastoquinone	is	a	fluorescence	quencher	(Vernotte	et	al.	1979;	

Haldimann	&	Tsimilli-Michael,	2005).	Therefore,	anaerobic	conditions	will	have	

an	effect	on	chlorophyll	fluorescence.	In	addition,	reduction	of	the	plastoquinone	

pool	will	also	induce	a	state	transition	in	Chlamydomonas	reinhardtii	(Hohmann-

Marriott	et	al.	2010).	The	reduction	of	the	plastoquinone	pool	caused	by	oxygen	

depletion	therefore	has	a	dual	effect	on	fluorescence.	Firstly,	the	loss	of	

fluorescence	quenching,	and	secondly,	the	induction	of	non-photochemical	

quenching.	
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1.3.3.4.			Manipulation	of	electron	transport	chain	by	inhibitors	

	

	Specific	inhibitors	for	different	steps	of	the	photosynthetic	electron	transport	

chain	can	be	used	to	manipulate	the	photosynthetic	electron	transport	chain	and	

hence	also	have	an	effect	on	the	observed	fluorescence	yield.	

	

DCMU	

	

A	common	inhibitor	of	the	QB	binding	pocket	of	PSII	is	3-(3,4-dichlorophenyl)-

1,1-dimethylurea	(DCMU)	(Metz	et	al.	1986).	Application	of	DCMU	in	aerobic	

conditions	and	in	the	presence	of	light	hence	results	in	an	oxidized	

plastoquinone	pool.	Although	cyclic	electron	transport	could	still	occur	and	

partially	reduce	the	plastoquinone	pool,	it	will	not	be	further	reduced	with	

electrons	from	PSII.	

	

DBMIB	

	

An	inhibitor	of	the	QO	site	of	the	b6f	complex	is	2,5-dibromo-6-isopropyl-3-

methyl-1,4-benzoquinone	(DBMIB)	(Roberts	et	al.	2004).		Application	of	DBMIB	

in	combination	with	light	results	in	a	completely	reduced	plastoquinone	pool.	

DBMIB	will	thus	induce	the	maximum	fluorescence	yield,	as	QA	will	be	unable	to	

deliver	its	electron	to	the	plastoquinone	pool,	and	the	quenching	effect	of	

oxidized	plastoquinones	is	lost.	
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CCCP	

	

Another	chemical	that	target	the	regulation	of	electron	transport	is	

carbonylcyanide	m-chlorophenylhydrazone	(CCCP)	(Nishio	&	Whitmarsh,	1993),	

which	acts	as	an	uncoupler	by	collapsing	the	proton	gradient	over	the	thylakoid	

membrane.	The	addition	of	CCCP	will	thus	not	affect	electron	transport	directly,	

but	rather	ATP	production,	which	depends	on	a	sustained	proton	gradient.	

Application	of	CCCP	also	modulates	the	fluorescence	yield	by	preventing	the	

accumulation	of	protons	in	the	thylakoid	lumen,	and	thus	eliminating	qE	and	qZ,	

which	are	both	dependent	on	the	presence	of	a	proton	gradient.	 	
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1.3.4.			Techniques	used	for	studying	chlorophyll	fluorescence	

	

1.3.4.1.			PAM	fluorometry	

	

Pulse	Amplitude	Modulated	(PAM)	fluorometry	was	developed	in	the	1960s	

(Schreiber,	1986;	Schreiber	et	al.	1986),	and	has	proved	to	be	an	invaluable	

technique	for	investigating	photosynthetic	processes.	

When	interpreted	correctly,	fluorescence	data	collected	by	PAM	fluorometry	can	

provide	a	large	amount	of	information,	especially	about	processes	involved	in	

non-photochemical	quenching.	

The	principle	of	PAM	is	based	on	the	fact	that	excitation	captured	by	a	

chlorophyll	molecule	in	a	plant	or	an	alga	can	have	four	possible	fates.	The	

excitation	can	be	used	to	drive	photochemistry,	it	can	be	quenched	by	processes	

involved	in	photoprotection,	it	can	be	used	to	create	a	triplet-state	chlorophyll,	

or	it	can	be	sent	off	as	fluorescence	(Müller	et	al.	2001).	As	the	rate	of	

fluorescence	and	triplet-state	chlorophyll	formation	can	be	assumed	to	be	

constant,	changes	in	chlorophyll	fluorescence	yield	are	due	to	non-

photochemical	quenching	or	photochemistry	(Maxwell	&	Johnson,	2000).		PAM	

fluorometry	in	combination	with	saturating	light	pulses	can	distinguish	between	

photochemical	and	non-photochemical	quenching.	

A	PAM	fluorometer	continuously	probes	fluorescence	yield	by	a	measuring-light	

that	is	too	weak	to	induce	photochemistry,	and	instead	probes	the	ground	

fluorescence	of	the	system	(Schreiber	et	al.	1986;	Maxwell	&	Johnson,	2000).	

In	addition,	light	pulses	of	high	intensity,	usually	having	a	duration	of	0.8	

seconds,	are	introduced	at	certain	time	points.	The	light	intensity	of	these	pulses	

is	high	enough	to	saturate	photosynthesis,	and	for	a	brief	moment	during	such	a	

light	pulse,	all	reaction	centers	will	be	closed	(Müller	et	al.	2001).	

When	maximum	fluorescence	is	reached	during	a	saturating	light	pulse,	

photochemical	quenching	is	briefly	turned	off,	due	to	the	complete	reduction	of	

the	electron	transport	chain.	Any	decrease	in	this	maximal	fluorescence	level	

over	time	is	caused	by	the	onset	of	mechanisms	involved	in	non-photochemical	

quenching.	
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At	the	start	of	a	PAM	measurement,	when	the	sample	is	dark-adapted,	processes	

involved	in	non-photochemical	quenching	should	not	yet	be	active,	so	a	light	

pulse	given	in	these	conditions	provides	the	absolute	maximum	possible	

fluorescence	(at	least	in	theory,	see	paper	II).	

Actinic	light	will	induce	the	initiation	of	non-photochemical	quenching,	which	

will	cause	a	lower	fluorescence	yield	during	light	pulses.	Comparing	the	

maximum	fluorescence	yield	over	time	with	the	maximum	fluorescence	

obtained	in	a	dark-adapted	sample	will	thus	show	the	development	of	NPQ.	In	

addition,	the	maximum	and	minimum	fluorescence	yields	obtained	both	at	the	

beginning	of	and	during	the	measurement,	form	the	basis	of	a	vast	amount	of	

calculations	of	photosynthetic	parameters	(Maxwell	&	Johnson,	2000;	Nikolaou	

et	al.	2015;	Ruban,	2017).	

When	the	actinic	light	is	turned	off,	the	kinetics	of	the	fluorescence	recovery	can	

be	indicative	of	different	non-photochemical	quenching	processes.	If	

photoinhibition	has	taken	place,	the	recovery	to	the	initial	maximum	

fluorescence	yield	of	the	dark-adapted	samples	is	slower	than	the	recovery	of	for	

example	qE	(Figure	9).	
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Figure	9: Example	of	changes	in	the	fluorescence	yield	during	a	PAM	

fluorometry	experiment.	The	overall	maximum	fluorescence	yield	(Fm)	is	

obtained	from	the	first	bright	light	pulse	applied	to	a	dark-adapted	sample.	

When	actinic	background	light	is	applied	to	the	sample,	the	maximum	

fluorescence	obtained	during	bright	light	pulses	decreases,	due	to	the	onset	of	

processes	involved	in	non-photochemical	quenching.	When	actinic	background	

light	is	switched	off,	qE will	disappear	on	a	shorter	time	scale	than	qI.	(Figure	

taken	from	Ruban,	2017)
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1.3.4.2.			77	K	chlorophyll	fluorescence	spectroscopy	

	

The	assessment	of	chlorophyll	fluorescence	at	77	K	is	a	technique	that	is	often	

used	to	complement	observations	made	by	PAM	fluorometry	at	room	

temperature.	77	K	fluorescence	spectroscopy	is	particularly	useful	for	

determining	the	presence	and	the	kinetics	of	state	transitions	(Lamb	et	al.	2018).	

Fluorescence	emissions	by	photosynthetic	organisms	at	room	temperature	

mostly	consists	of	fluorescence	emitted	by	PSII	(about	90	%).	The	reason	for	this	

is	that	PSI	is	a	deeper	energy	trap	than	PSII	(Govindjee,	1995;	Wientjes	&	Croce,	

2012).	This	means	that	very	little	energy	is	lost	as	fluorescence	in	the	energy	

transfer	between	the	external	antennae	complexes	of	PSI	and	the	PSI	core	

complex	itself.	

At	room	temperature,	changes	in	PSII	fluorescence	can	be	readily	observed,	

while	changes	in	PSI	fluorescence	are	comparatively	small,	and	are	spectrally	

similar	to	the	fluorescence	emitted	by	PSII.	

Lowering	the	temperature	to	77	K	makes	the	PSI	and	PSII	fluorescence	more	

spectrally	distinct.	Furthermore;	at	this	temperature,	electron	carriers	that	are	

mobile	at	room	temperature	become	immobile.	Electron	transport	therefore	

becomes	static,	as	electrons	accumulate	on	the	acceptor	side	of	PSII	and	PSI,	and	

the	light	that	would	have	been	used	to	fuel	charge	separation	at	room	

temperature,	will	now	be	given	off	as	fluorescence.		

Lowering	the	temperature	from	~	20	°C	to	–	196	°C	increases	the	PSI	

fluorescence	yield	by	a	factor	of	approximately	20	(Mukerji	&	Sauer,	1988),	and	

makes	the	PSI	fluorescence	comparable	in	magnitude	to	the	PSII	fluorescence.	

There	are	minor	differences	between	different	organisms,	but	generally,	PSII	

fluorescence	peaks	around	685	nm	and	695	nm,	characteristic	of	chlorophylls	

associated	within	CP43	and	CP47,	respectively.	PSI	fluorescence	is	situated	at	

approximately	720	–730	nm	(Lamb	et	al.	2018).	In	most	organisms,	the	peak	

height	of	fluorescence	maxima	of	PSII	and	PSI	associated	chlorophylls	relative	to	

each	other,	can	be	used	to	assess	the	amount	of	chlorophyll	molecules	located	in	

the	light-harvesting	complexes	that	are	associated	with	PSII	and	PSI,	and	can	

thus	be	used	to	assess	if	a	state	transition	has	taken	place.	 	
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1.4.			Metabolic	modelling	

	

In	the	later	years,	collecting	sequence,	transcriptome	and	proteomic	data	has	

become	both	easier	and	faster,	due	to	the	improvement	of	DNA	sequencing	

methods	(Heather	&	Chain,	2016)	and	the	development	of	new	mass	

spectrometers	and	chromatographs.	With	the	increasing	availability	of	biological	

data,	it	is	more	important	than	ever	to	be	able	to	put	the	newly	generated	data	

into	an	analytical	framework,	and	this	became	the	starting	point	for	the	

development	of	systems	biology	as	a	field.	

As	the	name	implies,	systems	biology	aims	at	putting	biological	data	into	a	

system	–	to	help	us	see	the	bigger	picture	in	the	jungle	of	available	biological	

information.	The	system	that	is	used	is	usually	a	mathematical	framework.	

One	of	the	main	approaches	of	systems	biology	has	been	the	construction	of	

metabolic	models,	which	aim	at	describing	the	metabolism	of	a	cell	

mathematically,	but	mathematical	models	describing	for	example	non-

photochemical	quenching	by	using	differential	equations	have	also	been	

developed	(Zaks	et	al.	2012).	

When	gaining	increasing	amounts	of	information	on		

gene	–	protein	associations,	and	information	about	which	reactions	are	

catalysed	by	which	proteins,	the	complete	(or	at	least	almost	complete)	

metabolism	of	a	cell	could	be	predicted	from	its	sequenced	genome.	Recently,	

the	number	of	metabolic	reconstructions	and	the	number	of	newly	sequenced	

genomes	has	increased	at	a	similar	pace	(Thiele	&	Palsson,	2010).	

When	mathematically	modelling	a	reaction	or	a	set	of	reactions,	this	is	done	on	

the	basis	of	stoichiometric	coefficients	and	fluxes.	The	word	'flux'	is	mainly	used	

in	physics,	denoting	either	electric	or	magnetic	forces	travelling	through	a	

surface	on	a	certain	time	scale.	In	metabolic	modelling,	the	word	is	used	to	

describe	the	flow	through	a	certain	reaction	per	time	unit,	or	the	conversion	or	

production	rate	of	a	certain	molecule.	Fluxes	are	usually	denoted	with	the	Greek	

letter	ν	(nu).	

An	example	of	a	mathematical	reconstruction	of	a	set	of	reactions	is	given	in	

Figure	10.	This	particular	set	of	seven	reactions	and	nine	metabolites	is	taken	
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from	the	glycolysis	/	gluconeogenesis.	In	the	example	below,	every	reaction	has	

a	corresponding	reaction	flux,	termed	ν1 to	ν7.

The	mini-network	in	the	example	could	be	drawn	as	a	metabolic	map	(shown	in	

the	left	part	of	the	figure),	or	it	could	be	summed	up	in	a	tabular	form	(shown	in	

the	right	part	of	the	figure),	the	tabular	form	being	the	most	convenient	when	

describing	large	reaction	networks	containing	several	thousand	reactions.

Figure	10:	Example	of	a	simple	metabolic	network	made	from	a	part	of	

glycolysis	/	gluconeogenesis.	The	metabolic	map	(left)	and	the	stoichiometric	

matrix	(right)	of	the	example	network	are	shown.

When	summarizing	a	reaction	network	on	a	tabular	form,	as	done	above,	the	

rows	of	the	table	denote	metabolites,	while	the	columns	denote	reactions.	The	

table	is	then	made	up	by	stoichiometric	coefficients,	showing	how	many	of	

which	molecules	that	are	being	consumed	or	produced	in	a	certain	reaction.	A	

negative	stoichiometric	coefficient	denotes	consumption	while	a	positive	

coefficient	denotes	production.	The	matrix	that	arises	when	summarizing	a	

metabolic	network	as	shown	above,	is	called	a	stoichiometric	matrix,	and	it	can	

be	used	to	write	out	individual	equations	for	the	change	in	concentrations	over	

time	for	all	metabolites.
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The	first	row	in	the	stoichiometric	matrix	above	shows	the	stoichiometric	

coefficients	for	3-phosphoglycerate	in	all	reactions.	This	particular	metabolite	is	

consumed	in	reaction	1,	which	is	running	with	a	flux	ν1,	and	produced	in	

reaction	7,	running	with	a	flux	ν7.	Keeping	in	mind	that	fluxes	are	time	

derivatives,	the	change	in	concentration	over	time	for	3-phosphoglycerate	could	

thus	be	described	as	

	 	

The	change	in	concentration	for	the	other	metabolites	involved	in	the	reaction	

network	shown	above	could	be	written	out	in	a	similar	manner:	

	 	 	 	 	

	 	 	 	 	

	 	 	 	 	 	

	 	 	 	 	 	

The	set	of	differential	equations	that	arises	when	using	the	reaction	fluxes	and	

the	stoichiometric	coefficients	to	describe	the	change	in	concentration	over	time	

for	a	certain	metabolite	can	again	be	summarized	in	matrix	form,	yielding	the	

following	equation	set,	consisting	of	a	vector	of	time	derivatives	of	the	

concentrations,	the	stoichiometric	matrix,	and	a	flux	vector:	

  

d 3-PG( )
dt

= −ν1 +ν7

  

d 2-PG( )
dt

= ν1 −ν2 +ν6 −ν7
  

d ATP( )
dt

= ν3 −ν4

  

d PEP( )
dt

= ν2 −ν3 +ν5 −ν6
  

d ADP( )
dt

= −ν3 +ν4

  

d Pyr( )
dt

= ν3 −ν4
  

d GTP( )
dt

= −ν5

  

d OxaA( )
dt

= ν4 −ν5
  

d GDP( )
dt

= ν5
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Here	the	nine	molecules	in	the	example	above	have	been	denoted,	A,	B,	C,	…,	I,	

for	simplicity.	

When	modelling	an	entire	cell,	which	could	include	several	thousand	reactions,	

these	systems	of	differential	equations	will	be	increasingly	hard	to	solve.	But	the	

equation	system	above	can	be	simplified.	

In	the	biological	world,	the	concentration	of	metabolites	can	certainly	fluctuate	

over	time.	When	describing	reactions	mathematically,	however,	one	could	

assume	that	when	the	reactions	of	a	metabolic	network	have	been	running	for	a	

while,	the	fluxes	are	stable,	and	the	change	in	metabolite	concentration	over	

time	approximates	zero.	Then	the	reaction	set	above	could	be	simplified	to	

	 	

Or	written	on	a	general	form:	

	 	

   

!A
!B
!C
!D
!E
!F
!G
!H
!I

⎡

⎣

⎢
⎢
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⎥
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⎥
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1 −1 0 0 0 1 −1
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This	reduces	the	original	set	of	differential	equations	to	a	set	of	linear	equations,	

and	although	this	equation	set	could	contain	several	thousand	unknown	fluxes,	

it	is	easily	solved.	

This	way	of	modelling	reactions	mathematically,	and	the	subsequent	assumption	

of	steady	state,	forms	the	basis	for	Flux	Balance	Analysis	(FBA)	(Orth	et	al.	

2010),	which	is	a	common	approach	for	finding	values	for	large	sets	of	reaction	

fluxes.	In	large	models,	there	are	usually	more	reactions	than	metabolites,	which	

will	not	yield	an	exact	solution	for	the	fluxes,	but	rather	a	confined	solution	

space	where	all	sets	of	fluxes	within	the	solution	space	are	possible	solutions	

(Orth	et	al.	2010).	If	this	is	the	case	(as	it	usually	is),	it	is	possible	to	find	the	set	

of	fluxes	that	yields	the	maximum	flux	for	one	certain	reaction.	

Even	though	cell	growth	in	the	real	biological	world	is	a	complex	matter	that	

depends	on	a	multitude	of	reactions,	it	is	common	to	include	a		'biomass	

reaction'	when	modelling	a	cell	mathematically.	In	the	biomass	reaction,	the	

most	important	metabolites	a	cell	needs	in	order	to	grow	(or	to	produce	

biomass)	are	included	as	reactants.	Usually,	this	is	the	reaction	that	is	optimized	

when	using	Flux	Balance	Analysis,	as	this	is	a	good	approximation	for	the	

biological	world,	where	the	objective	of	every	cell	is	to	grow	as	fast	as	their	

environment	allows	them	to.	When	optimizing	for	the	biomass	reaction,	the	

corresponding	reaction	flux	then	yields	a	growth	rate,	in	biomass	produced	per	

time	unit.	

Building	a	metabolic	model	for	an	entire	cell	might	seem	like	a	daunting	task,	but	

in	recent	years,	several	step-by-step	manuals	to	model	reconstruction	have	been	

published	(Feist	et	al.	2009;	Thiele	&	Palsson,	2010).	Semi-automated	tools	that	

will	both	annotate	a	DNA	sequence	and	use	that	annotation	to	create	a	draft	

reconstruction	have	also	been	developed	(Henry	et	al.	2010;	Agren	et	al.	2013).	

There	are	several	advantages	to	creating	such	genome-based	metabolic	models.	

Metabolic	models	have	of	course	been	made	possible	through	the	rapid	increase	

in	biological	data	available,	but	that	being	said,	the	construction	of	genome-scale	

models	also	represent	a	great	way	to	structure	the	vast	amounts	of	new	data,	

and	to	make	it	easily	available	and	user-friendly.	

Genome-scale	metabolic	models	can	also	be	extremely	useful	in	metabolic	

engineering	approaches	(Oberhardt	et	al.	2009).	Genetic	engineering	has	
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become	common	practice	to	increase	the	production	of	useful	or	valuable	

chemicals	in	both	bacteria	and	in	yeast,	and	metabolic	models	can	be	used	to	

predict	how	different	gene	knockouts	will	affect	the	production	of	a	chemical	of	

interest.	In	2008,	this	approach	was	used	on	Saccharomyces	cerevisiae	to	

optimize	the	production	of	malate,	which	is	an	important	industrial	chemical	

that	is	often	used	as	a	building	block	in	chemical	synthesis.	The	malate	

production	was	increased	to	59	g/l,	which	was	five	times	higher	than	all	earlier	

efforts	had	accomplished	(Zelle	et	al.	2008).	

Metabolic	models	can	also	be	used	within	the	medical	field;	for	example,	to	study	

human	diseases	and	the	effect	of	different	treatments	(Duarte	et	al.	2007;	Lewis	

et	al.	2010).	

Recently,	the	concept	of	Flux	Balance	Analysis	and	constraint-based	modelling	

has	been	expanded,	so	transcriptomic	data	can	also	be	taken	into	account	when	

optimizing	a	model	(Navid	&	Almaas,	2012).	This	approach	is	ideal	for	

predicting	cellular	responses	to	environmental	stimuli.	It	can,	for	example,	be	

used	to	predict	more	accurately	than	ever	the	cellular	response	of	a	pathogen	

organism	to	a	toxin.	

The	first	metabolic	models	were	relatively	simple	models	with	some	hundred	

metabolites.	Over	the	years,	increasingly	complex,	multi-compartment	models	

with	several	thousand	reactions	have	been	published,	even	for	photosynthetic	

organisms	(Imam	et	al.	2015;	Levering	et	al.	2016;	Loira	et	al.	2017;	Shah	et	al.	

2017).	 	
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1.5.			Organisms	investigated	throughout	this	work	

	

The	work	presented	in	this	thesis	is	mainly	based	on	three	organisms;	the	

heterokont	algae	Nannochloropsis	oceanica	and	Phaeodactylum	tricornutum,	and	

the	green	algal	model	organism	Chlamydomonas	reinhardtii.	These	three	

organisms	have	been	the	focus	of	the	investigations	of	regulation	of	electron	

transport	using	spectroscopic	measurements,	and	of	the	development	of	an	

adjustable	chloroplast	model.	

In	the	following	sections,	these	three	organisms,	and	the	differences	between	

them,	will	be	described	in	detail.	

	

	

1.5.1.			Nannochloropsis	oceanica	

	

Nannochloropsis	sp.	is	a	heterokont	microalga	belonging	to	the	class	of	

Eustigmatophyceae.	It	is	a	relatively	small	alga,	usually	having	a	diameter	of	2	–	

4	µm,	with	cells	containing	one	single	chloroplast	(Gentile	&	Blanch,	2001).	The	

alga	has	gained	increasing	interest	for	its	ability	to	produce	lipids	and	high-value	

chemicals	such	as	long-chain	polyunsaturated	fatty	acids	and	xanthophylls	

(Sukenik,	1991;	Lubián	et	al.	2000;	Hu	et	al.	2015).	

Nannochloropsis	has	a	unique	pigment	composition,	with	violaxanthin	and	

vaucheriaxanthin	being	the	main	pigments	(Basso	et	al.	2014;	Alboresi	et	al.	

2016;	Litvin	et	al.	2016).	The	alga	also	employs	minor	amounts	of	canthaxanthin,	

siphonaxanthin,	zeaxanthin	and	β-carotene.	In	contrast	to	many	other	

heterokont	algae,	Nannochloropsis	only	contains	chlorophyll	a	and	completely	

lacks	chlorophyll	b	and	c	(Gentile	&	Blanch,	2001).	

In	addition	to	lacking	accessory	chlorophylls,	another	peculiarity	about	

Nannochloropsis	is	its	unusually	high	amount	of	PSI	compared	to	PSII.	Plants	and	

green	algae	usually	have	a	PSI:PSII	ratio	of	0.53	–	0.67	(Fan	et	al.	2007),	while	

the	PSI:PSII	ratio	in	Nannochloropsis	is	approximately	1.7	(Carbonera	et	al.	

2014).	

The	light-harvesting	complexes	of	Nannochloropsis	are	called	VCPs	(Viola-	/	

Vaucheriaxanthin	Chlorophyll	Proteins)	(Carbonera	et	al.	2014),	and	are	similar	
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to	the	three-transmembrane	helix	light	harvesting	proteins	of	red	algae	and	

diatoms.	It	is	assumed	that	each	complex	contains	~	3	violaxanthin,	~	2	

vaucheriaxanthin	molecules	and	10	chlorophyll	molecules	(Litvín	et	al.	2016).	

The	light-harvesting	complexes	of	Nannochloropsis	have	been	divided	into	four	

subtypes;	Lhcv,	Lhcr,	Lhcx	and	red	CLHs	(Chromera	velia	like	light-harvesting	

complexes)	(Litvín	et	al.	2016).	The	main	light-harvesting	complex	in	

Nannochloropsis	is	the	Lhcv	type	(viola-	/	vaucheriaxanthin	binding	light-

harvesting	complex),	which	is	similar	to	the	Lhcf	(fucoxanthin	binding	light-

harvesting	complex)	complexes	found	in	diatoms.	Lhcr	complexes	are	mainly	

associated	with	PSI,	which	is	also	the	case	for	the	red	CLHs.	

Lhcx	are	stress	response-related	light	harvesting	proteins,	and	have	been	found	

to	be	similar	to	the	PsbS	proteins	in	higher	plants	(Litvín	et	al.	2016).	

In	higher	plants,	the	light-harvesting	complexes	associated	with	PSII	usually	

form	trimers	(Dubertret	et	al.	2002).	This	is	not	the	case	in	Nannochloropsis.	

Nannochloropsis	lacks	the	minor	light-harvesting	complexes	CP24,	CP26	and	

CP29,	which	in	higher	plants	form	docking	points	between	the	trimeric	light-

harvesting	complexes	and	PSII	dimers.	Trimeric	light-harvesting	complexes	

have	also	so	far	not	been	observed	in	Nannochloropsis.	It	is	therefore	assumed	

that	the	majority	of	light-harvesting	complexes	in	Nannochloropsis	exist	as	

monomers	linked	to	PSII	(Litvín	et	al.	2016).	

The	link	between	the	PSI-associated	light-harvesting	complexes	and	PSI	are	

stronger	than	that	between	the	PSII-associated	light-harvesting	complexes	and	

PSII	(Basso	et	al.	2014).	Usually,	PSI	in	Nannochloropsis	is	strongly	linked	to	five	

light-harvesting	complexes,	which	form	a	very	efficient	energy	trap	(Alboresi	et	

al.	2017).		

Since	violaxanthin	is	one	of	the	most	important	pigments	in	Nannochloropsis,	it	

might	come	as	no	surprise	that	the	xanthophyll	cycle	is	important	for	

photoprotection	in	this	particular	alga	(Gentile	&	Blanch,	2001).	In	

Nannochloropsis,	dissipation	of	excess	excitation	energy	as	heat	has	been	shown	

to	occur	in	light-harvesting	complexes	of	the	Lhcx1	type,	via	both	excitation	

energy	transfer	and	charge	transfer	between	chlorophyll	a	and	zeaxanthin	(Park	

et	al.	2019).	
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State	transitions,	on	the	other	hand,	have	not	been	observed	in	Nannochloropsis	

thus	far.	However,	studies	have	shown	that	the	number	of	light-harvesting	

complexes	associated	with	PSI	in	Nannochloropsis	can	range	between	5	and	9	

light-harvesting	complexes	(Bína	et	al.	2017,	1).	This	indicates	that	a	dynamic	

adjustment	of	antenna	size	between	PSII	and	PSI	is	a	possibility.	

Non-photochemical	quenching	in	Nannochloropsis	oceanica	has	been	found	to	

have	two	main	components;	one	slow	component	which	seems	directly	linked	to	

the	amount	of	zeaxanthin	present,	and	one	fast	component	which	seems	

dependent	both	on	a	pH	gradient,	and	on	the	zeaxanthin	content	(Bína	et	al.	

2017,	2).	The	fast	component	is	present	at	increased	pH	values,	and	it	is	

assumed	that	this	quenching	could	be	ascribed	to	light-harvesting	complexes	of	

the	Lhcx	type,	and	that	this	quenching	component	corresponds	to	the	qE	type	

quenching.	The	fast	quenching	component	increases	with	the	amount	of	

zeaxanthin	(Bína	et	al.	2017,	2).	

It	has	been	demonstrated	that	the	relaxation	of	NPQ	in	Nannochloropsis	oceanica	

occurs	in	approximately	the	same	time	frame	as	the	conversion	of	zeaxanthin	

back	to	violaxanthin.	Studies	focusing	on	Nannochloropsis	gaditana	have	shown	

that	two	quenching	components,	one	fast	and	one	slow,	are	also	present	in	this	

organism.	In	N.	gaditana,	there	are	indications	that	the	fast	quenching	

component,	related	to	the	presence	of	Lhcx,	is	associated	with	both	

photosystems,	while	the	zeaxanthin	dependent	slow	quenching	is	mainly	

associated	with	PSII	(Chukutsina	et	al.	2017).	Chukutsina	and	co-workers	also	

observed	the	redistribution	of	excitation	energy	between	PSII	and	PSI.	 	
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1.5.2.			Phaeodactylum	tricornutum	

	

Phaeodactylum	tricornutum	is	a	model	species	belonging	to	the	superphylum	

Heterokontophyta	and	the	class	of	Bacillariophyceae.	It	is	a	pennate	diatom	

found	in	both	coastal	and	inland	waters	(Rushforth	et	al.	1988).	Diatoms	are	a	

major	contributor	to	the	primary	production	of	the	oceans,	and	their	fossil	

remains	are	also	one	of	the	major	sources	of	today’s	petroleum	(Vardi	et	al.	

2009).	

A	peculiarity	about	Phaeodactylum	tricornutum	is	that	it	can	take	three	different	

morphological	forms;	fusiform,	triradiate	and	oval.	Pennate	diatoms	are	usually	

benthic,	but	Phaeodactylum	tricornutum	is	not	a	strict	benthic	species,	and	can	

also	be	found	amongst	free-floating	plankton.	It	has	been	suggested	that	the	

different	morphological	forms	could	be	related	to	where	in	the	water	column	the	

diatom	can	be	found,	as	there	are	important	biochemical	differences;	for	

example,	in	polysaccharide	concentration	between	the	morphological	forms.	

Polysaccharide	concentration	determines	density,	and	due	to	the	differences	in	

polysaccharide	compositions	between	the	different	morphological	forms,	it	has	

been	proposed	that	alternating	between	different	forms	helps	the	algae	adjust	to	

its	environment	(Sabir	et	al.	2018).	

The	main	pigments	of	Phaeodactylum	tricornutum	are	chlorophyll	a,	chlorophyll	

c,	and	the	carotenoids	fucoxanthin,	diadinoxanthin	/	diatoxanthin,	and	lutein	

(Gundermann	&	Büchel,	2014).	Fucoxanthin	is	by	far	the	most	abundant	

pigment,	and	the	main	light-harvesting	complex	of	Phaeodactylum	is	therefore	

called	Fucoxanthin	Chlorophyll	Proteins	(FCPs)	(Guglielmi	et	al.	2005).	

FCPs	can	be	divided	into	three	main	groups:	(1)	Lhcf,	which	are	similar	to	the	

Lhcv	complexes	found	in	Nannochloropsis	sp.	(Litvín	et	al.	2016),	(2)	Lhcr	

complexes,	commonly	associated	with	PSI,	and	(3)	Lhcx	complexes,	which,	as	in	

Nannochloropsis,	are	involved	in	photoprotection	and	NPQ	(Gundermann	&	

Büchel,	2014).	In	addition,	redCAP	proteins	(red	lineage	chlorophyll	a/b	

binding-like	proteins)	have	also	been	found	in	Phaeodactylum	sp.	(Sturm	et	al.	

2013).	

An	increased	proton	gradient	is	essential	for	the	onset	of	NPQ	in	this	organism	

as	well,	but	here	its	most	important	function	seems	to	be	the	activation	of	
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Diadinoxanthin	de-epoxidase,	which	is	the	enzyme	converting	diadinoxanthin	

into	diatoxanthin.	Non-photochemical	quenching	in	Phaeodactylum	thus	works	

differently	compared	to	that	in	Nannochloropsis,	where	a	fast	proton-dependent	

quenching	is	present	(Bína	et	al.	2017,	2).	The	relaxation	of	NPQ	in	

Phaeodactylum	also	occurs	on	a	slower	time	scale	than	the	decline	of	the	proton	

gradient,	and	matches	the	re-epoxidation	of	diatoxanthin	back	to	diadinoxanthin	

by	the	enzyme	Diatoxanthin	epoxidase	(Goss	&	Lepetit,	2015).	It	has	been	

proposed	that	the	pH	gradient	still	is	important	for	NPQ,	possibly	playing	a	role	

in	activating	the	diatoxanthin-dependent	quenching	(Ruban	et	al.	2004),	which	

in	Phaeodactylum	is	proposed	to	be	mediated	by	Lhcx	complexes	(Goss	&	

Lepetit,	2015).	

More	recent	studies	have,	however,	shown	the	presence	of	two	distinct	

quenching	sites	in	Phaeodactylum	Q1	quenching	occurs	in	aggregated	oligomeric	

light-harvesting	complexes,	which	have	detached	from	PSII	(Miloslavina	et	al.	

2009),	while	Q2	quenching	is	diatoxanthin-dependent	quenching	mediated	by	

the	Lhcx	complexes	still	bound	to	the	core	complex.	

Since	all	NPQ	in	Phaeodactylum	seems	to	be	diatoxanthin	dependent,	it	has	been	

speculated	that	the	formation	of	diatoxanthin	introduces	a	conformational	

change	in	light-harvesting	complexes,	which	allows	certain	complexes	to	detach	

and	form	fluorescence	quenching	aggregates	(Goss	&	Lepetit,	2015).	The	

aggregated,	oligomeric	light-harvesting	complexes	have	a	slightly	red-shifted	

fluorescence	(Miloslavina	et	al.	2009;	Herbstová	et	al.	2015),	and	have	been	

proposed	to	be	part	of	the	chromatic	adaptation	occurring	in	Phaeodactylum	

(Herbstová	et	al.	2015).	

Traditionally,	state	transitions	have	been	thought	of	as	absent	in	Phaeodactylum	

(Owens,	1986),	but	recently,	after	the	finding	that	light-harvesting	complexes	

detach	from	PSII	and	form	aggregates,	it	has	been	discussed	that	Phaeodactylum	

may	balance	excitation	energy	between	PSII	and	PSI	(Fujita	&	Ohki,	2004).	 	
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1.5.3.			Chlamydomonas	reinhardtii	

	

Chlamydomonas	reinhardtii	is	a	green	alga.	It	has	a	diameter	of	approximately	10	

µm,	and	has	emerged	as	one	of	the	most	important	and	most	researched	

photosynthetic	model	organisms.	

In	Chlamydomonas	sp.,	the	PSII	is	structured	as	a	dimer	that	is	usually	bound	to	

six	PSII	specific	light-harvesting	complexes	and	four	minor	light-harvesting	

complexes	(including	CP26	and	CP29)	(Drop	et	al.	2014;	Minagawa	&	Tokutsu,	

2015).	PSI,	on	the	other	hand,	operates	as	a	monomer,	and	is	usually	bound	to	9	

PSI-specific	light-harvesting	complexes	(Ünlü	at	al.	2014;	Minagawa	&	Tokutsu,	

2015).	However,	PSI	in	Chlamydomonas	has	been	observed	with	up	to	11	light-

harvesting	complexes,	each	supercomplex	containing	approximately	215	

chlorophyll	molecules,	175	chlorophyll	a	molecules,	and	the	rest	chlorophyll	b,	

which	is	present	in	the	LHCI	antennae	(Kargul	et	al.	2003).	

In	Chlamydomonas,	PSII	is	mainly	located	in	the	membranes	of	the	grana	stacks,	

while	PSI	mainly	is	located	in	the	stroma	lamellae	(Haldrup	et	al.	2001).	During	

light	stress	and	other	external	conditions	that	reduce	the	plastoquinone	pool,	

Chlamydomonas	carries	out	a	well-observable	state	transition	(Ünlü	et	al.	2014),	

with	PSII-specific	light-harvesting	complexes	migrating	from	the	grana	stacks	to	

re-attach	to	PSI	in	the	stroma	lamellae.	In	Chlamydomonas,	state	transitions	are	

also	accompanied	by	a	shift	from	linear	to	cyclic	electron	transport	(Finazzi	et	al.	

2002).	

When	a	state	transition	occurs	in	Chlamydomonas,	around	70	–		80	%	of	the	PSII-

associated	light-harvesting	complexes	detach	from	PSII	(Nagy	et	al.	2014;	Ünlü	

et	al.	2014).	Initially,	it	was	believed	that	all	the	detached	PSII-specific	light-

harvesting	complexes	would	re-attach	to	PSI,	but	recent	investigations	have	

shown	that	this	is	not	the	case.	Only	20	%	of	the	detached	light-harvesting	

complexes	re-attach	to	PSI	(Nagy	et	al.	2014;	Ünlü	et	al.	2014),	and	it	has	been	

proposed	that	the	fraction	of	light-harvesting	complexes	that	will	not	re-attach	

to	PSI,	forms	excitation-quenching	complexes,	either	existing	in	a	free	form,	or	

associated	with	PSII	(Nagy	et	al.	2014).	

In	Chlamydomonas,	state	transitions	are	modulated	by	the	redox	state	of	the	

plastoquinone	pool,	and	involve	both	the	cytochrome	b6f	complex	and	the	more	
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recently	discovered	Stt7	kinase	(Depège	et	al.	2003)	(the	mechanism	of	state	

transition	initiation	is	explained	in	depth	in	section	1.3.2.1).	

Even	though	the	main	mode	of	photoprotection	in	Chlamydomonas	is	state	

transitions,	it	was	recently	discovered	that	a	gene	encoding	an	analogue	to	

violaxanthin	de-epoxidase	is	present	in	Chlamydomonas.	This	enzyme	is	present	

in	the	chloroplast	stroma	instead	of	the	thylakoid	lumen,	and	it	is	similar	to	the	

violaxanthin	de-epoxidase	found	in	photosynthetic	bacteria	(Li	et	al.	2016).	

Chlamydomonas	therefore	likely	uses	a	combination	of	qT	and	qE	quenching	

(Wobbe	et	al.	2016),	but	qE	only	occurs	in	certain	conditions,	and	the	magnitude	

of	the	qE	quenching	found	in	Chlamydomonas	sp.	is	generally	very	small	

compared	to	that	found	in	other	photosynthetic	organisms	(Finazzi	et	al.	2006).	 	
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2.			Aims	of	the	thesis	

	

Heterokont	algae	contribute	significantly	to	marine	primary	productivity,	and	

are	also	considered	industrially	relevant	production	platforms	for	lipids.	These	

key	features,	however,	are	not	matched	by	the	depth	of	knowledge	concerning	

fundamental	aspects	of	their	photosynthetic	processes.	

The	aim	of	this	thesis	has	been	to	gain	insights	into	the	regulation	of	the	

photosynthetic	machinery	and	lipid	metabolism	of	the	heterokont	microalgae	

Nannochloropsis	oceanica	and	Phaeodactylum	tricornutum.	For	this,	a	

computational	model	describing	chloroplast	metabolism	was	constructed.	

A	key	experimental	technique	(chlorophyll	fluorescence	at	77	K)	was	also	

reviewed	with	a	focus	on	heterokont	algae.	Furthermore,	the	photosynthetic	

machinery	of	the	heterokont	algae	Nannochloropsis	oceanica	and	Phaeodactylum	

tricornutum	was	investigated	by	spectroscopic	techniques.	 	
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3.			Results	and	discussion	

	

In	this	chapter,	papers	I	–	V	will	be	presented	and	discussed.	

	

Paper	I	

	

Pathways	of	lipid	metabolism	in	marine	algae,	co-expression	network,	

bottlenecks	and	candidate	genes	for	enhanced	production	of	EPA	and	DHA	

in	species	of	Chromista	

	

Alice	Mühlroth,	Keshuai	Li,	Gunvor	Røkke,	Per	Winge,	Yngvar	Olsen,	Martin	F.	

Hohmann-Marriott,	Olav	Vadstein,	Atle	M.	Bones.	

	

Published	in	Marine	Drugs	(2013),	vol.	11,	pp.	4662	–	4697.	

	

	

Paper	I	is	a	review	paper	focusing	on	approaches	to	enhance	the	synthesis	of		

ω-3	fatty	acids	in	microalgae,	which	are	efficient	producers	of	these	lipids.	

Several	ω-3	fatty	acids	are	essential	for	vertebrates.	The	membranes	of	the	

human	brain	contain	high	amounts	of	both	ω-3-fatty	acids	and	ω-6	fatty	acids,	

which	make	these	fatty	acids	extremely	important	for	both	physical	and	mental	

health	(Plourde	&	Cunnane,	2007).	

The	review	mainly	focuses	on	how	industrial	production	of	the	fatty	acids	

eicosapentaenoic	acid	(EPA)	and	docosahexaenoic	acid	(DHA)	by	microalgae	

could	be	increased	using	genetic	approaches.	In	general,	five	strategies	could	be	

used	for	genetically	increasing	the	fatty	acid	content	of	microalgae.	Firstly,	the	

pool	of	molecules	serving	as	precursors	for	the	fatty	acids	in	question	could	be	

increased.	Secondly,	the	reactions	involved	in	β-oxidation,	which	is	a	lipid-

degrading	pathway	mainly	occurring	in	peroxisomes,	could	be	inhibited.	Thirdly,	

enzymes	involved	in	biosynthesis	of	fatty	acids	could	be	overexpressed,	and	as	a	

fourth	and	fifth	approach,	fatty	acid	chain	length	could	be	optimized	by	

regulation	of	thioesterases,	and	the	saturation	profile	could	be	controlled	by	

regulation	or	introduction	of	desaturases	(Hoffman	et	al.	2008).	
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The	paper	reviews	genes	involved	in	the	different	pathways	related	to	the	

synthesis	of	EPA	and	DHA.	In	order	to	characterize	potential	targets	for	gene	

knockouts	or	enzyme	modification,	a	co-expression	network	was	generated,	

using	transcriptomic	data	from	five	different	experiments.	A	total	of	106	genes	

were	included	in	the	network,	all	of	which	are	associated	with	fatty	acid	

metabolism	in	Phaeodactylum	tricornutum.	The	genes	included	in	the	co-

expression	network	encode	proteins	involved	in	the	mitochondrial	tricarboxylic	

acid	(TCA)	cycle,	β-oxidation	occurring	in	peroxisomes,	de	novo	synthesis	of	fatty	

acids	in	chloroplasts,	and	the	synthesis	of	long-chain	poly-unsaturated	fatty	

acids	(LC-PUFAs)	located	in	the	endoplasmic	reticulum.	

The	co-expression	network	generated	for	the	review	revealed	that	increasing	

the	pool	of	precursor	molecules	by	over-expression	of	the	proteins	responsible	

for	the	synthesis	of	these	precursors,	is	the	approach	that	is	likely	to	have	the	

greatest	effect	on	lipid	production	in	Phaeodactylum.	

Genes	encoding	proteins	involved	in	transesterases,	elongases	and	

acyltransferases	were	also	found	to	be	possible	targets	for	enhancement	of	LC-

PUFA	production.	

	

Contributions:	

Alice	Mühlroth	is	the	main	author	of	this	paper,	and	wrote	most	of	the	

manuscript.	I	contributed	to	writing	the	introduction	(chapter	1),	and	I	also	

made	figure	4	and	5.	 	
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Paper	II	

	

The	plastoquinone	pool	of	Nannochloropsis	oceanica	is	not	completely	

reduced	during	bright	light	pulses	

	

Gunvor	Røkke,	Thor	Bernt	Melø,	Martin	Frank	Hohmann-Marriott	

	

Published	in	PLoS	One	(2017),	vol.	12,	paper	e0175184	

	

	

Paper	II	investigates	the	regulation	of	electron	transport	in	Nannochloropsis,	

which	is	known	to	have	a	distinct	photosynthetic	machinery	compared	to	that	of	

green	algae	and	higher	plants.	Nannochloropsis	has	emerged	as	a	model	

organism	due	to	its	ability	to	produce	and	store	relatively	large	amounts	of	fatty	

acids	that	are	of	interest	both	as	a	substrate	for	biofuel	and	as	a	food	additive.	

However,	so	far	the	photosynthetic	machinery	of	Nannochloropsis	is	less	

researched	than	its	ability	to	produce	lipids.	

In	this	paper,	we	used	pulse	amplitude	modulated	(PAM)	fluorometry	

(Schreiber,	1986;	Schreiber	et	al.	1986)	to	investigate	the	fluorescence	kinetics	

following	bright	light	pulses.	

PAM	fluorometry	in	combination	with	the	saturation	pulse	method	has	become	

a	relatively	standardized	method	for	studying	photosynthetic	performance	of	

plants	in	different	environmental	conditions.	The	interpretation	of	data	obtained	

by	PAM	fluorometry,	however,	is	highly	organism-specific,	as	we	discovered	in	

the	work	leading	up	to	paper	II.	

We	investigated	the	photosynthetic	performance	of	Nannochloropsis	in	the	

presence	of	actinic	background	light,	in	anaerobic	conditions,	and	in	the	

presence	of	the	inhibitor	DBMIB.		In	plants	and	green	algae,	these	three	

conditions	are	all	known	to	reduce	the	plastoquinone	pool,	resulting	in	a	

characteristic	chlorophyll	fluorescence	transient.	However,	by	interpreting	the	

fluorescence	transients	in	Nannochloropsis	we	conclude	that	high-intensity	light	

did	not	result	in	a	complete	reduction	of	the	plastoquinone	pool	in	

Nannochloropsis.		
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This	finding	has	major	implications	when	using	PAM	fluorometry	in	

combination	with	the	saturation	pulse	method	to	assess	different	aspects	of	

photosynthetic	performance.	If	the	measured	maximum	fluorescence	is	not	the	

true	maximum	fluorescence,	this	would,	for	example,	lead	to	a	systematic	over-

assessment	of	PSII	quantum	yield.	

The	finding	that	bright	light	pulses	are	not	able	to	reduce	the	plastoquinone	pool	

of	Nannochloropsis	has	implications	for	the	previously	reached	conclusion	that	

heterokonts	do	not	carry	out	state	transitions	as	a	part	of	their	photoprotection.	

The	reduction	state	of	the	plastoquinone	pool	has	been	shown	to	play	a	part	in	

the	activation	of	state	transitions	both	in	green	algae	and	higher	plants.	Since	the	

bright	light	pulses	utilized	by	the	saturation	pulse	method	are	not	able	to	reduce	

the	plastoquinone	pool	of	Nannochloropsis,	this	might	explain	why	state	

transitions	have	never	been	observed	in	this	organism.	

	

Contributions:	

I	planned	the	experiments	in	collaboration	with	Martin	Hohmann-Marriott,	and	I	

performed	the	experiments.	I	also	developed	the	necessary	tools	for	data	

analysis	in	collaboration	with	Thor	Bernt	Melø.	I	analysed	the	data,	generated	

the	figures,	wrote	the	original	draft,	and	both	I,	Martin	Hohmann-Marriott	and	

Thor	Bernt	Melø	reviewed	the	final	draft	of	the	manuscript.	
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Paper	III	

	

Unique	photosynthetic	electron	transport	tuning	and	excitation	

distribution	in	heterokont	algae	

	

Gunvor	Bjerkelund	Røkke,	Thor	Bernt	Melø,	Alice	Mühlroth,	Olav	Vadstein,	Atle	M.	

Bones,	Martin	F.	Hohmann-Marriott	

	

Published	in	PLoS	One	(2019),	vol.	14,	paper	e0209920	

	

	

The	findings	presented	in	paper	II	led	us	to	take	a	closer	look	at	the	

photoprotection	mechanisms	of	Nannochloropsis.	Since	Nannochloropsis	retains	

a	partly	oxidized	plastoquinone	pool	in	high-intensity	light,	we	wanted	to	

investigate	if	this	behavior	was	specific	to	Nannochloropsis,	or	if	it	also	occurs	in	

other	heterokont	algae.	Phaeodactylum	tricornutum	was	therefore	included	in	

the	study	as	another	heterokont	alga	where	state	transitions	have	not	been	

observed	(Owens,	1986).	

Phaeodactylum	were	found	to	exhibit	the	same	behavior	as	Nannochloropsis.	The	

chlorophyll	fluorescence	yield	found	in	dark-adapted,	aerobic	conditions	was	

not	the	true	maximum	fluorescence.	This	led	us	to	conclude	that	just	like	

Nannochloropsis,	the	plastoquinone	pool	of	Phaeodactylum	is	also	not	

completely	reduced	by	the	standard	bright	light	pulses	utilized	by	the	saturation	

pulse	method.	

In	this	paper,	we	also	wanted	to	investigate	if	state	transitions	is	a	mechanism	

that	is	part	of	the	photoprotection	repertoire	in	heterokont	algae,	but	knowing	

that	high-intensity	light	would	not	lead	to	a	completely	reduced	plastoquinone	

pool,	we	instead	exposed	the	algae	to	anaerobic	conditions,	as	the	combination	

of	anaerobiosis	and	darkness	has	been	shown	to	reduce	the	plastoquinone	pool	

of	several	organisms.	

For	both	Nannochloropsis	and	Phaeodactylum,	we	observed	that	the	onset	of	

anaerobic	conditions	led	to	a	decrease	in	the	ratio	of	PSII-fluorescence	to	PSI-

fluorescence	over	time.	In	Chlamydomonas,	which	was	included	in	the	study	as	
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well,	this	shift	could	also	be	observed	in	high-intensity	light,	which	was	

expected.	In	Nannochloropsis	and	Phaeodactylum,	the	ratio	of	PSII-fluorescence	

to	PSI-fluorescence	increased	in	high-intensity	light,	which	was	the	opposite	of	

the	behavior	observed	in	Chlamydomonas.	

The	results	from	paper	III	show	that	the	heterokont	algae	Nannochloropsis	

oceanica	and	Phaeodactylum	tricornutum	are	indeed	capable	of	dynamic	

partitioning	of	light	energy	between	PSII	and	PSI.	The	mechanisms	underlying	

this	light	partitioning	might	be	different	from	the	classic	state	transition	of	for	

example	Chlamydomonas	reinhardtii,	as	the	chloroplast	architecture	is	different	

between	green	algae	and	heterokonts.	The	state	transition	observed	in	the	

heterokont	algae	therefore	might	not	involve	a	physical	movement	of	light-

harvesting	complexes,	such	as	in	Chlamydomonas,	but	rather	a	re-coupling.	

In	green	algae	and	higher	plants,	plastoquinone	has	been	shown	to	act	as	a	

sensor	molecule,	and	a	reduced	plastoquinone	pool	is	required	for	the	onset	of	

state	transitions.	This	also	seems	to	be	the	case	in	heterokont	algae.	

We	propose	that	the	regulation	of	excitation	energy	in	heterokont	algae	is	an	

adaptation	to	the	changing	light-environments	they	might	encounter	in	the	

ocean,	where	the	light	intensity	could	exceed	the	full	intensity	of	sunlight	due	to	

the	lensing	effect	of	waves.	

	

Contributions:	

I	planned	the	experiments	in	collaboration	with	Martin	Hohmann-Marriott,	and	

performed	the	experiments	with	some	help	from	Alice	Mühlroth.	I	developed	

software	tools	for	analysis	of	the	data	in	collaboration	with	Thor	Bernt	Melø,	and	

I	analysed	the	data,	generated	figures	and	wrote	the	original	draft.	All	co-authors	

reviewed	the	original	draft	of	the	manuscript	prior	to	submission.	
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Paper	IV	

	

Chlorophyll	fluorescence	emission	spectroscopy	of	oxygenic	organisms	at	

77	K	

	

Jacob	Joseph	Lamb,	Gunvor	Røkke,	Martin	Frank	Hohmann-Marriott	

	

Published	in	Photosynthetica	(2018),	vol.	56,	pp.	105	–	124	

	

	

Paper	IV	is	a	review	focusing	on	77	K	spectroscopy.	The	history	of	the	technique	

is	reviewed,	and	important	concepts	such	as	chlorophyll	excitation,	excitation	

transfer,	and	the	difference	between	fluorescence	measurements	performed	at	

room	temperature	and	at	77	K	are	explained.	Instrumentation	and	sample	

preparation	is	also	discussed.	

Most	of	the	paper	is,	however,	dedicated	to	chlorophyll	fluorescence	

characteristics	at	77	K	in	plants,	green	algae,	cyanobacteria,	red	algae	and	

heterokont	algae.	

	

Contributions:	

Jacob	Joseph	Lamb	is	the	main	author	of	this	paper,	and	wrote	most	of	the	

manuscript.	I	contributed	significantly	to	writing	the	section	on	heterokont	

algae.	I	also	developed	the	software	for	digitizing	data	from	other	papers.	I	

digitized	the	data,	and	generated	all	figures	except	figure	5.	 	
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Paper	V	

	

An	adjustable	algal	chloroplast	plug-and-play	model	for	genome-scale	

metabolic	models	

	

Gunvor	Bjerkelund	Røkke,	Martin	Frank	Hohmann-Marriott,	Eivind	Almaas	

	

Manuscript	prepared	for	submission	

	

	

Paper	V	focuses	on	the	construction	of	a	metabolic	model	of	a	chloroplast,	which	

can	be	easily	coupled	to	other	metabolic	models	in	need	of	a	chloroplast	

compartment.	Our	model	contains	788	reactions,	764	metabolites,	and	774	

genes.	

The	“plug-in”	feature	of	this	model	is	a	novel	concept,	as	metabolic	models	are	

usually	constructed	for	an	entire	cell,	and	not	for	individual	organelles.	Even	

though	the	metabolism	of	the	chloroplast	is	relatively	conserved,	there	are	

minor	differences	between	the	chloroplast	metabolism	of	different	organisms.	

The	‘plug	in’	chloroplast	has	different	organism	modes,	allowing	or	disabling	

organism-specific	reactions	to	run.	Currently,	the	chloroplast	model	could	be	

run	both	in	Nannochloropsis	mode,	Phaeodactylum	mode	and	Chlamydomonas	

mode.	

A	special	emphasis	and	strength	of	the	chloroplast	model	is	a	detailed	

representation	of	the	photosynthetic	electron	transport	chain.	This	feature	

allows	the	user	to	investigate	the	regulation	of	photosynthetic	electron	

transport,	and	the	link	between	the	photosynthetic	electron	transport	and	

carbon	fixation.	

Along	with	the	development	of	the	chloroplast	model,	software	tools	for	

working	with	this	novel	type	of	adjustable	organelle	model	have	also	been	

developed.	Tools	have	been	developed	for	easily	coupling	the	chloroplast	model	

to	another	metabolic	model,	for	changing	the	organism	mode	of	the	chloroplast,	

and	for	expanding	it,	either	with	reactions	specific	to	one	of	the	organisms	
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currently	represented	by	the	model,	or	by	introducing	a	completely	new	

organism	mode.	

	

Contributions:	

I	planned	the	chloroplast	model	in	collaboration	with	Eivind	Almaas.		

I	performed	the	reconstruction	of	chloroplast	metabolism,	developed	the	

software	necessary	for	working	with	an	adjustable	compartment	model,	and	

wrote	the	original	draft.	All	co-authors	reviewed	the	final	draft	of	the	

manuscript.	 	
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4.			Concluding	remarks	and	future	works	

	

One	major	finding	of	the	work	presented	in	this	thesis	is	that	the	electron	

transport	and	the	onset	of	photoprotection	mechanisms	is	regulated	differently	

in	the	heterokont	algae	Nannochloropsis	and	Phaeodactylum	compared	to	those	

in	higher	plants	and	green	algae.	When	Chlamydomonas	is	exposed	to	high-

intensity	light,	the	photosynthetic	electron	transport	chain	is	completely	

reduced,	and	photoprotection	mechanisms	are	initiated.	In	both	Nannochloropsis	

and	Phaeodactylum,	high-intensity	light	seems	to	decrease	the	degree	of	

reduction	in	the	plastoquinone	pool.	In	Nannochloropsis,	a	probable	explanation	

for	this	behaviour	is	its	high	PSI:PSII	ratio,	but	for	Phaeodactylum,	this	is	not	

presently	a	satisfactory	explanation.	Future	studies	should	therefore	focus	on	

exploring	the	mechanisms	for	this	particular	feature	also	in	Phaeodactylum,	by	

determining	its	PSI:PSII	ratio.	

Another	major	finding	is	that	in	contrast	to	what	was	previously	thought,	

heterokont	algae	are	capable	of	dynamic	partitioning	of	excitation	energy	

between	PSII	and	PSI.	At	first	sight,	this	may	look	like	the	state	transitions	

carried	out	by	Chlamydomonas,	but	the	mechanism	for	this	dynamic	excitation	

energy	partitioning	may	be	fundamentally	different	in	heterokont	algae,	as	their	

chloroplast	structure	is	different.	The	thylakoid	structure	of	heterokont	algae	

makes	a	re-coupling	of	light-harvesting	complexes	between	the	two	

photosystems	more	likely	than	a	physical	movement	of	the	light-harvesting	

complexes.	The	molecular	mechanisms	that	control	and	facilitate	this	re-

coupling	should	also	be	investigated	in	detail	in	the	future.	

Biochemical	purification	of	photosynthetic	complexes	in	combination	with	

single	particle	electron	microscopy	techniques	could	also	yield	valuable	

information	about	the	structural	features	that	mediate	the	re-coupling	of	light-

harvesting	complexes	between	the	two	photosystems	that	we	determined	by	

using	spectroscopic	techniques.	

This	project	has	also	included	the	construction	of	a	metabolic	model	describing	

the	metabolism	of	a	chloroplast.	This	model	can	switch	between	different	

organism	modes	by	enabling	or	disabling	organism-specific	reactions,	and	can	

also	be	coupled	to	another	metabolic	model	in	need	of	a	chloroplast.		In	the	
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future,	the	organism-specific	parts	of	the	chloroplast	metabolism	should	be	

made	even	more	detailed,	and	the	model	should	also	be	expanded	to	encompass	

more	organisms	than	the	three	microalgae	already	included.	 	
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Paper	II – Supporting	information

S1	Fig:	77K	spectrum	of	Nannochloropsis,	indicating	a	high	ratio	of	PSI:PSII.

77K	spectroscopy	spectrum	of	Nannochloropsis cells	normalized	to	a	chlorophyll	

concentration	of	2.5	μmol	chlorophyll	ml-1.	The	spectrum	is	normalized	to	1.
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S1 Fig. PAM fluorometry results for P. tricornutum cells and previously 

published results for N. oceanica and C. reinhardtii for comparison. 

(A, B, C) Light pulse-induced maximum fluorescence yield (normalized to F0) for 

untreated and DBMIB-treated cells of C. reinhardtii (A), N. oceanica (B) and  

P. tricornutum (C) in dependence of light pulse intensity. The results for  

C. reinhardtii and N. oceanica have been published previously [20], and were 

included here for comparison with the newly obtained data for P. tricornutum cells at 

low (0.2 μM chlorophyll concentration). (A’, B’, C’) Chlorophyll fluorescence kinetic 

decay rates after light pulses of untreated and DBMIB-treated cells of C. reinhardtii 

(A’), N. oceanica (B’) and P. tricornutum (C’) in dependence of light pulse intensity. 

The previously published results for C. reinhardtii and N. oceanica [20] were 

included for comparison with newly obtained data for P. tricornutum at low (0.2 μM) 

chlorophyll concentration. (A”, B”, C”) Chlorophyll fluorescence kinetic decay rates 

after light pulses (1600 μmol photons m-2s-1 of blue light) of C. reinhardtii (A”),  

N. oceanica (B”) and P. tricornutum (C”) undergoing anaerobic transition. The 

fluorescence data behind the decay rates shown in panels A”, B” and C” is shown in 

Fig 1. 	
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S2 Fig. Example of deduction of fluorescent components for Chlamydomonas. 
An example of the procedure used to isolate the spectra of fluorescing components. 

The dataset recorded for C. reinhardtii during high light treatment (A) was 

normalized to 675 nm (B). This is a wavelength that is assumed to be associated with 

light harvesting complexes in C. reinhardtii, and also a wavelength that is thought to 

be little impacted by changes in fluorescence from the PSII core complexes. To 

eliminate the fluorescence contribution of light harvesting complexes, one of the 

spectra in the time series was subtracted from the other. In this example, the t = 0_1 

spectrum was subtracted from the other spectra, resulting in the spectra shown in (C). 

The next step was to neutralize the contribution of PSII. Therefore, all spectra in (C) 

were normalized to the local fluorescence maximum (in (C) seen as a minimum) 

around 687 nm, resulting in the spectra displayed in (D). The t = 0_2 spectrum was 

omitted in this panel because of it non-existent local peak at 687 nm. To compensate 

for the contribution of PSII to the spectra, one spectrum was chosen to be subtracted 

from the other spectra. This time, the t = 15 m spectrum was used, resulting in the 

spectra in (E), now thought to only to contain spectral information of PSI. The PSI 

fluorescence component can be obtained directly from (E), while the PSII 

fluorescence component can be calculated by subtracting the PSI component from a 

spectrum where the LHC component has already been subtracted (C, D). When both 

the PSI and the PSII fluorescence spectra are known, the fluorescence spectrum of 

LHCs can be found by subtracting a linear combination of the PSII and the PSI 

spectra from one of the raw spectra (A, B).	 	
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S1 Discussion of S1 Fig 

The decay kinetics of variable chlorophyll fluorescence after light pulses 

indicate recombination of an electron at QA with the donor side of PSII. This 

recombination has been shown to be dependent on the reduction state of the 

plastoquinone pool [66] and independent of oxygen concentration [67]. In aerobic 

conditions (S1 Fig 1A’’, B’’, and C’’), the plastoquinone pool is oxidized, and a high 

recombination rate is observed. After transition to anaerobic conditions the 

plastoquinone pool becomes reduced, and the recombination rates decrease, indicating 

a reduced plastoquinone pool. Following this argumentation, the plastoquinone pool 

is reduced during bright light pulses in C. reinhardtii (S1 Fig 1A’), while it remains 

oxidized in N. oceanica (S1 Fig 1B’) and P. tricornutum (S1 Fig 1C’) during bright 

light pulses, even at higher light intensities. 

The saturating behaviour of the normalized maximum fluorescence yield (Fm) 

under different light intensities indicates that the plastoquinone pool is reduced in C. 

reinhardtii at relatively low light intensities (convergence of the normalized 

maximum fluorescence yields of untreated and DBMIB-treated samples, S1 Fig 1A), 

while no clear saturation is achieved in N. oceanica (S1 Fig 1B) and P. tricornutum 

(S1 Fig 1C). The Fm for all organisms is higher in DBMIB-treated cell than in 

untreated cells. This is due to the differential quenching effect of DBMIB on 

minimum fluorescence yield (F0) and Fm [34], where F0 is preferentially quenched. 

Thus, after normalization to F0, the maximum fluorescence yield is higher in DBMIB-

treated samples. In the presented experiments, DBMIB concentrations were used that 

are known to inhibit electron transport through the cytochrome b6f complex in 

different organisms. The DBMIB concentration for C. reinhardtii and N. oceanica 

was 20 µM, while the DBMIB concentration used for P. tricornutum was 1 µM. 

These differences in concentration are useful for demonstrating that the quenching 

behaviour of DBMIB does not influence the Fm convergence of DBMIB-treated cells 

and untreated cells. If this were the case, it would be expected that Fm between 
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DBMIB-treated and untreated samples would be most similar in P. tricornutum, 

where we see the largest difference in the data. 

Together, fluorescence decay rates after light pulses, and Fm values at different 

light intensities indicate that the plastoquinone pool of C. reinhardtii is reduced at a 

light intensity of approximately 3000 µmol photons m-2s-1, while the plastoquinone 

pool remains oxidized in N. oceanica and P. tricornutum even at higher light 

intensities. 

 

66. Diner BA. Dependence on the deactivation reactions of photosystem II on the 

redox state of the plastoquinone pool A varied under anaerobic conditions; 

Equilibria on the acceptor side of photosystem II. Biochim Biophys Acta. 

1977;460: 247-258. 

67. Laisk A, Eichelmann H, Oja V. Oxidation of plastohydroquinone by 

photosystem II and by dihydrogen in leaves. Biochim Biophys Acta. 2015;1847: 

565-575. 
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